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FOREWORD 

Coastal areas are vital to the life-support system of our planet. They represent 20 
percent of the Earth’s surface, yet serve as the home for over 50 percent of the 
entire human population. Coastal populations are expected to account for 75 per-
cent of the total world population by the year 2025. A significant number of the 
world’s megacities, with more than 8 million inhabitants, are located in coastal 
areas. Coastal ecosystems produce about 25 percent of global biological productiv-
ity and yield 90 percent of global fisheries. As a result of these dense human popu-
lations, the coasts suffer the effects of intense coastal development that threatens 
the integrity of coastal ecosystems. 
 The effective management and protection of coastal ecosystems must be sci-
ence-based. With this general purpose in mind, the COASTS Programme, spon-
sored by the Intergovernmental Oceanographic Commission of UNESCO and the 
Scientific Committee on Oceanic Research, was established to promote and facili-
tate research and applications in interdisciplinary coastal and shelf ocean sciences 
and technology on a global basis to increase scientific understanding of coastal 
ocean processes. 
 The production line of science functions constantly and without pause. It works 
through a myriad of individual contributions and the publication of scientific “pa-
pers,” often written in isolation from other work. Each project answers the next 
question down a logical chain of analysis of a given phenomenon. Each answer 
reflects and acknowledges the particular perspective of the authors. Apparently, 
there is no “a priori” plan. But collectively, all these elemental contributions build 
the edifice of science, and push back the boundary of the unknown. 
 For this collective knowledge to be used, a major effort of synthesis must be 
organized on a regular basis. This is the purpose for COASTS for the management 
of coastal oceans. Through this programme, the IOC is facilitating the synthesis of 
oceanographic knowledge and communicating those results to a wide audience. 
 We are fortunate in that the recent advances in interdisciplinary ocean sciences 
allow us to identify research issues better and to make feasible definitive studies 
on several topics. These advances need to be understood by all at national, re-
gional and global levels. This need is very effectively served by the monographic 
volumes of The Sea, which are a reference point in the advance of oceanography, 
helping to train future generations of oceanographers around the world. 
 The results emerging from the present volumes are expected to lead to the 
sustainable use of the resources of the coastal oceans, producing a knowledge base 
on the science of the coastal oceans for developed and developing nations alike. 
The Intergovernmental Oceanographic Commission of UNESCO is proud to be 
associated with this very meaningful and high quality academic activity. 
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PREFACE 
THE INTERDISCIPLINARY GLOBAL COASTAL OCEAN 

Companion Volumes 13 and 14 of THE SEA deal respectively with fundamental 
multiscale interdisciplinary processes that occur generally throughout the coastal 
seas of our planet, and with the specific combination of processes which govern the 
dynamics of regions of the coastal seas which together constitute the whole. The 
term coastal ocean here is used for the combined shelf and slope seas and the term 
interdisciplinary processes implies coupled physical-biological-chemical-
sedimentological processes and interactions. These volumes complement and 
supplement Volumes 10 and 11 of THE SEA, which respectively deal generally 
and regionally with the physical oceanography of the global coastal oceans. The 
intent of these volumes is to review and overview the status and prospectus of 
fundamental coastal ocean science in the context of advanced applications and as 
input to enhanced rational management of coastal seas. 
 Volumes 13 and 14 are comprised of six parts. Part 1 (13) provides general per-
spective, and Chapter 1 on multiscale interdisciplinary processes, which has been 
prepared as a general introduction, refers throughout to all the other chapters of the 
volume. Part 2 (13) on sediment, biogeochemical and ecosystem dynamics and Part 
3 (13) on episodic and long time scale dynamics together constitute the dynamical 
core of the volume. Part 4 (13) presents scientific issues for applications. The chap-
ters of Part 1 (14) are panregional syntheses for western ocean boundaries (W), 
eastern ocean boundaries (E), polar ocean boundaries (P), and semi-enclosed seas, 
islands and Australia (S). These four chapters serve to summarize and introduce the 
material in the chapters on regional interdisciplinary oceanography, Part 2 (14). The 
regional segments of the global coastal ocean are indicated on the map following the 
table of contents of Volume 14 and their region numbers and panregional attribu-
tions are indicated following the chapter titles of Part 2 (14) in the table of contents. 
(Note that the region numbers differ from the chapter numbers.) In order to facili-
tate coordinated study of material presented in Volumes 11 and 14, the numbering 
of regional segments is the same. However, here it was necessary to subdivide seg-
ment 10 off the coast of eastern Asia into two segments (one coastward of the Oya-
shio current and the other coastward of the Kuroshio current), and to extend 
segment 18 northward into the Bay of Biscay, which was not treated in Volume 11. 
Thus the map in Volume 14 indicates four segments as 10 a, b and 18 a, b. 
 Note that the coastal segments on the map are numbered geographically, i.e., 
consecutively moving along a global coastline rather than by panregional group-
ings. Because Volume 14 comprises 1568 pages of text, it was necessary to publish it 
in two parts with the geographically numbered coastal segments split between 
segments 14 and 15. Thus Volume 14, Part A is subtitled “Panregional Syntheses 
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and the Coasts of North and South America and Asia,” and Volume 14, Part B is 
subtitled “The Coasts of Africa, Europe, Middle East, Oceania and Polar Re-
gions.” Both Parts A and B contain all introductory material and a complete index. 
 In the preface to Volume 1 of THE SEA in 1962, Dr. Maurice N. Hill states, “In 
collecting the material for these volumes we have had most helpful cooperation from 
our contributors. In some topics, however, … we must admit … to omissions, some 
of which are conspicuous and important.” In Volume 13 we had intended to include 
a chapter on coral reefs. All thirty-two regional segments of the global coastal ocean 
are treated in Part 2 (14) except for region 25 (northern North America and West 
Greenland) because of the withdrawal of the potential author. However, aspects of 
that region’s oceanography are discussed in the chapter on the Northwest Passage 
(region 26). Additionally, region 17 (the Gulf of Guinea) is treated only by a note, 
and region 9 (the Northeastern Pacific shelves) only by a bibliography. 
 The in-depth and comprehensive synthesis of interdisciplinary coastal ocean 
science presented in these volumes was possible only through the dedicated and 
scholarly collaboration of the international community of coastal ocean scientists. 
Chapters were reviewed both by authors of other chapters in the volumes and by 
external reviewers, whose expertise has contributed essentially to this study. Fol-
lowing the list of contributors is a list of external reviewers in alphabetical order. 
 This pair of Volumes is a contribution of the COASTS (Coastal Ocean Ad-
vanced Science and Technology Studies) program of the Intergovernmental 
Oceanographic Commission (IOC) of UNESCO and the Scientific Committee on 
Oceanic Research (SCOR). The scope and structure of the volumes were devel-
oped and most chapter topics were presented and discussed at the second 
COASTS international workshop attended by over sixty scientists, held in Paris in 
August 2001 under the support of IOC/UNESCO, SCOR, and the U.S. ONR 
(Office of Naval Research). Subsequent support for the preparation and produc-
tion of the volumes was provided by IOC and ONR. We sincerely appreciate the 
support of these agencies which has enabled the substantial international coopera-
tion necessary to accomplish this study. 
 It is a pleasure to thank Dr. Patricio A. Bernal, Assistant Director General, 
UNESCO/ Executive Secretary, IOC, for his encouragement and stimulation and 
for preparing a foreword to these volumes, and Dr. Umit Unluata, Head of the 
Ocean Science Section of IOC, for his guidance and advice. We are most pleased 
that Harvard University Press (HUP) is now publisher of The Sea series starting 
with these volumes, and thank Mr. Michael G. Fisher, Executive Editor in Science 
and Medicine, for his interest and help. The challenging task of preparing for pub-
lication this comprehensive study of 60 chapters authored by 170 international 
scientists was only made possible by the dedicated scientific expository skills of 
Mr. Wayne G. Leslie and the dedicated administrative editorial expertise of Ms. 
Gioia L. Sweetland of Harvard University. We thank M. Julian Barbiere and Dr. 
Maria Hood (IOC), Ms. Sara Davis (HUP), and Mr. Oleg Logoutov and Ms. Mar-
garet S. Zaldivar (Harvard) for their valued contributions to this study and its 
publication. ARR acknowledges ONR grant N00014-02-1-0989 and KHB ac-
knowledges grant NSF-OCE-0227679 for support throughout this study. 

ALLAN R. ROBINSON 
KENNETH H. BRINK 

July, 2004 
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1. Introduction to the region 

The coastal ocean off south-eastern Africa is characterised by at least one com-
mon, coherent aspect: it forms part of what may be considered to be the greater 
Agulhas Current circulation and all its components are largely dominated by this 
current system. In other respects it is very diverse (Schumann, 1998). It extends 
from the tropics to a region adjacent to the Subantarctic. The shelf regions are very 
narrow in some distinct parts and quite wide in others (Fig.  20.1). Certain parts of 
the shelf regions have been studied fairly intensively, while for other regions there 
is no data or information to speak of. The current extent of knowledge on this 
coastal ocean region is therefore, relying on the existing database, very inhomoge-
neous. 
 Knowledge on the bathymetry and geology of the region has not changed sig-
nificantly since a previous review of this kind (Schumann, 1998), so will only be 
dealt with here where it affects other aspects of the nature of the coastal oceans. 
The equatorward border of the system lies at the northern mouth to the Mozam-
bique Channel (Fig.  20.1). This is a useful and generic choice and not just one 
brought about by geographical pragmatism. The major influence of the Indian 
monsoon system on the dominant ocean currents lies entirely to the north of this 
border (e.g., Ridderinkhof and de Ruijter, 2003). Numerical model studies (e.g., 
Maltrud et al., 1998) suggest a residual monsoonal effect on currents in the Mo-
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zambique Channel, but direct current observations to date do not support this. By 
contrast, the poleward border of the region coincides with the termination of the 
Agulhas Current at the Agulhas Current Retroflection south-west of the southern 
tip of Africa. The eastern border of the coastal oceans of south-eastern Africa has 
to include the waters to the east of the island of Madagascar. As is described be-
low, the coastal waters of the east coast of Madagascar are not a distinctly separate 
system (Cooke et al., 2004) but in many ways form a coherent part of the greater 
Agulhas Current system. Nevertheless, for organisational purposes the coastal 
oceans of this system can be separated into four distinctive parts: the shelf regions 
in the Mozambique Channel, the shelf regions east and south of Madagascar, the 
shelf inshore of the northern Agulhas Current and, last, inshore of the southern 
Agulhas Current. As will be seen, making this geographic distinction between the 
southern and northern parts of the Agulhas Current is important since the nature 
of the waters and the circulation on their respective shelves are dissimilar (viz. Fig.  
20.1). This comes about as a result of the different behaviour of the edge of the 
Agulhas Current in these two regions. For an understanding of the characteristics 
of waters on the continental shelves it is therefore necessary briefly to describe the 
existing knowledge on the offshore ocean currents of the greater Agulhas Current 
system. 

 

Figure 20.1   Bathymetry of the South West Indian Ocean in km (after Dingle et al., 1987a and Simp-
son, 1974) and the major circulation features. Shelf regions shallower than 1 km are shaded; hatching 
indicates upwelling. Some major place and feature names used in the text are given. 

The Agulhas Current is supplied with water from essentially two different sources: 
the South Equatorial Current and recirculation in a South-West Indian Ocean 
subgyre (Stramma and Lutjeharms, 1997; Fig.  20.2). The greater part (40 Sv out of 
a total 65 Sv in the upper 1 000 m) comes from the subgyre. This configuration of 
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the basin-wide circulation has been thought to be reflected in the behaviour and 
natural history of marine animals (Heydorn et al., 1978), for example the migra-
tions of leatherback sea turtles (Hughes et al., 1998). The manner in which the 
South Equatorial Current acts as a source for the Agulhas Current is not entirely 
clear. It was previously thought that this current bifurcates on reaching the east 
coast of Madagascar—forming the southern and the northern branches of the East 
Madagascar Current. The northern branch of this current and the remainder of the 
South Equatorial Current would then pass the northern tip of Madagascar and 
move onwards to the east coast of the African continent. Here a similar split would 
occur with some of the water passing northwards into the Somali Current and the 
rest southward into the Mozambique Channel as the Mozambique Current. 

 

Figure 20.2   Circulation patterns of the South West Indian Ocean. (After Stramma and Lutjeharms, 
1997.) The thickness of the lines denotes the volume flux in the upper 1 500 m. Thin lines indicate lines 
of historical hydrographic stations on which the portrayal is based. The Agulhas Current along south-
eastern Africa is largely supported by recirculation in a South West Indian Ocean subgyre. 

 These two western boundary currents—the southern limb of the East Madagas-
car Current and the Mozambique Current—would then have a confluence some-
where off South Africa to form the Agulhas Current. This is the classical portrayal 
of flow in this ocean region (Michaelis, 1923) still found in many textbooks and 
most atlases and is largely based on analyses of ships’ drift (e.g., Sætre, 1985; Lut-
jeharms et al., 2000b). However, modern observations have shown this depiction to 
be largely incorrect. The new findings on these currents are of substantial impor-
tance for understanding the flow patterns on the adjacent continental shelves. 
 It has been demonstrated that no coherent, unbroken western boundary current 
exists in the Mozambique Channel. First adumbrated by using the full set of non-
synoptic hydrographic observations (Sætre and Jorge da Silva, 1984) as well as by 
modelling (Biastoch and Krauß, 1999), modern synoptic observations (De Ruijter 
et al., 2002) have unequivocally shown that mesoscale eddies are formed at the 
narrows of the channel and progress from here southward. No continuous current 
exists. On averaging the motions of the drifting eddies (as happens by plotting the 
means of many ships’ drift observations; e.g., Lutjeharms et al., 2000b) there is the 
suggestion of a consistent and continuous boundary current, leading to the classical 
misinterpretation. 
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 These Mozambique eddies drift southward along the shelf edge at speeds of 
about 5 cm/s and may eventually reach the Agulhas Current (Schouten et al., 
2002). They form the major elements of the circulation in the Mozambique Chan-
nel. The movement in the rest of the channel seems to be sluggish and quite vari-
able, but there are few observations to support any firm conclusion in this regard, 
particularly on the eastern side of the channel. Here there is a dearth of modern 
hydrographic or current meter observations (Lutjeharms, 1977). In contrast to 
classical portrayals, the Mozambique Channel is therefore now seen as a minor 
source of water for the Agulhas Current proper (Fig.  20.2), and only in an inter-
mittent manner. The same holds for the East Madagascar Current. 
 Instead of being a direct tributary to the Agulhas Current, the southern branch 
of the East Madagascar Current has been noted to retroflect south of Madagascar 
both in hydrographic data (Lutjeharms et al., 1981a) as well as in satellite remote 
sensing (Lutjeharms, 1988). This implies that this current, as in the case of the 
purported Mozambique Current, contributes very little to the Agulhas Current, 
and if so, only spasmodically. However, the retroflection of the East Madagascar 
Current has been shown to be a region that generates both cyclonic as well as anti-
cyclonic eddies (De Ruijter et al., 2003), carrying away some of the shelf waters in 
the process. Although these two currents systems—East Madagascar Current and 
Mozambique eddies—therefore do not form a continuum with the Agulhas Cur-
rent itself, they do influence its behaviour indirectly and can therefore be consid-
ered to constitute an inherent part of the greater Agulhas system. 
 The Agulhas Current proper is fully constituted somewhere near 28° S, along 
the east coast of the province of KwaZulu-Natal of South Africa, between Maputo 
and Durban (Fig.  20.1). Here the continental shelf is narrow and the course of the 
current very stable. This is true for the whole of what might be considered the 
northern Agulhas Current (Gründlingh, 1983) extending downstream as far as Port 
Elizabeth, at the eastern end of the broad shelf region south of Africa known as 
the Agulhas Bank (Fig.  20.1). The coincidence of a narrow shelf and a very stable 
juxtapositioned current is not fortuitous; De Ruijter et al. (1999a) have demon-
strated that the continental slope plays an important role in stabilising the trajec-
tory of the current. The only part of the shelf that does not comply with these 
stabilising requirements lies just upstream of Durban, the Natal Bight. At this 
coastal offset the shelf is anomalously wide and the continental slope considerably 
gentler than at other locations adjacent to the north Agulhas Current. Perturba-
tions on the current path that occur here will grow, move downstream and have 
considerable effects on the subsequent behaviour of the current (Van Leeuwen et 
al., 2000). This intermittent meander on the Agulhas Current (Lutjeharms and 
Roberts, 1988) is called the Natal Pulse and has a considerable effect on the circu-
lation of the adjoining shelf region. When the waters in the Agulhas Current reach 
the Agulhas Bank, the nature of the current changes dramatically. 
 From the latitude of Port Elizabeth it is know as the southern Agulhas Current 
and, in contrast to the northern Agulhas Current, a range of meanders are formed 
on its shoreward side (Lutjeharms et al., 1989a). These meanders cause shear edge 
eddies and attendant plumes that move with the current and influence the upper 
waters of the shelf in this region. The average trajectory of the current follows the 
shelf edge, thus lying farther and farther from the coastline (viz. Fig.  20.1), until 
the tip of the Agulhas Bank is passed. In the western lee of the shelf this major 
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current generates an intense cyclonic eddy (Penven et al., 2001a) that eventually 
drifts off into the South Atlantic Ocean. The current itself continues south-
westward into the South Atlantic until it retroflects. 
 The Agulhas Retroflection is a region exhibiting some of the highest levels of 
mesoscale variability in the world ocean (Lutjeharms and van Ballegooyen, 1988; 
Garzoli et al., 1996). This is due to the manner in which the retroflection loop 
occludes, intermittently forming large Agulhas rings (Lutjeharms and Gordon, 
1987) that then drift off into the South Atlantic (Duncombe Rae, 1991; Duncombe 
Rae et al., 1996; Schouten et al., 2000). It has been suggested (Duncombe Rae et 
al., 1992) that these rings may interact with the coastal upwelling on South Africa’s 
west coast, but analyses of the tracks of such rings (e.g., Schouten et al., 2000) 
indicates that such interaction must be a rare exception. Most rings spend some 
time in the vicinity of where they have originally been shed (Boebel et al., 2003), 
losing a substantial part of their characteristic heat and salt (Arhan et al., 1999) 
and having their water masses exchanged with other rings (Fine et al., 1988) and 
with Agulhas cyclones (Lutjeharms et al., 2003b). There is some evidence that 
Agulhas rings may often be found next to the western edge of the Agulhas Bank 
(Lutjeharms and Valentine, 1988) and may play a role in carrying surface water 
directly from the Agulhas Current northward past the western edge of the bank 
(Lutjeharms and Cooper, 1996). 
 On moving away from their source region, Agulhas rings tend to move further 
away from the African coast (Byrne et al., 1995; Schouten et al., 2000). Compre-
hensive reviews of what is currently known about the inter-ocean exchange that 
takes place here can be found in Lutjeharms (1996) and in De Ruijter et al. 
(1999b). That part of the flow not involved in ring formation, the Agulhas Return 
Current (Lutjeharms and Ansorge, 2001), moves water eastward along the Sub-
tropical Convergence. These deep-sea components of the greater Agulhas system 
therefore no longer have a direct influence on the shelf regions. They, as well as 
the Agulhas Current proper, may have an indirect effect via their influence on the 
atmosphere and on biota. 
 The Agulhas Current has a marked, visible effect on the overlying atmosphere 
through the creation of cumulus clouds (Lutjeharms et al., 1986b), especially along 
its southern part and at the Agulhas Retroflection where the heat and moisture 
loss to the atmosphere is substantial (Mey et al., 1990). In these regions, under the 
right conditions, the thermodynamic considerations adequately account for the 
formation of cumulus clouds (Lee-Thorp et al., 1998, 1999). The uptake of mois-
ture in the marine boundary layer (e.g., Jury and Walker, 1988) can have a marked 
effect on the moisture of the adjacent coastal zone and in consequence on the 
intensities of local storms and thus on rainfall (Rouault et al., 2002). Increasing 
rainfall may in turn be felt in the salinity, water column stratification and colour of 
the adjacent shelf waters. Jury et al. (1993) have in fact shown that the distance of 
the Agulhas Current offshore has a noticeable effect on the coastal rainfall. Under 
different climate change scenarios, the behaviour of the Agulhas Current may 
change significantly and the effect on coastal and shelf rainfall may change in con-
cert (Lutjeharms and de Ruijter, 1996). 
 The Agulhas Current not only has a direct effect on rainfall over the adjacent 
coast and shelf, it also has an effect on regional atmospheric circulation patterns 
(Reason, 2001) and thus on rainfall over much wider areas. An increase in sea 
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surface temperature of 2°C at the Agulhas Retroflection (Crimp et al., 1998) can 
substantially affect the atmospheric circulation over the whole southern African 
subcontinent. An increase in sea surface temperature over the South Indian Ocean 
will statistically lead to an increase in rainfall over regions that form the drainage 
regions for some of the main rivers of the South African east coast (Walker, 1990). 
The effect of increased runoff on different shelf seas may be very uneven. An 
investigation of the shelf waters in the Natal Bight shortly after a major rainfall 
event (Lutjeharms et al., 2000c) suggests that it might be relatively insignificant 
here and restricted to a small area just offshore of the mouth of the river. Along 
the Mozambican coast it may, by contrast, affect the surface salinities of substan-
tial parts of the shelf (Sætre and de Paula e Silva, 1979). 
 To summarise: the south-western Indian Ocean may be considered to be that 
part of the South Indian Ocean that is not directly influenced by the monsoonally 
driven ocean currents. The shelf regions of this particular region are largely domi-
nated by what may be considered to be the greater Agulhas Current system. Along 
the east coast of Madagascar and the east coast of South Africa this consists of 
well-developed western boundary currents. Along the east coast of Mozambique it 
consists of a series of eddies drifting poleward and along the west coast of Mada-
gascar it may be a sluggish flow with no distinct pattern or temporal behaviour. 
Too few observations are available to characterise the latter unambiguously. This 
is also true of the behaviour of shelf waters in many other parts of the Mozam-
bique Channel. 

2. Mozambique Channel 

A proper understanding of the nature of the waters over the shelves of the Mo-
zambique Channel is constrained by the large degree of ignorance on the water 
movement in the adjacent deep sea. As noted above, historically the flow here has 
been visualised as consisting of an intense western boundary current along the east 
coast of Mozambique. Although this has now been shown to be incorrect (e.g., 
Ridderinkhof et al., 2001), the average drift patterns at the sea surface (e.g., Sætre, 
1985) nevertheless indicate a strong movement poleward along the eastern shelf of 
Mozambique (Fig.  20.4) whereas elsewhere in the channel the average flow is 
small and its direction indistinct. The variability of the flow is very high in the 
western side of the channel, but low in the eastern side. This variability is evident 
in analyses of ships’ drift (Lutjeharms et al., 2000b), altimetric observations (e.g., 
Lutjeharms et al., 2000d) and in modelling of the region (e.g., Biastoch and Krauß, 
1999). These results—both strong currents at the shelf edge and high variability—
of course all agree with the concept of a train of eddies moving poleward through 
the channel. Knowledge on the deep-sea circulation that may affect the shelves is 
even more lacking on the eastern side of the channel. 
 Ships’ drift observations, altimetry and even the few hydrographic observations 
give no unambiguous indication of the movement of water here. In general speeds 
are low and to the north in the ships’ drift observations (Sætre, 1985; Lutjeharms et 
al., 2000b) whereas modelling results (e.g., Biastoch et al., 1999) indicate an aver-
age flow to the south. Interpretations from the very few hydrographic data (e.g., 
Menaché, 1963; Sætre and Jorge da Silva, 1984; Donguy and Piton, 1991) have in-
cluded a northward flow as well as a southward flow. The only known direct ob-
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servations indicated a weak northward (Martin et al., 1965) and a weak southward 
flow (Piton and Poulain, 1974). Satellite observations have indicated the presence 
of cyclonic eddies off the shelf edge at the south-western coast of Madagascar that 
draw coastal water, rich in chlorophyll-a, seaward (Quartly and Srokosz, 2004). 
What does stand out in all appropriate data is that the intensity of current variabil-
ity on the eastern side of the channel is considerably lower than on the western 
side. 

 

Figure 20.3   The temperature-salinity and temperature-oxygen characteristics of the water masses in 
the Mozambique Channel. (After Lutjeharms, 1991.) Sigma-t isolines have been added on the T-S 
scattergram. Water types that are evident are Equatorial Indian Ocean Water (Eq IOW), Subtropical 
South Indian Ocean Water (Subt SIOW), Central Water, Antarctic Intermediate Water (Antarc IW), 
North Indian Deep Water (NIDW) and North Atlantic Deep Water (NADW). 

2.1 General water mass characteristics in the channel 

The temperature-salinity characteristics of the waters in the Mozambique Channel 
are shown in Fig.  20.3. This figure is based on relatively old hydrographic data, but 
homogeneously covers a greater part of the channel than more modern data. It 
demonstrates that the salinities of waters in the upper layers lie in a band between 
35.00 and 35.40, with a few outliers, mostly as fresher water. These particular out-
liers may be due to river runoff. At 18° C there are two different water masses, 
identifiable by distinct salinities. They are Equatorial and Subtropical Indian 
Ocean Water respectively and are found in different parts of the channel on differ-
ent occasions. No durable delimitation for the distribution of either is to be found 
(Sætre and Jorge da Silva, 1984), although Equatorial Indian Ocean Water (also 
called Tropical Surface Water) is found largely in the northern part of the channel. 
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Since waters to a depth of 900 m are know to upwell onto the Mozambican shelf 
(e.g., Lutjeharms and Jorge da Silva, 1988) one can expect to find water types 
down to the less saline water of the Central Water (viz. Fig.  20.3) in some coastal 
regions, but most of the waters on shallow shelves would come from waters in 
more superficial layers. 

 

Figure 20.4   Bathymetry of the Mozambique Channel and the continental shelf off Madagascar in km 
(after Simpson, 1974) with the major circulatory features. Shaded areas are shallower than 1 km; 
hatched areas denote upwelling. Names of places and features mentioned in the text are given. 

2.2 Effects of shelf morphology 

The general bottom morphology of the shelves in the Mozambique Channel is 
shown in Fig.  20.4. The shelf is narrow on the western side of the narrows of the 
channel at about 16° S, but wide on the eastern side. They are fairly narrow on 
both sides of the channel at its southern mouth. The rest of the Mozambican shelf 
is wide, while that off Madagascar is narrower. Just south of the mouth of the 
channel there is an extensive offset in the coastline just off the Mozambican capital 
of Maputo, the Delagoa Bight. There is also an offset south of Angoche (Fig.  
20.4). The shelves around the numerous islands, particularly the Comores in the 
northern mount of the channel, are narrow. These shapes of the shelf edge have a 
decided effect on the coastal water movement. 
 One of the consequences of the changes in direction of the coastline is in the 
formation of coastal lee eddies. An example of such a feature can be seen off the 
town of Angoche (Fig.  20.5). Here the flow along the greater part of the shelf 
edge—and probably on the shelf as well—is strongly poleward. At the time it was 
assumed that this formed part of a continuous Mozambique Current (Nehring, 
1984); currently the consensus is that this most probably was part of the edge of an 
anti-cyclonic eddy drifting southward (e.g., De Ruijter et al., 2002). Notwithstanding 
the ignorance on its source, the important thing to note is the fact that there was a 
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strong current poleward on this occasion, even though it might have been intermit-
tent. This current overshot the offset in the coast at about 16° S, forming a distinct 
lee eddy to the south (Fig.  20.5). This eddy had a diameter of about 100 km and 
deeper water was upwelled in its core (Schemainda and Hagen, 1983). This is shown 
by an enhanced nutrient content of more than 12 μmol/ι nitrate-nitrogen at 75 m 
depth compared to 2–4 μmol/ι in the offshore current at the same depth. A resultant 
peak in chlorophyll-a concentration was also observed in this lee eddy (Nehring et 
al., 1987). Although no hydrographic stations were carried out on the shelf itself, the 
implication clearly is that the motion on the adjacent shelf would be equatorward. 
 The shelf configuration at this presumed lee-eddy is similar to that of the St 
Lucia and the Port Alfred upwelling cells (Lutjeharms et al., 1989b; Lutjeharms et 
al., 2000a; Figs  20.1 and  20.16). At all three of these locations a strong current 
along the shelf edge moves past an offset in the coastline, from a narrow shelf and 
then past a wider shelf. According to the theory put forward by Gill and Schumann 
(1979), this should lead to upwelling inshore of the strong current. In the former 
two cases it does, therefore perhaps also off Angoche at about 16° S in the Mo-
zambique Channel. In his analysis of seasonal sea surface temperatures and the 
depths of isotherms along this coastline, Jorge da Silva (1984a) has shown the 
prevalence of upwelling at this spot, but only for certain periods of the year. His 
database for such seasonal analysis was not very large, so that this result can only 
be considered tentative. If the hypothesis is correct and this upwelling is driven by 
poleward currents as part of passing eddies, it would be sporadic and not a con-
tinuous feature. Nevertheless, this spot represents the highest observed chloro-
phyll-a values along this coastline (Nehring et al., 1987) and may therefore have a 
decided influence on the ecosystem of this whole shelf region. 

 

Figure 20.5   Lee eddy at Angoche along the Mozambican coast (viz. Fig.  20.4). The dynamic topogra-
phy of the sea surface relative to the 600 dbar level is given in dynamic centimetre, based on a cruise 
undertaken in 1980. Dots represent station positions. The continental margin shallower than 1 km is 
shaded. (After Nehring et al., 1987.) 
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 If the offshore eddies that form at the narrows (De Ruijter et al., 2002; Ridder-
inkhof and de Ruijter, 2003; Fig.  20.4) consistently move along the shelf edge it is 
likely that the waters on the adjacent shelf would experience alternating poleward 
and equatorward setting currents. This situation is also found on the shelf adjacent 
to the northern Agulhas Current where the shelf waters move largely in harmony 
with the current, but on the intermittent passing of a Natal Pulse, reverse and set 
strongly against the direction of the Agulhas Current (Lutjeharms and Connell, 
1989). Quartly and Srokosz (2004) have used satellite observations of ocean colour 
to demonstrate that passing Mozambique eddies extract water from the neighbour-
ing Mozambican shelf and inject it into the mid-channel region. In this way the 
exchange of waters between the shelf and the deeper part of the channel will con-
sist of rather frequent episodes, driven from afar. They (Quartly and Srokosz, 
2004) have also shown that the passage of eddies past the Delagoa Bight appears 
to affect the circulation there. 

 

Figure 20.6   The Delagoa Bight eddy off the city of Maputo in southern Mozambique (viz. Fig.  20.4). 
Isotherms at 200 m depth show the cold water upwelled in the centre of the eddy, based on a cruise 
undertaken in 1982. (After Lutjeharms and Jorge da Silva, 1988.) The offshore line shows the intersec-
tion of the 200 m isobath with the shelf edge; the shelf itself is shaded. 

 The Delagoa Bight is a large offset in the coastline at the latitude of Maputo 
(see Fig.  20.4). The flow past here, either as the start of the Agulhas Current or as 
the landward end of passing, anti-cyclonic Mozambique eddies, is poleward. This 
passing water generates a cyclonic flow in the bight (Lutjeharms and Jorge da 
Silva, 1988) and the resultant Delagoa Bight eddy dominates the flow at the shelf 
here throughout most of the year (Fig.  20.6). Over a period of 23 years it has been 
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observed 11 times in the hydrographic results of research cruises. It has been hy-
pothesised that this recurrent eddy has largely determined the distribution of the 
sediment base of the Delagoa Bight (Martin, 1981). There is evidence 
(Gründlingh, 1992a) that these eddies may on occasion escape from the bight and 
drift into the deep ocean. On this part of the Mozambican shelf the water move-
ment will most probably be totally dominated by this lee-eddy. If the same effects 
are found here as in lee-eddies in the other offsets in this coastline (e.g., Nehring et 
al., 1987), it can be assumed that there is considerable vertical movement of water 
in the lee eddy (Schemainda and Hagen, 1983). Water masses in this eddy have 
temperature-salinity characteristics implying substantial upwelling in the core of 
the eddy from depths of at least 900 m. Hence there should be nutrient enrichment 
of the surface layers and thus increases in the chlorophyll-a content. To date this 
has not been observed, except intermittently at the north-eastern point of the 
Delagoa Bight (Quartly and Srokosz, 2004). This sporadic increase in primary 
productivity may be the result of current-induced upwelling as predicted by Gill 
and Schumann (1979). If driven by passing eddies, such intermittent upwelling 
would be expected. 
 The shelf morphology of the eastern part of the Mozambique Channel is differ-
ent to that of the western part (Fig.  20.4). For the most part the shelf is narrow 
except at the narrowest part of the channel—at about 17° S—where the eastern 
shelf is widest. As mentioned before, the flow along this eastern shelf edge is qui-
escent compared to the western side of the channel (Sætre, 1985; Lutjeharms et al., 
2000b) with low speeds and low eddy kinetic energy. The average current direction 
seems to be equatorward. Nevertheless, there are tentative indications from the 
distribution of chlorophyll-a (Quartly and Srokosz, 2004), as observed from satel-
lite, that cyclonic eddies form along the southern tip of Madagascar and drift into 
the channel. They seem to draw water off the shelf and inject it into the waters of 
the central channel. 
 In summary, the shelf edges of the western part of the Mozambique Channel 
seem to be influenced mainly by passing Mozambique eddies that have their origin 
in the narrows of the channel and by secondary effects due to these eddies, namely 
upwelling at coastal offsets, the generation of lee eddies at shelf offsets and the 
extraction of shelf waters to mid-channel. It is possible that parts of the eastern 
shelf of the Mozambique Channel are also influenced by eddies, but the data at 
hand are inadequate to show this unambiguously. It is evident that such eddies 
would be considerably more infrequent than and not as intense as those that affect 
the western shelf of the channel. Besides the direct influence of the currents at the 
shelf edge, the waters over the shallower parts of the shelf may be substantially 
influenced by the reigning winds. 

2.3 Effect of winds and tides 

The meteorological conditions for the Mozambique Channel have been summa-
rised by van Heerden and Taljaard (1998). In austral summer the mean wind direc-
tion is uniformly from a south-easterly direction and weak. In winter the average 
wind direction differs for the southern and the northern part of the channel. The 
southern part experiences south-easterly winds; the northern part north-westerlies. 
The northern part thus may be considered to form part of the monsoonal wind 
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system of the Indian Ocean up to 15° S (Sætre and Jorge da Silva, 1982) whereas 
the southern part does not. The border between these two systems is the Inter 
Tropical Convergence Zone. Donguy and Piton (1991) have attempted to relate 
the currents in the channel to the monsoonal winds, but with only a few cruises and 
short sea level records at their disposal a conclusion of monsoonal seasonality in 
the currents is probably premature. As mentioned above, the large-scale current 
systems show no evidence of monsoonal influence. 
 The winds over the shelf regions agree in part with the current direction hy-
pothesised by Sætre and Jorge da Silva (1984). Except for the most southern part 
of the western shelf – the Delagoa Bight – the winds along this coastline all have a 
strong equatorward component year round. Sætre and Jorge da Silva (1984) have 
therefore concluded that the shelf currents here also are in that direction. These 
inferred current directions are in contrast to ships’ drift observations (Sætre, 1985; 
Lutjeharms et al., 2000b) that show consistent movement poleward over the west-
ern shelf region. The winds over the eastern shelf are also largely northward, but 
vary with season. 
 During summer the shelf waters of the Mozambique Channel may also be af-
fected by passing tropical cyclones that, as a rule, move poleward through the 
channel (Van Heerden and Taljaard, 1998). Some, however, make landfall some-
where along the coast of Mozambique. The effect of passing cyclones on the water 
movement over the shelves is dramatic. In situ current observations have shown 
(H. Ridderinkhof, personal communication) a reversal of current direction to a 
depth of at least 200 m at the passing of a severe cyclone. 
 Tides are an important component of water motion in the Mozambique Chan-
nel, especially when compared to other parts of the South-West Indian Ocean 
where tidal ranges are small. There is a gradual increase in tidal range from less 
than 2 m to the north and to the south of the channel to more than 5 m in its cen-
tral part. This is the product of a double standing wave system, driven from either 
end, which develops in the channel (Pugh, 1987). Low lying coastal regions and 
estuaries, particularly on the Mozambican side, contain extensive areas of salt 
marshes and mangrove swamps as a result of the tidal motion (G. B. Brundrit, 
personal communication). Over the wide, shallow parts of the Sofala Bank (viz. 
Fig.  20.7) strong tidal currents lead to the continuous movement of sand banks 
and other mobile sedimentary seabed features. 
 In summary, tidal currents are important in the shallow parts of the shelves, but 
the usually weak winds have a limited affect on the main water movement over the 
shelves of the Mozambique Channel, with the exception of passing cyclones whose 
influence might be short lived. 
 Apart from the wind regimes, in a region of high rainfall (Van Heerden and 
Taljaard, 1998) the influence of river runoff on the shelf waters may be important. 

2.4 Effect of river runoff 

The runoff from the Mozambican land mass varies seasonally, but there also are 
considerable interannual differences (Jorge da Silva, 1984c). The total runoff from 
the Zambezi River (viz. Fig.  20.4,  20.7), for example, was 168.9 km3 for 1977–78; 
whereas for 1982–83 it was a mere 50.3 km3. Intermittent tropical cyclones bring 
event-scale rainfall episodes that may totally dominate the annual rainfall distribu-
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tion. This naturally also holds for the Madagascar land mass, but runoff records for 
that country are difficult to obtain. One of the few coastal regions for which accu-
rate observations of the effect of the river runoff on the shelf waters have been 
made on a number of occasions (Jorge da Silva, 1984c; 1984b) is along the Sofala 
Bank. It lies between 16° and 21° S on the western shelf of the channel (Fig.  20.4). 
 The salinity of surface waters close to the Zambezi River mouth on the Sofala 
Bank may drop as low as 20.00 (Sætre and de Paula e Silva, 1979) at a time when 
water at the shelf edge may be 35.4 (viz. Fig.  20.7). This river water may be se-
verely discoloured, giving a Secchi disc depth of less than 2 m (Jorge da Silva, 
1984b). The plume of muddy water can be quite extensive (Sidorn et al., 2001) and 
has been thought to play a major role in the natural history of local biota, such as 
shrimp. The fresher water may extend over the shelf to a distance of 50 km off-
shore. It may be confined to the top 15 m of the water column, or it may extend to 
the full depth of the shelf (Fig.  20.7), presumably dependent on the density differ-
ences between the river and shelf waters as well as the concurrent wind action. 
Plumes of fresh river water have been observed to extend both equatorward as 
well as poleward from most rivers here. No clear pattern of movement is therefore 
immediately evident. Sætre and de Paula e Silva (1979) have shown that the 
greater part of the Sofala Bank is affected by fresher surface water. 
 The chlorophyll-a distribution as well as the primary productivity on the Sofala 
Bank seems to be largely controlled by the effluent from rivers. These carry loads 
of nutrients (Jorge da Silva, 1984c) that, as mentioned above, may penetrate half-
way across the shelf. The chlorophyll-a distributions exhibit very analogous pat-
terns. That these distributions occur with a high frequency can be seen by the 
organic matter content of the surface sediments on this part of the shelf. It is high-
est directly off the Zambezi River mouth and in a narrow strip adjacent to the 
coast to either side of this river mouth. Some small pelagic fish seem to concen-
trate in these waters (Jorge da Silva, 1984c). Otherwise pelagic fish on the Sofala 
Bank seem chiefly to frequent strips parallel to the coast, most extending along the 
whole coastline (Brinca et al., 1981). 
 One may quite reasonably expect the observed effects of fresh water runoff on 
the Sofala Bank to hold for the rest of the shelf regions of the Mozambique Chan-
nel as well, where there are fewer measurements of this kind. The salinity of shelf 
waters along most of Mozambique varies seasonally with the river outflow, with 
the lowest salinities found in February (Sætre and de Paula e Silva, 1979). Apart 
from the expected seasonality, results for the Sofala Bank show great inter-annual 
variability and one could assume that this holds for all the other Mozambican shelf 
regions as well. The freshening of the shelf waters off Mozambique by river run-off 
seems ubiquitous. 
 There is at least one clear exception. At the southern extremity of the Sofala 
Bank, between 20° to 21° 30’ S (viz. Fig.  20.7), there is a large expanse of coastline 
that is subject to inundation by seawater. The subsequent runoff from this region 
can be extremely salty. Salinity values in excess of 36 are not uncommon (e.g., 
Jorge da Silva, 1984c). During September of 1982 surface values of 37.2 were ob-
served near the coast (Brinca et al., 1983). The influence of this saline water has 
been observed a distance of 100 km offshore and throughout the shallow water 
column of 50 m. 
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Figure 20.7   Surface salinities on the Sofala Bank—the wide, shallow shelf off central Mozambique—
based on a cruise of 1982. (After Jorge da Silva, 1984c.) For general location see Fig.  20.4. Dots show 
station positions. Locations of station sections in the bottom panels are shown by roman numerals in 
the upper panel. The shelf shallower than 50 m is shaded. Fresher water (< 35.0) extended to a depth of 
15 m directly off the Zambezi River mouth; to 30 m off the Luala River mouth. Note the high salinity 
values south of the city of Beira, due to marsh runoff. 
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2.5 Characteristics of the western shelf 

To recapitulate, the water mass characteristics of the shelf waters on the western 
shelf of the Mozambique Channel have been presented by Jorge da Silva et al. 
(1981), Jorge da Silva (1984a), Lutjeharms and Jorge da Silva (1988) and Sætre and 
Jorge da Silva (1982). Except for regions and times where river run-off plays a 
major role, the water masses over the shelf are identical to those offshore (viz. Fig.  
20.3) at the same depths. This means that the subsurface salinity maximum of 
Subtropical Surface Water (at depths of 150 – 300 m) is much more pronounced in 
the southern part of the channel than farther north. In the Delagoa Bight eddy, at 
the southernmost extremity of the shelf (Lutjeharms and Jorge da Silva, 1988), 
there is hardly any evidence of Tropical Surface Water left. The exchange of water 
masses between the shelf and the deep ocean seems to vary considerably. The 
passage of Mozambique eddies may play a key role here. At parts of the western 
shelf where the shelf is very narrow (viz. Fig.  20.4) and the current at the shelf 
edge strong, such as at the narrows of the channel (Angoche; Sætre, 1985) and just 
north of the Delagoa Bight (Inhambane; viz. Fig.  20.4; Lutjeharms et al., 2000b), 
one may expect that the shelf edge currents may have a more decided effect, 
whereas along the Sofala Bank where the shelf is widest (Fig.  20.4), this effect 
would be substantially less. 
 Sætre and Jorge da Silva (1982; 1984) have carried out the most detailed analy-
ses of water masses on this shelf to date. They have claimed that the circulation 
patterns of the shelf waters can be visualised by the temperature distribution at 150 
m depth. This leads to a different pattern for the hydrographic results of each 
research cruise for the region. A set of cyclonic eddies of various shapes and sizes 
are evident. Based on these data one may therefore safely assume that the waters 
and the circulation on this shelf region are very variable. What effect does this 
have on the ecosystem of this shelf region? 
 Surveys of organisms and in particular of fish resources have been made on the 
western shelf region of the Mozambique Channel (Nehring, 1984; Nehring et al., 
1987; Sætre and de Paula e Silva, 1979; Jorge da Silva, 1984a), but particularly on 
the Sofala Bank (Brinca et al., 1981; Jorge da Silva, 1984c). The values of column 
chlorophyll-a concentration are relatively low over most of the outer parts of the 
shelf, somewhat higher at the shelf edge (Sætre and de Paula e Silva, 1979). Over 
inner parts it can rise to 98 mg/m2 (Nehring et al., 1987). The exception, mentioned 
above, are the observations in the upwelling cell off Angoche where values of 600 
mg/m2 have been observed. The distribution of zooplankton biomass in the upper 
30 m of the water column shows a similar general distribution with low values of 
20–40 mg/m3 over most outer parts of the shelf with higher values, up to 160 mg/m3 

at inner stations. The exception is for the region directly poleward of the Angoche 
upwelling cell where observations of 320 mg/m3 have been made. No evidence for 
such major increases in either phytoplankton or zooplankton have to date been 
found in the Delagoa Bight eddy. Even though Nehring et al. (1987) have shown 
that the primary productivity at inshore stations on the shelf was double that of 
stations farther offshore, there were considerable differences between stations 
close to each other on the shelf. Large degrees of spatial and temporal variability 
can therefore be assumed. 
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 An analysis of the seasonal distribution of the depth of the 20° and the 23° C 
isotherms has shown that large parts of the outer shelf would in principle be suit-
able for yellowfin tuna fisheries, whereas the skipjack tuna are most likely to be 
found off Angoche and Maputo, i.e. at the sites of upwelling induced by lee eddies 
(Fig.  20.8). The distribution of fish; demersal, small pelagic, larger pelagic, 
mesopelagic as well as that of crustaceans has been summarised by Sætre and de 
Paula e Silva (1979). In most cases where more than one survey cruise was carried 
out there was a considerable difference between the cruise observations and this 
was usually considered to be due to seasonality in the distribution of organisms. It 
may have been due to irregular temporal changes of shorter duration. 
 In short, the circulation on the Mozambican shelf is very variable in both space 
and time and may be influenced by offshore currents only where the shelf is nar-
row. Run-off from land plays a key role, but exhibits both seasonal and inter-
annual variations. The biogeography exhibits the same variability. Although the 
interpretation of the circulation patterns as well as the biogeography of this west-
ern shelf of the Mozambique Channel is constrained by limited data, this is even 
more the case for the eastern shelf. 

 

Figure 20.8   Tuna vulnerability to catching by surface gear on the Mozambican shelf, superimposed on 
average sea surface temperatures during the period January to March. (After Jorge da Silva, 1984a.) 
The 50 m isobath is shown. Note the increased concentration in the lee eddies off Angoche and in the 
Delagoa Bight off Maputo. 
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2.6 Characteristics of the eastern shelf 

The eastern shelf of the Mozambique Channel can—using information currently 
available—be divided into three specific regions: the very south where the shelf is 
more or less zonal, the very north, where the shelf forms part of the Comoro Basin 
(viz. Fig.  20.4) and, third, the meridional shelf in between. 
 The Comoro Basin lies directly south of the South Equatorial Current (Piton 
and Poulain, 1974). Between it and the narrows of the channel an anti-cyclonic 
gyre is formed that seems relatively stable (Donguy and Piton, 1991). The surface 
currents of which the gyre consists are not strong (Sætre, 1985) except near the 
African coast where mean speeds in excess of 0.5 m/s are to be found (Lutjeharms 
et al., 2000b). The variability on the African side is high. The currents over the 
eastern shelf in the Comoro Basin are weak but in general in an equatorward 
direction. This rather inadequate portrayal is nonetheless supported by direct 
measurements (Piton and Poulain, 1974; Martin et al., 1965) as well as by a variety 
of models (e.g., Biastoch and Krauß, 1999; Asplin et al., 2004; Sætre, 1985). 
 The water types on the shelf are dominated here by Tropical Surface Water 
with a salinity range from 34.3 to 35.2 (Donguy and Piton, 1969). There is no evi-
dence to date that Subtropical Surface Water with greater salinity is found on the 
shelf, although in principle it is entirely possible since this water mass is found at 
about 200 m depth in the region. Surface temperatures exceed 26° C throughout 
the year, except in the months of August and September. Highest temperatures (> 
29°) are found in April; lowest (25° to 26° C) in August. Surface salinities are low-
est (34.4) in March; highest in the period September to November (>35.10). Re-
cent observations on this shelf region (Roberts, personal communication) shows 
that the water column consists of a warm mixed layer to a depth of about 80 m 
with the seasonal thermocline extending to 250 m. Salinities in the centre of the 
Comoro Gyre are slightly elevated above those found on the adjacent shelves. An 
oxygen minimum lies at 200—300 m depth and is less strongly developed in the 
centre of the gyre. The hydrography of the middle part of the western shelf of 
Madagascar is not much different. 
 Here, according to the only observations to be found (Roberts, personal com-
munication) the warm mixed layer extends to 150 m, with a uniform salinity be-
tween 35 and 35.25 (Fig.  20.9). Particularly noteworthy is the oxygen minimum 
layer found between 150 and 250 m that is strongly developed here, more so than 
anywhere else on the shelves of the region. How representative these observations 
are remains unknown. The little that is known about the currents along the shelf 
edge (e.g., Sætre, 1985; Lutjeharms et al., 2000b) here, suggest that they are very 
weak and will most probably have very little influence on the movement of the 
waters on the shelf itself. As mentioned before, satellite imagery, particularly of 
ocean colour (Quartly and Srokosz, 2004), shows that cyclonic eddies along this 
coastline may on occasion draw off substantial amounts of shelf water and with it 
chlorophyll-a into the deeper parts of the channel. The origin of these eddies, 
between 200 to 300 km in diameter, is uncertain. De Ruijter et al. (2003) have 
shown that cyclones can be formed at the termination of the southern East Mada-
gascar Current and these could conceivably drift into the Mozambique Channel 
along the shelf edge. Although a number of hydrographic interpretations (e.g., 
Sætre and Jorge da Silva, 1984; Donguy and Piton, 1991) imply a southward setting 
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current along this shelf, direct measurements (Martin et al., 1965) and ships’ drift 
observations (Lutjeharms et al., 2000b) indicate otherwise. Cyclonic eddies could 
therefore be advected equatorward along this coast. 

 

Figure 20.9   Hydrographic characteristics of shelf waters along the east coast of South Africa and the 
continental shelves in the Mozambique Channel. (With special permission of M. Roberts.) GAT is the 
section from Port Elizabeth in the south along the east coast of South Africa and of Mozambique; 
MoCoMa represents the zonal section from the coast of Mozambique to the west coast of Madagascar 
via the Comores; GMT a poleward section along the west coast of Madagascar and MaBasMo a zigzag 
section from the southern point of Madagascar to the island of Bassas da India and on to Maputo on 
the east coast of Mozambique. 

 

Figure 20.10   The temperature/salinity (left panel) and the temperature/dissolved oxygen characteris-
tics for the shelf waters south of Madagascar. (After Anonymous, 1983.) The line of stations on which 
this was based was taken to the south-west of Andriamanao (viz. Fig.  20.4). 
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 The third and last component of the eastern shelf of Madagascar is the southern 
part. The movement of the shelf waters here may be more dynamic, since it could 
conceivably be affected by the southern limb of the East Madagascar Current (viz. 
Fig.  20.4). This would most likely be true largely for the eastern part of this shelf 
region (Lutjeharms et al., 2000b). Hydrographic observations on the shelf show the 
normal temperature/salinity characteristics to be expected (Fig.  20.10). Surface 
temperatures (in June) were 24 °C and surface salinities 35.3. (The higher tem-
peratures shown in the scatter diagram of Fig.  20.10 represent temperatures far-
ther offshore.) Both Tropical and Subtropical Surface Waters are evident in the 
temperature/salinity values. The Tropical Surface Water extended from the sur-
face to about 100 m depth. The Subtropical Surface Water below that extended to 
about 250 m. A well-developed subsurface oxygen minimum was found at a depth 
of 80 to 200 m. 
 The surface salinities and temperatures all suggest an upwelling regime on this 
southern shelf. During the first extensive cruise over this shelf (June 1983; 
Anonymous, 1983) the temperatures at the coast were 2 °C lower than further 
offshore. The salinities were up to 35.6, indicating upwelled Subtropical Surface 
Water (see Fig.  20.10). Ocean colour also shows signs of enhanced chlorophyll-a 
values along this coastal segment (Quartly and Srokosz, 2004) and that these may 
be drawn off the shelf in plumes. The presumed upwelling is concentrated in an 
upwelling cell on the south-eastern corner of Madagascar (Lutjeharms and Machu, 
2000; DiMarco et al., 2000) where enhanced concentrations of chlorophyll-a and 
lower temperatures are found most frequently. The question remains if these re-
motely sensed suggestions of upwelling may not be due to runoff from land. 
 Hydrographic evidence specifically collected to ascertain the origin of these 
elevated values of chlorophyll-a (Machu et al., 2002) has recently shown unequivo-
cally that there is indeed upwelling at this location. The upwelling does not seem to 
be strictly related to the wind patterns and it has therefore been hypothesised 
(Lutjeharms and Machu, 2000) that the driving force for the upwelling is the juxta-
positioned East Madagascar Current. This would be comparable to the upwelling 
at the eastern extremity of the Agulhas Bank (Lutjeharms et al., 2000a; viz. Fig.  
20.16) and at the northern extremity of the Natal Bight (Lutjeharms et al., 1989b; 
viz. Fig.  20.11). However, there is some evidence (Quartly and Srokosz, personal 
communication) that the chlorophyll-a concentration at this location has a distinct 
seasonal pattern with the highest concentrations found in the austral winter 
months of July and August, the lowest in December. Major winds at this location 
are from the east in winter, from the north-east in summer (Sætre, 1985) suggesting 
winds more favourable for upwelling along the full south coast of Madagascar in 
winter, at the south-eastern corner in summer. The importance of the wind com-
pared to the current in driving this upwelling therefore remains unresolved. 
 The biological implications of this upwelling are intriguing, but to date not 
properly quantified. Apart from the remotely sensed chlorophyll-a, surveys of fish 
stocks (Anonymous, 1983) have shown slightly higher concentrations of demersal 
fish on the southern shelf than off the adjacent, eastern shelf. Mackerel numbers 
were higher on the southern shelf, but scad lower. In general fish were found with 
such a very scattered distribution on this shelf that no firm conclusions can be 
reached on their biogeography. 
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 In summary, the waters over the shelves of western Madagascar seem fairly 
unusual, based on the current—very limited—data. Water masses are those found 
offshore, except for an intensification of the subsurface oxygen minimum, and the 
currents are most probably weak and variable. The wider, southern shelf exhibits 
characteristics of upwelling, but this does not seem to have a marked effect on 
higher trophic levels. 
 An outline of the characteristics of the shelf waters of the Mozambique Channel 
as a whole is, as can be seen from the above descriptions, largely a function of the 
amount of available data and their quality. The broad Mozambican shelf is charac-
terised by substantial terrestrial influence from runoff both from rivers and salt 
marshes. Lee eddies at Angoche and in the Delagoa Bight may play an important, 
but local role. The effect of Mozambique eddies intermittently passing by the shelf 
edge is not known. Water masses over the northern shelves are predominantly 
Tropical Surface Water, those to the south Subtropical Surface Water. This seems 
true for the western as well as the eastern shelves of the Mozambique Channel. 
About the latter very little is known, except that it is relatively broad. 
 The shelf to the east of Madagascar is by contrast much narrower and the off-
shore circulation totally different. 

3. Region east of Madagascar 

Not only is the shelf narrow here, but the continental slope is precipitous (viz. Fig.  
20.4). Along the shelf flows a small, but intense western boundary current, the East 
Madagascar Current (e.g., Lutjeharms et al., 1981a). Swallow et al. (1988) have 
observed a speed in the southern limb of this current of 0.66 m/s, at a latitude of 23 
°S, about 50 km from the coast, with a standard deviation of only 12 cm/s. The 
speeds in the northern branch of this current (Schott et al., 1988) are not much 
different. The separation point between the northern part, flowing equatorward, 
and the southern part, flowing poleward, is estimated to lie between 17 and 18 °S 
(e.g., Lutjeharms et al., 2000b; viz. Fig.  20.4). This may vary with season as the 
wind patterns shift northward along this coastline in the austral winter (Van Heer-
den and Taljaard, 1998). No direct observations have been made to date, but one 
may assume that the waters over the shelf move in concert with the strong offshore 
currents. 
 As can be expected, the temperature/salinity relationships of the waters on this 
part of the shelf are indistinguishable (Anonymous, 1983) from those found on the 
shelf south of Madagascar (Fig.  20.10). 
 Little is known about the biological productivity of the region. Fish distributions 
are scattered with a decrease in pelagic as well as demersal fish as one moves equa-
torward. Catches of sharks and rays increase on going northward along this coast 
(Anonymous, 1983). 
 In summary, all that is known with a certain degree of certainty about the shelf 
seas east and south of Madagascar is the presence of the East Madagascar Current 
at the shelf edge and the likelihood of persistent upwelling south-east of the island. 
The interaction between these or the influence of the current on the shelf circula-
tion remains unknown due to an extreme paucity of observations. 
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 Compared to the lack of data and knowledge about this particular part of the 
shelf seas of the South-West Indian Ocean, the region inshore of the northern 
Agulhas Current is very much better studied and understood. 

4. Northern Agulhas regime 

The northern Agulhas Current is defined as that part of the current extending 
from the southern mouth of the Mozambique Channel downstream to the eastern 
edge of the Agulhas Bank (viz. Fig.  20.1). This component of the current flows 
past a shelf that may be considered to consist of two categories. For the greater 
part the shelf is narrow and the continental slope has a steep gradient. The only 
exception is a part of the shelf along the province of KwaZulu-Natal known as the 
Natal Bight. Here the shelf is considerably wider and the slope much broader and 
with a gentler gradient (Fig.  20.11). As will be seen below, this shelf morphology 
has some remarkable effects on the offshore currents. 

 

Figure 20.11   The bathymetry of the continental shelf along the northern Agulhas Current. (After 
Simpson, 1974.) The continental shelf area is shaded. The 200 m isobath is shown as a broken line. 
Hatched areas denote upwelling. Place names and circulatory features are mentioned in the text. 

 The core of the northern Agulhas Current follows the shelf edge very closely 
almost all of the time (Tripp, 1967) meandering less than 15 km to either side 
(Gründlingh, 1983). For a western boundary current this is quite unusual, but it has 
important consequences for the circulation on the adjacent shelf. As can be ex-
pected, in its very surface layers the behaviour of the current is not as stable 
(Pearce, 1977a) with changes in speed occurring from day to day and the penetra-
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tion of surface water of the current onto the shelf, taking place at irregular inter-
vals. In some cases short-term current reversals at the edge of the current have 
been observed (Gründlingh, 1974; Schumann, 1981; Pearce et al., 1978), possibly 
due to shear edge eddies or to the effect of the wind. Surface speeds of the inshore 
edge of the current may exceed 1.5 m/s, salinities may lie between 35.00 and 35.50 
and temperatures in summer may exceed 28. In winter these sea surface tempera-
tures drop to less than 21°C (Pearce, 1978). Shallow water near the shelf edge is 
usually Tropical Surface Water. The characteristic salinity maximum of Subtropi-
cal Surface Water is found at a depth of 150 to 250 m at least 60 km offshore 
(Pearce, 1977a) although this distance may vary on a near-daily basis. One would 
therefore expect the waters over the adjacent shelves to consist largely of modified 
Tropical Surface Water, but as it turns out, this is not the case. 
 This established current disposition is not entirely stable, as mentioned above. 
During about 15% of the time—and at irregular intervals—the current moves 
offshore in a sudden, single meander (Gründlingh, 1979). This Natal Pulse (Lutje-
harms and Roberts, 1988) moves downstream with the current at a rate of about 20 
km/day. Features of this kind have also been observed north of the Natal Bight 
(Gründlingh and Pearce, 1984; Gründlingh, 1992a), however, all information cur-
rently available suggests that it is only meanders that originate at the Natal Bight 
that consistently progress downstream with the current. Theoretical studies (De 
Ruijter et al., 1999a) have shown that it is the weak gradient of the shelf at the 
Natal Bight that will allow baroclinic instability in the Agulhas Current to occur 
here and to grow once the core of the current has been detached from the sharp 
slope gradient. The trigger for this meander has been thought to be the adsorption 
of offshore eddies, the tell-tale signs of which have been seen in many satellite 
images in the thermal infrared (e.g., Gründlingh, 1986; Lutjeharms and Roberts, 
1988). This has recently been proven to be the case (Schouten et al., 2002). It is 
interesting to note that some marine animals such as leatherback sea turtles care-
fully use all these circulation features to move about in the ocean (Hughes et al., 
1998; Luschi et al., 2003). The question remains what, if any, effects these unusual 
meanders have on the shelf waters. This will be discussed in a section to follow. It 
is necessary first to describe the wind regimes over this shelf region. 

4.1 Winds along the shelf off south-eastern Africa 

Tropical cyclones hardly ever reach this coastline, in contrast to that of Madagas-
car and Mozambique (Jury and Pathack, 1991). On the infrequent occasions when 
they do arrive at the coast (e.g., Poolman and Terblanche, 1984), one would expect 
the shallow waters of the shelves over which they move to be thoroughly mixed. 
Otherwise the shallow waters, as measured by moored current meters (upper ~20 
m), follow the reigning winds closely (Pearce et al., 1978). 
 Coastal winds for the region have been analysed in detail by Schumann (1989). 
He has shown that the main wind axis is parallel to the coast. At Durban the wind 
is 5 times more likely to blow along the shelf than across it, whereas at East Lon-
don (viz. Fig.  20.11) it is three times more likely. Average wind speeds are about 
2.5 m/s at Durban; 3.2 m/s at East London (for 1984). The average wind speeds 
along the coast and across it were not very different. The north-easterly wind and 
the south-westerly winds both occur about 50% of the time (Schumann and Mar-
tin, 1991), with both showing seasonality in wind speed, the north-easterly winds 
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having slightly greater seasonality. During summer the alongshore component of 
the wind is considerably higher (Hunter, 1988), particularly farther downstream. 
 An important additional wind process for the coastal waters is diurnal land and 
sea breezes. These can exhibit speeds of the same magnitude as those brought 
about by normal synoptic systems (Hunter, 1988). Hunter (1981) has used offshore 
wind observations to show that land breezes can here extend at least 60 km sea-
ward. The direction of these winds may have a decided influence on cloud forma-
tion, precipitation over the shelf as well as coastal runoff. 
 As mentioned before, it has been demonstrated that cumulus cloud lines fre-
quently form over the northern Agulhas Current (Lutjeharms et al., 1986b; Lee-
Thorp et al., 1998) but mostly when the winds are along-current, from the north-
east. During such along-current air motion there is an enormous uptake of mois-
ture from the current (Lee-Thorp et al., 1999; Rouault et al., 2000). About 5 times 
as much water vapour is transferred to the atmosphere above the current itself 
than from ambient waters. During on-shore winds this moisture is advected inland 
and may contribute significantly to moisture convergence and rainfall over the 
interior of South Africa. In fact, it has been shown that this leads to local intensifi-
cation of storm systems and the concurrent flood events (Rouault et al., 2002). To 
what extent this leads to measurable dilutions of coastal waters by river runoff is 
not known. What is known is that the presence of the Agulhas Current has a con-
sistent effect on coastal rainfall all along its northern part (Jury et al., 1993; Fig.  
20.12). Wherever the current is close to the coast, such as between Durban and 
Port Elizabeth, the rainfall is enhanced; wherever the current axis diverges from 
the coastline, such as at the Natal Bight and at the southern part of the Agulhas 
Current, coastal rainfall is significantly reduced. This is not the only process that 
makes the Natal Bight an unusual shelf region. 

 

Figure 20.12   The influence on coastal rainfall of the distance of the core of the Agulhas Current from 
the coastline. (After Jury et al., 1993.) The abscissa gives the distance upstream from Port Elizabeth 
(see Fig.  20.11). The solid curve gives the distance from the coast to the core of the Agulhas Current as 
expressed by sea surface temperatures. Note that the distance is greater off the Agulhas Bank (0 km) 
and at the Natal Bight (800 km). The broken line shows the coastal rainfall. Both curves are expressed 
as standardized departures; that of the distance from the coast having been inverted for comparison. 
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4.2 The Natal Bight 

The Natal Bight is formed by a landward offset between Richard’s Bay and Dur-
ban in an otherwise rather linear coastline (Fig.  20.11). The northern part of the 
bight is shallower than 50 m; the southern part deeper. There are some well-
developed canyons in the bathymetry of the continental slope, but these do not 
extend onto the shelf, where they have been filled in by sediment (Martin and 
Flemming, 1988). The major depocentre of the region is the offshelf Tugela Cone 
(viz. Fig.  20.13), evidence that the Tugela River is the major source of sediment 
for this shelf region. Sediments over the shelf itself consist largely of sand. The 
percentage is in excess of 75% over all parts of the Natal Bight shelf except sea-
ward of the Tugela River (Flemming and Hay, 1988) where mud is the dominant 
sediment type. Gravel patches are found largely, but not exclusively, at the shelf 
edge where scouring from the Agulhas Current is to be expected. The distribution 
of sediments (Flemming and Hay, 1988) is particularly instructive here since it 
gives a clear indication of the integrated movement of the bottom waters where 
other data may not be available. 

 

Figure. 20.13   A conceptual model of the bedload movement on the continental shelves adjacent to the 
northern Agulhas Current. (After Flemming and Hay, 1988.) 

 The shelf directly equatorward of the Natal Bight has, for instance, seen hardly 
any hydrographic investigations. However, the general bedload dispersal model 
suggests that the shelf waters move equatorward here, in clear disagreement with 
the concept of a straightforward Mozambique-Agulhas Current continuity. A 
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bedload parting is found at about 28°S (Fig.  20.13). Analyses of ships’ drift (Har-
ris, 1978) indicate that poleward of this point the currents over the shelf follow the 
Agulhas Current 75% of the time. This implied movement is consistent along the 
whole coastline except just downstream of Durban where it again is equatorward. 
This latter discrepancy may be due to an embedded lee eddy that is a recurring 
feature of the circulation at this location just south of the Natal Bight (e.g., Ander-
son et al., 1988; Meyer et al., 2002) and will be discussed in greater detail below. 
 The submarine bedform distribution is even more instructive. Active submarine 
dune fields, moving with the current, are found north of the Natal Bight and along 
the shelf break of the northernmost half of the bight. Along the southern half of 
the shelf break there is no evidence of the influence of the current, suggesting that 
it overshoots here (viz. Fig.  20.11), maintaining some distance from the shelf edge 
and thus not affecting the sediments. It is intriguing that off Durban the movement 
of the mobile dune field is, by contrast, northward, substantiating the persistence 
of the lee eddy surmised to occur here (Pearce et al., 1978; Meyer et al., 2002). 
Flemming and Hay (1988) have inferred a complex shelf circulation from the 
sediment distributions and the bedforms, consisting of a cyclonic movement over 
the northern, shallower part of the bight and a dipolar structure of an inner anti-
cyclonic and an outer cyclonic eddy over the southern, deeper parts. What is in fact 
known about the circulation here? 
 First, the presence of a persistent upwelling cell at the upstream end of the 
Natal Bight is the most prominent part of the hydrodynamics of the shelf waters of 
the Natal Bight and a fundamental key to understanding the ecosystem of this 
shelf sea. From all other perspectives it may be considered to be a semi-enclosed 
system. The strong and ever-present Agulhas Current at the shelf edge forms a 
formidable barrier to exchanges of water and biota with the open ocean. At the 
northern end of the bight, between Richard’s Bay and Cape St Lucia, the shelf 
widens as the current sweeps poleward. This bathymetric arrangement is believed 
to lead to topographically induced upwelling (Gill and Schumann, 1979), as it does 
elsewhere along the trajectory of the Agulhas Current. 
 In this general region sea surface temperatures are about 26°C in the summer 
months, peaking in February (Pearce, 1978) and dropping to about 21°C in Au-
gust. Observations of sea surface temperature in the region (Gründlingh, 1974; 
Gründlingh and Pearce, 1990) have shown that off Richard’s Bay the temperatures 
are always a few degrees lower. As could be expected, the water here is largely 
Tropical Surface Water with only the occasional presence of Subtropical Surface 
Water (Pearce, 1978). Others (Lutjeharms et al., 2000c) have shown that the purest 
Subtropical Surface Waters is found on the shelf edge off Richard’s Bay and St 
Lucia. This sporadic presence of Subtropical Surface Water on the shelf, otherwise 
found at depths of 150 m or more offshore (Pearce, 1977b), is highly suggestive. 
Subsequent investigations using satellite images (Lutjeharms et al., 1989b) and a 
dedicated hydrographic cruise (Lutjeharms et al., 2000c; Meyer et al., 2002) have 
demonstrated unequivocally that this is indeed a persistent upwelling cell. 
 Lower temperatures are observed here more or less continuously, although the 
areal extent of the surface expression may vary considerably. This surface expres-
sion seems to have no clear seasonal pattern, neither is it clearly related to poten-
tial upwelling inducing winds (Lutjeharms et al., 1989b). Pearce (1978) has shown 
that evidence of 16°C water (Subtropical Surface Water, viz. 20.3) at depths of 125 
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m, sometimes less than 100 m depth, on the shelf is intermittent, with no clear 
pattern. It can therefore be accepted that this upwelling is not wind-driven. The 
effect of this upwelling can be observed at the sea surface along the inner edge of 
the Agulhas Current as far downstream as Durban as the colder surface water is 
dragged southward as a cool filament (Lutjeharms et al., 1989b). Further evidence 
for the nature of this upwelling cell comes from nutrient distributions (Carter and 
d’Aubrey, 1988; Meyer et al., 2002; Fig.  20.14). It shows that the influence of the 
upwelling cell extends over a sizeable part of the bight. Carter and d’Aubrey 
(1988) have given historical nutrient values all over the bight and state that there is 
no clear seasonal pattern in the occurrence of nutrients. Vertical sections show 
clearly (Lutjeharms et al., 2000c) that this nutrient-rich water is upwelled at the St 
Lucia upwelling cell and from there moves over the floor of the bight southwards. 
Further evidence for the effect of this upwelling cell comes from biological obser-
vations. 
 The distribution of chlorophyll-a exhibits a very similar pattern to that of the 
nutrients (e.g., Meyer et al., 2002), with the enhanced values slightly lower very 
close to the coast, implying an active upwelling process taking place during the 
observations. Oliff (1973; as quoted by Carter and Schleyer, 1988) has shown how 
the phytoplankton production reacts almost instantaneously to an upwelling event 
at Richard’s Bay. Reviews of the plankton, zooplankton as well as the benthic 
species found in the Natal Bight have been given by Carter and Schleyer (1988) 
and by McClurg (1988) respectively. These studies were based on information that 
was geographically very inhomogeneous, since they had to depend on an eclectic 
set of previous collections not designed uniformly to cover the shelf as a whole. 
From these scattered observations it is impossible to infer the extent of the bio-
logical influence of the St Lucia upwelling cell over the Natal Bight shelf, particu-
larly over the southern part. 

 

Figure 20.14   Distribution of dissolved nitrate at 10 m depth over the Natal Bight during July 1989. 
(After Meyer et al., 2002.) Dots represent station positions. The shelf shallower than 200 m has been 
shaded. The presence of an active upwelling cell equatorward of Richard’s Bay is evident. 
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 The waters of the poleward part of the Natal Bight are by contrast unspectacu-
lar and fit well into the ranges, both physical and biological, to be expected at these 
latitudes. The nutrients are low (Carter and d’Aubrey, 1988; Meyer et al., 2002), 
coming from Tropical Surface Waters. The nutrient concentrations are 1.01 – 1.86 
μmol/ι (nitrate), 0.48 – 0.72 μmol/ι (phosphate) and 3.50 – 4.69 μmol/ι (silicate) at 
10 m depth. The values on this part of the shelf do not exhibit great differences 
from those found in the surface waters of the Agulhas Current. The exception is to 
be found close to the Tugela River mouth (viz. Fig.  20.11) where values of all 
nutrients are higher during floods and chlorophyll-a values are enhanced (Carter 
and Schleyer, 1988). This is reflected in greater densities of fish larvae at such 
times (Beckley and van Ballegooyen, 1992). When this outflow was directly ob-
served during such a flood event, the indications were that most of the outflow 
occurred at a depth of 30 m and extended at least 25 km offshore. Salinities and 
temperatures over the shelf otherwise closely follow those of the Agulhas Current 
itself, also its seasonal cycle. 
 The circulation in the southern part of the bight is much harder to establish. 
Remote sensing has suggested a cyclonic eddy (Malan and Schumann, 1979) and 
this has been considered the main element in many conceptual portrayals ever 
since (e.g., Pearce, 1977b, Gründlingh and Pearce, 1990; Schumann, 1987; Harris, 
1978). Observations show (Pearce, 1977b) that close to the coast the currents only 
follow the Agulhas Current 50% of the time. Ship’s drift close inshore (1.6 km) is 
also about equally divided between poleward and equatorward drift (Harris, 1964; 
Pearce et al., 1978), agreeing with wind frequencies. The closer to the current, the 
greater the tendency is to follow its direction closely (Harris, 1978). The only 
quasi-synoptic hydrographic survey of the bight as a whole (Lutjeharms et al., 
2000c) gives no indication of a consistent circulation. There are indications that the 
location of the edge of the Agulhas Current may show greater shifts in location 
along the edge of this particular part of the shelf than farther up- or downstream 
(Gründlingh and Pearce, 1990) and that shear edge eddies may play an important 
role on occasions (e.g., Lutjeharms and Roberts, 1988; their Fig. 10b). Putting it all 
together, Pearce et al. (1978) have concluded, on the basis of an eclectic set of 
observation, that “at any one time a succession of eddies of a variety of scales (are) 
generated by shear processes or meteorological forcing probably exists in the (Na-
tal Bight)” and this is as good a summary of what is currently known as data will 
allow. Directly south of the bight, adjacent to the city of Durban (Fig.  20.11), the 
situation seems much simpler. 
 As mentioned above, a number of investigators (e.g., Pearce et al., 1978; Schu-
mann, 1982; Anderson et al., 1988; Lutjeharms et al., 2000c and Meyer et al., 2002) 
have pointed out the presence of a cyclonic eddy directly off Durban, in the lee of 
the broader shelf that forms the Natal Bight. Currents measured off Durban do 
show a dominant north-eastward component (Fig.  20.15). Ship’s drift close inshore 
(1.6 km) is—similar to further north on the shelf—about equally divided between 
poleward and equatorward drift (Harris, 1964; Pearce et al., 1978), which agrees 
with wind frequencies. Drifters have shown the same bi-polar tendency. Results 
presented by Tripp (1967) are also in agreement, showing that the current sets 
north-eastwards only about 50% of the time, with speeds of between 0.25 to 0.51 
m/s. Current observations for a period of a month (Schumann, 1988b), as well as 
over shorter periods (Gründlingh and Pearce, 1984), indicate frequent current 
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reversals here. There is therefore abundant evidence that this eddy does not seem 
to be present all the time. Current reversals at its location are measured over the 
full depth, indicating the barotropicity of this eddy. The main driving force of the 
shelf circulation at this location is most probably the Agulhas Current and not the 
wind (Schumann, 1981). It is clear from hydrographic observations that there is 
considerable upwelling in this eddy, bringing nutrient rich water closer to the sur-
face, but this also occurs in a very spasmodic way. 
 When there is no eddy present there may be a mixed layer to a depth of 50 m 
with a maximum gradient in nitrate-nitrogen lying below 100 m. With an eddy 
present this nutricline can be lifted to about 40 m (Carter and d’Aubrey, 1988) 
with a concurrent drop in surface temperatures. This surface cooling has also been 
observed in satellite thermal infrared observations (Lutjeharms and Connell, 
1989). Average values of nitrates in the Durban eddy have been measured around 
3.33 μmol/ι, but maximum values have reached 16.79 μmol/ι, demonstrating the 
effect of the eddy’s presence at times. These higher values in nutrients do not seem 
to be reflected in higher chlorophyll-a values. There is evidence of higher zoo-
plankton biomass here, but only intermittently. Phytoplankton production rates 
are below 1 gC/m2/ day (Burchall, 1968). There has been a greater density of fish 
larvae off Durban on occasion (Beckley and van Ballegooyen, 1992), but not con-
sistently (Beckley and Hewitson, 1994). A hydrographic cruise covering the whole 
Natal Bight has clearly demonstrated (Lutjeharms et al., 2000c; Meyer et al., 2002) 
the vertical structure of this eddy compared to the waters over the rest of the shelf. 
The upwelling of nutrient-rich water did not enhance chlorophyll-a values on that 
occasion either. 

 

Figure 20.15   Current observations off Durban and Port Edward. (According to Schumann, 1982.) For 
the location of these two places, see Fig.  20.11. The large dot indicates the location of the observations; 
the small dots the tips of current arrows from the station location. These arrow points show speed and 
direction integrated over the top 100 m of the water column. Each dot represents one spot measure-
ment. 
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 In summary, a cyclonic lee eddy is a recurrent, but not ever-present part of the 
circulation on the shelf directly off Durban, but seems to have hardly any local 
biological impact, perhaps because it is not enduring. There is evidence that this 
cyclonic eddy and its nutrient contents form the core to incipient Natal Pulses 
(Lutjeharms and Roberts, 1988). 
 When a Natal Pulse forms, due to an offshore eddy or otherwise, it seems to 
carry the Durban lee eddy with it (Lutjeharms et al., 2003b) all the way to the 
southern tip of the continent, intensifying the cyclonic motion in the eddy in its 
downstream journey. This would imply that inshore currents from Durban down-
stream would experience a sudden, but short-lived, reversal. As mentioned before, 
such a reversal has actually been observed (Lutjeharms and Connell, 1989) and 
directly related to a passing Natal Pulse. This incorporation of the Durban eddy in 
Natal Pulses also means that a part of the shelf fauna of the Natal Bight will inter-
mittently be carried away. The effect of such a mechanism on the shelf biota is not 
known. Most local fish seem to spawn in Cape waters downstream and migrate 
upstream in July and November (Garratt, 1988). Only geelbek (Atractoscion 
aequidens) and seventy-four (Polysteganus undulosis) appear to spawn off the east 
coast of southern Africa. A small proportion of the fish caught off Natal are pre-
sent throughout the year, most are distinctly seasonal, being either summer or 
winter species (Van der Elst, 1988). The most dramatic of the upstream migrations 
is that of the pilchard Sardinops ocellata, that takes place close inshore and is 
therefore very noticeable. No correlation with the passing of Natal Pulses in any of 
these fish migrations has to date been established. 

4.3 Between Durban and the Agulhas Bank 

Downstream of Durban the bathymetry changes dramatically (Fig.  20.11). Here 
the shelf is narrow and without any indentations to speak of. This configuration of 
the continental border has a controlling influence on the behaviour of the Agulhas 
Current. The current closely follows the edge of the shelf (Gründlingh, 1983) and 
the currents on the shelf move largely in sympathy (Fig.  20.15). Current speeds up 
to 1 m/s have been measured to 10 km off the coast. The currents at the shelf edge 
are, on average, about 0.5 m/s just downstream of Durban (based on ships’ drift; 
Tripp, 1967), but increase steadily till they are 2.16 m/s off Port Elizabeth. Current 
speeds inshore are much lower and vary in a seemingly random manner from 0.38 
to 0.77 m/s. At Port St Johns there is a minor coastal offset (viz. Fig.  20.11) and 
this seems to cause a higher frequency of counter currents (Harris, 1964), up to 
40% of the time (Tripp, 1967). Observed currents at Port Edward (Fig.  20.15) are 
with the Agulhas Current, but somewhat reduced in speed. The strong currents are 
reflected in the sand transport and bedform patterns along this whole shelf edge. 
Substantial underwater sand dunes are formed (Flemming, 1978, 1980, 1981) and 
this whole dune field is mobilised to move downstream with the current. It has 
been surmised that at certain locations where canyons cut into the shelf they act as 
sediment traps, carrying sediment off the shelf. 
 Surface drifts over this shelf region, as measured by drifters (Anderson et al., 
1988), are parallel to the current, but in both alongshore directions, suggesting that 
they are driven largely by the wind. Movement at greater depths is with the current 
(Schumann, 1982; 1987) except during very strong south-westerly winds when the 
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shelf currents may briefly change direction. The latter is also reflected in observa-
tions of ships’ drift (Pearce et al., 1978), although the incidence of current reversal 
is much reduced here compared to the movement in the Natal Bight, demonstrat-
ing the greater influence of the juxtapositioned Agulhas Current. From a direct 
comparison of current meter data and concurrent wind records it has been shown 
(Schumann, 1981) that the correlation between these signals is smaller than ex-
pected. Many current reversals therefore seem likely to be due to the passing of a 
Natal Pulse. However, there are other possible low frequency fluctuations in the 
currents on the shelf on this coast. 
 Schumann (1981; with Perrins, 1982) has analysed current records for signs of 
tidal and inertial signals. He found limited inertial motion; the energy spectrum 
being dominated by much longer periods that were assumed to be associated with 
variations in the Agulhas Current. Schumann (1986), in an investigation of the 
bottom boundary layer along this coastline, has furthermore demonstrated that in 
50 m of shelf water Ekman veering took place over the lower 35 m. This would 
cause some upwelling of deeper water, possibly enhancing biological productivity. 
 Observations of the vertical distribution of nutrients do indeed show higher 
nutrient levels at depth (Carter and d’Aubrey, 1988) and over the deeper parts of 
the shelf. In general shelf waters were poor in nutrients (nitrate: 2.48 μmol/ι mean; 
15.80 μmol/ι maximum) as is to be expected where surface waters of the Agulhas 
Current dominate. No observations have to date been made during the passage of 
a Natal Pulse and its imbedded Durban eddy. Conceivably such an event could 
cause a sudden, but short-lived elevation of nutrient concentrations. The effect of 
such pulses on the productivity along this stretch of shelf remains unknown. Ob-
servations of zooplankton (Carter, 1977) indicate higher biomass at the edge of the 
Agulhas Current here than upstream. Ichthyoplankton observations (Beckley and 
van Ballegooyen, 1992) reveal the same, but with great variability in space and 
time. 
 To recapitulate: the influence of the northern Agulhas Current on the shelf 
circulation seems to start only at about 28°S. The circulation in the wider shelf 
region of the Natal Bight is principally influenced by the passing current in the 
creation of an upwelling cell at St Lucia. By inserting nutrients into shelf waters 
this cell may have a controlling influence on the ecology of the whole Natal Bight. 
At the southern end of the bight the current drives a persistent lee eddy off Dur-
ban. The movement of waters on the narrow shelf south of Durban are for the 
most part parallel to the Agulhas Current. With the possible exception of what 
happens during the passage of a Natal Pulse, the circulation on this particular shelf 
region consequently seems uncomplicated, with low productivity and biological 
activity. The exception seems to be at Port Alfred, at the eastern tip of the Agulhas 
Bank. 

5. Southern Agulhas regime 

The Agulhas Bank forms the triangular continental shelf south of Africa (Fig.  
20.16). It lies between Port Elizabeth in the east and Cape Town in the west. It is 
about 250 km at its widest. A shallow part, the Alphard Rise, where the shelf is 
widest (viz. Fig.  20.16), constitutes the border between the western and the east-
ern Agulhas Bank that, as a result of this partition, have distinctly different charac-
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teristics. This is exemplified by the contrasting sedimentary nature of the eastern 
and western Agulhas Bank. 
 The sediments on the eastern bank are dominated by shelly fragments whereas 
there are mainly foraminiferal oozes on the western bank (Rogers and Bremner, 
1991). The organic matter content of the eastern Agulhas Bank sediments lies 
between 0.0 and 3.9 % (per unit mass) compared to 4.0 to 11.9 % on the western 
Agulhas Bank This places the western bank squarely in the province of the Ben-
guela upwelling system (Dingle et al., 1987b) A further reason for this difference is 
the contrasting characteristics of the offshelf currents on either side. 

 

Figure 20.16   Bathymetry of the continental shelf off the south coast of South Africa in km (after 
Simpson, 1974; Dingle et al., 1987a) and its major circulatory elements. This covers the southern Agul-
has Current regime. Areas shallower than 1 km are shaded. The broken line denotes the edge of the 
continental shelf as defined by the 200 m isobath. Upwelling is shown by hatching. Place and feature 
names used in the text are given here. 

 On the eastern side the warm waters of the intense southern Agulhas Current 
follow the shelf edge (Fig.  20.16), but much less closely than upstream. The cur-
rent starts to meander near Port Elizabeth and these meanders grow in amplitude 
downstream (Lutjeharms et al., 1989a). The meanders come with cyclonic shear 
edge eddies and attendant warm plumes. These plumes in general are shallow 
features, but may eventually spread their warm water over large parts of the adja-
cent shelf. By contrast, on the western side of the Agulhas Bank the sluggish Ben-
guela Current carries cold water equatorward, but this is complicated by the 
presence of a lee eddy directly to the west of the Agulhas Bank (Penven et al., 
2001a), the recurrent passage of Agulhas rings (Lutjeharms and Valentine, 1988; 
Boebel et al., 2003) and the intermittent advection of warm Agulhas surface water 
in the form of Agulhas filaments (Lutjeharms and Cooper, 1996). However, this 
shelf region is wide and the inner parts may be less affected by the offshore cur-
rents than by winds. 
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5.1 Wind regimes south of Africa 

As is the case along the east coast, the winds along the south coast are mainly 
parallel to the coastline, more so at Port Elizabeth than in the central part of the 
south coast (Schumann, 1989). The ratio of offshore/onshore to coast-parallel 
winds is also lower along the south coast to that of Port Elizabeth where the winds 
are more strongly oriented parallel to the coast. North-easterly winds show the 
greatest seasonality with a greater than 40% occurrence frequency in austral sum-
mer, dropping to 25% in winter (Schumann and Martin, 1991). Average speeds for 
north-easterly winds at Port Elizabeth are greater than 4 m/s in summer, but only 
1.5 m/s in winter. South-westerly winds show an inverse seasonal occurrence com-
pared to north-easterly winds, but the wind speeds always lie around 4 m/s. Based 
on ships’ reports, Jury (1994) has shown that on the eastern Agulhas Bank the 
most frequent and the strongest winds are from the east in summer and from the 
west in winter. Winds are significantly weaker over the southern parts of the shelf 
compared to closer to the coast. These winds and their directions naturally are part 
and parcel of the global ENSO and other perturbations (e.g., Schumann, 1992). 
Little work has to date been carried out to pin down these relationships. 
 A significant proportion of these winds come about as a consequence of coastal 
lows. These are formed as a result of the topography of southern Africa (Gill, 
1977), most often associated with cold fronts that move from west to east (Hunter, 
1987). The coastal lows move along the south coast with periods of 2 to 5 days and 
propagation speeds of 14 to 20 m/s. Analyses of the climatological variability of the 
major axis winds along the coast of the Agulhas Bank (Schumann et al., 1991) has 
therefore shown a distinct spectral peak at 6 days. 
 Over the western Agulhas Bank the wind patterns are significantly different to 
those on the eastern bank. At Cape Town the most seasonal wind is the south-
easterly wind with an 80% occurrence frequency in summer and a 40% frequency 
in winter. Average speeds in summer are in excess of 5 m/s; only 1.5 m/s in winter. 
By contrast the north-westerly winds are only slightly more prevalent in winter and 
maintain average speeds of about 3 m/s. 
 Wind strength is increased over the Agulhas Current itself. The loss of heat 
from the Agulhas Current to the atmosphere is about 200 W/m2 higher than that of 
ambient water masses (Rouault et al., 2000). During along-current winds an at-
mospheric moisture and thermal front develops at the inshore edge of the current 
off Port Alfred, where the current passes a distinct upwelling cell. 

5.2 The Port Alfred upwelling cell 

As mentioned before, if the theoretical portrayal of Gill and Schumann (1979) 
holds, wherever a western boundary current moves from a narrow shelf past a 
wider shelf a degree of upwelling should be experienced. This has been observed 
south of Madagascar, at the northern corner of the Natal Bight and even in the 
Kuroshio system (Lutjeharms et al., 1993). It would therefore be expected to occur 
also where the Agulhas Current starts flowing along the Agulhas Bank and there it 
has indeed been observed (Lutjeharms et al., 2000a). 
 Thermal infrared imagery from satellite shows that this upwelling has its centre 
off Port Alfred (viz. Fig.  20.16), but that cold water inshore of the Agulhas Cur-
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rent may extend up to a maximum of 300 km upstream. On average it is about 30 
km wide and extends 180 km along the edge of the current (Fig.  20.17). Water 
masses in the upper 200 m of the Agulhas Current are Subtropical Surface Water 
with the occasional pulse of Tropical Surface Water, mostly at the landward side 
(Gordon et al., 1987). During those times that the upwelling is evident at the sea 
surface the water in the upwelling cell is all South Indian Central Water (Lutje-
harms et al., 2000a). This implies that it is upwelled onto the shelf from offshore 
waters deeper than 400 m and this has been confirmed by hydrographic observa-
tions in the region (Goshen and Schumann, 1988; their Fig. 8). Nutrient values in 
the upwelling cell can exceed, for example, 20 μmol/ι at 100 m, whereas they are 
less than 5 μmol/ι on the adjacent shelf. This upwelling cell may furthermore have 
considerable implications for the Agulhas Bank as a whole. 

 

Figure 20.17   An ensemble of outlines of cold water of the Port Alfred upwelling cell inshore of the 
Agulhas Current, using the 17°C isotherm as an indicator. (As given by Lutjeharms et al., 2000a.) The 
200 m isobath is shown as a dotted line and the shelf inshore of this isobath shaded. 

 First, it forms one of what may be considered to be the three main physi-
cal/chemical provinces of the bank. The others are the greater part of the shelf and 
the coastal upwelling regime of the western Agulhas Bank (Lutjeharms et al., 
1996). These provinces are well-defined, considering the poor and inhomogeneous 
distribution of hydrographic stations available. Second, from this upwelling cell 
water colder than 10°C moves over the bottom of the Agulhas Bank (Lutjeharms 
and Meyer, 2004). The seasonal thermoclines over the bank are unusually intense. 
It is believed that this is partially due to the continual input of cold water along the 
bottom. It has previously been surmised that this cold water is upwelled inshore of 
the Agulhas Current along the eastern edge of the bank (Chapman and Largier, 
1989). To date little direct evidence for this has been found. In fact, almost all 
hydrographic sections across the bank show the water colder than 10°C near the 
shelf edge only in the vicinity of Port Alfred. If this upwelling cell plays such a 
crucial role in the stratification of the whole Agulhas Bank, how permanent is it? 
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 Regrettably, there are no data to address this important question. Surface ob-
servations show that it is present almost 50% of the time (Lutjeharms et al., 
2000a), but this surface outcropping may be largely wind dependent, as has been 
observed at sea (Rouault et al., 1995). With the limited hydrographic data avail-
able, the presence of upwelled water at depth seems considerably more enduring. 
If this upwelling cell is so persistent, how does it affect the distribution of primary 
productivity and biota at higher trophic levels? 
 A chlorophyll-a maximum zone extends from the vicinity of Port Alfred roughly 
along the 100 m isobath across the eastern Agulhas Bank (Probyn et al., 1994). 
This “upwelling ridge” has primary production rates of 104 mg/m2/h, whereas the 
shelf near Port Alfred boasts values of 888 mg/m2/h. Values at the shelf break are 
231 mg/m2/h. In this respect it is interesting that ocean colour observations from 
satellite (Lutjeharms and Walters, 1985) show slightly enhanced values along the 
whole landward edge of the Agulhas Current. By contrast the zooplankton bio-
mass is low near Port Alfred (Verheye et al., 1994), increasing westward. Spawning 
of chokka squid, as detected by eggs trawled, show a distinct concentration at Port 
Alfred, with a downstream decrease across the shelf, downstream (Augustyn et al., 
1994). About predators much less is known (Smale et al., 1994). The size distribu-
tion of fish varies noticeably across the Agulhas Bank (Japp et al., 1994), the larger 
fish being found on the eastern Agulhas Bank, some species densities higher at the 
horizontal thermal gradients associated with the shelf edge (Barange, 1994). The 
biological influence of the Port Alfred upwelling cell therefore seems indirect, 
particularly via the inflow of bottom water over the eastern Agulhas Bank. 

 

Figure 20.18   Time series of the temperature profile for a hydrographic station on the central Agulhas 
Bank for the period 1974 to 1979. Dots indicate standard depths at which nutrient samples were taken. 
(After Lutjeharms et al., 1996.) 

5.3 The eastern Agulhas Bank 

Much has been made of the ridge of cold water (< 10 °C) that overlies the 100 m 
isobath over much of the eastern Agulhas Bank (e.g., Boyd and Shillington, 1994; 
Verheye et al., 1994; Probyn et al., 1994). This ridge is evident in temperature 
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sections across the bank; at times it crops out, producing areas of cold water at the 
sea surface (e.g., Walker, 1986; Swart and Largier, 1987) over the bank. The loca-
tion of this ridge corresponds with the distribution of a number of copepod devel-
opment stages (Largier and Swart, 1987), medium size chokka squid (Augustyn et 
al., 1994) and a subsurface chlorophyll-a maximum at the nutricline (Probyn et al., 
1994). It has been proposed (Lutjeharms and Meyer, 2004) that this ridge of cold, 
nutrient-rich water originates in the Port Alfred upwelling cell. It enhances the 
thermal stratification of the water column from below over most of the bank and 
brings nutrients onto the full extent of the shelf. These nutrients may not be avail-
able to the phytoplankton throughout the year, but follow an annual cycle. Obser-
vations show (Carter et al., 1987) that the subsurface chlorophyll-a peak is closely 
associated with the behaviour of the seasonal thermocline. This stratification on 
the Agulhas Bank follows a rather peculiar cycle (Eagle and Orren, 1985; Lutje-
harms et al., 1996; Fig.  20.18). 
 During the winter months storm winds and convection mix the upper water 
column to depths of 75 m or more; in summer fewer extreme wind events and 
increased insolation establish a seasonal thermocline that may be at 50 m or 
deeper. Summer winds have been shown to be too weak (Largier and Swart, 1987) 
to break down the seasonal thermocline. The winter mixing of the water column 
raises the temperature of the bottom water in winter, being warmest in July (Swart 
and Largier, 1987). All this is normal for shelf regimes in the subtropics. On the 
Agulhas Bank this seasonal stratification is however enhanced by cold water from 
below (Fig.  20.18) thus establishing a seasonal thermocline and nutricline about 
twice as strong as would normally be expected. It is believed that the inflow of all 
this cold, nutrient-rich water is from the Port Alfred upwelling cell. 
 The result of this seasonal behaviour of the water column is also reflected in the 
temperature/salinity characteristics of the Agulhas Bank. In spring the tempera-
ture range is restricted to 14 – 18°C, salinity to 35.0 to 35.5; by contrast, in winter 
this ranges from 10 – 23°C, salinity 34.6 to 35.8. The nutrients follow suite. Average 
sea surface temperatures are between 21 – 26°C over the eastern Agulhas Bank, 
representing the horizontal offshore gradient towards the Agulhas Current (Schu-
mann and Beekman, 1984). In winter this is reduced to 16 – 19°C. In summer the 
average temperature difference between the water at the surface and at 80 m 
depth is as high as 11°C; in winter the highest gradient is 5°C. With the seasonal 
collapse of the nutricline the subsurface chlorophyll-a peak also disappears 
(McMurray et al., 1993). Nevertheless the seasonal thermocline on the eastern 
bank is usually shallower and better developed compared to that of the western 
part of the bank. 
 The movement of the waters of the eastern Agulhas Bank can most probably be 
placed into three categories: the very surface layer, the bottom layer and the rest 
of the water column. The very surface layer moves largely with the wind (Lutje-
harms et al., 1986a). Comparison of the movement of a drifter with progressive 
wind stress vectors rotated 35° to the left has demonstrated this quite admirably 
(Harris, 1978). Analyses of ships’ drift, corrected for windage on ships’ superstruc-
ture, show (Tripp, 1967) no distinct patterns or seasonal cycles. Since the dominant 
wind directions are parallel to the coast, so will the top water layer therefore move. 
This is particularly important from a pollution point of view since tar balls (Shan-
non and Chapman, 1983; Shannon et al., 1983) will be beached only under onshore 
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wind conditions. The bottom waters, where they have been measured (Swart and 
Largier, 1987), move largely parallel to the isobaths and in the direction with the 
Agulhas Current. The movement of the rest of the water column is more complex. 
Schumann and Perrins (1982) have shown that the highest energies on the shelf are 
to be found at inertial periods. The bottom motion described earlier consists of the 
residual drift after the inertial current signals have been removed. The influence of 
the Agulhas Current is not always clear. 
 As mentioned above, the major characteristic of the Agulhas Current along the 
shelf edge of the eastern Agulhas Bank is the presence of shear edge eddies of 
various sizes (Lutjeharms et al., 1989a). These eddies move downstream with the 
current and are most prevalent in the concave part of the shelf edge (Lutjeharms 
et al., 2003a). There is evidence (Hutchings, 1994) that the spawning of anchovy 
takes place preferentially just inshore of the shelf edge where these eddies are 
common. The passage (Schumann and van Heerden, 1988) of such eddies inverts 
the shelf edge current that is usually dominated by the Agulhas Current. Cold 
water is upwelled in the core of these cyclonic features and is has therefore been 
surmised that they are instrumental in bringing this cold water onto the shelf 
(Chapman and Largier, 1989). This has been observed very infrequently (e.g., 
Schumann and Beekman, 1984). The warm water plumes associated with the shear 
edge features bring warm Agulhas Current water onto the shelf and this may en-
hance the shelf thermocline. In general these plumes may represent a relatively 
thin layer of warm water (e.g., Goschen and Schumann, 1990) and their subse-
quent movement over the shelf may be almost entirely driven by winds (Goschen 
and Schumann, 1994). 
 Once past the southern tip of the Agulhas Bank, the Agulhas Current proper 
moves offshore, but some of the plumes may be drawn along the edge of the west-
ern Agulhas Bank as Agulhas filaments. 

5.4 The western Agulhas Bank 

Agulhas filaments are relatively shallow features (~ 50 m) and may carry warm 
surface water as far as the coastal upwelling zone off south-western Africa (Lutje-
harms and Cooper, 1996). To date there has been only occasional evidence (e.g., 
Mitchell-Innes et al., 1999) that warm surface water from these filaments may 
intrude over the shelf in an analogous fashion to that of plumes adjacent to the 
eastern Agulhas Bank. Why Agulhas filaments are drawn so rapidly equatorward 
is also not entirely clear. This has been assumed (Lutjeharms and Valentine, 1988) 
to be due to passing Agulhas rings. Such ring prevalence may be the origin of the 
hypothesised shelf edge jet (e.g., Hutchings, 1994) that has been put forward as a 
mechanism to move anchovy larvae northward towards the coastal upwelling re-
gion of the west coast (e.g., Boyd et al., 1992). Then again, whenever direct current 
observations of the currents over the shelf edge have been made (e.g., Fowler and 
Boyd, 1998) no evidence for any persistent north-westerly setting current could be 
found. 
 However, there is strong evidence that there is a tendency for the circulation off 
the shelf of the western Agulhas Bank to be cyclonic, which would lead to currents 
at the shelf edge to move poleward instead. Modelling (Lutjeharms et al., 2003a) 
and hydrographic observations (Penven et al., 2001a) now suggest that this is due 
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to a cyclonic eddy driven by the Agulhas Current in the lee of the Agulhas Bank. 
The discrepancy between an equatorward shelf edge jet and a poleward movement 
driven by an Agulhas Bank lee eddy had not yet been resolved. Apart from the 
difference in current behaviour at the shelf edge, the western Agulhas Bank also 
differs from the eastern bank by extensive coastal upwelling. 
 The main, wind-driven upwelling along the west coast normally starts at Cape 
Point (south of Cape Town, viz. Fig.  20.16), but during about 10% of the time 
there also is contiguous upwelling all the way between Cape Agulhas and Cape 
Point (Lutjeharms and Meeuwis, 1987; Lutjeharms and Stockton, 1991). This latter 
upwelling, as expressed as a biologically productive region, may extend from less 
than 20 to 100 km offshore (Mitchell-Innes et al., 1999). At Hermanus and Gans-
baai, between Cape Point and Cape Agulhas, annual surface temperatures range 
(Largier et al., 1992) from 17°C in January to 15°C in August with a small maxi-
mum in May. With a higher incidence of south-westerly winds in summer, the 
upwelling here is most intense in that season (Boyd et al., 1985), as can easily be 
modelled (Penven et al., 2001b). Constant westerly or south-westerly winds may 
induce downwelling, but upwelling can recur within a matter of days under the 
influence of winds of the correct direction and sufficient speed (Jury, 1988). The 
vertical temperature gradients in this upwelling are strongest in summer, weakest 
in winter (Schumann and Beekman, 1984). Cool, low-salinity Central Water was 
upwelled to within 20–40 m of the sea surface from January to April during a sur-
vey in 1975 (Boyd et al., 1985) and from September to November when south-
easterly winds are dominant. Only between February and April was it observed to 
break the surface. Climatologically it is also present in July and December (Lutje-
harms and Stockton, 1991). Vertical stratification was best developed in summer, 
due to the uplift of cooler Central Water and the onshore advection of warm sur-
face water from the Agulhas Current and the Agulhas Bank. This is reminiscent of 
the cycle of stratification over the central Agulhas Bank (Eagle and Orren, 1985; 
Fig.  20.18). Nutrients moved closer to the surface in spring and summer, causing a 
modest spring bloom (Mitchell-Innes et al., 1999), but generally did not penetrate 
the thermocline until vigorous mixing to a depth of 60–80 m in winter. 
 Over the rest of the western Agulhas Bank the stratification seems much 
weaker than over the eastern bank. The uplift of the isopycnals towards the coast 
over this shelf region is naturally evident in the distribution of nutrients with high 
values covering the greater part of the shelf (Lutjeharms et al., 1996) than over the 
eastern Agulhas Bank. 
 The prevailing currents on the western Agulhas Bank are in a north-westerly 
direction in summer; in winter those along the southern parts of this coastline may 
be south-eastward (Harris, 1978). Water characteristics are the same above the 
thermocline than on the eastern Agulhas Bank, but below the thermocline the 
waters are slightly less salty and have lower nutrient loads (Chapman and Largier, 
1989). This has been taken as evidence that this water has an Atlantic rather than an 
Indian Ocean origin and that the bottom water here on average moves in a south-
easterly direction. In general the water movement here is parallel to the isobaths 
(Largier et al., 1992), but in both directions. Nevertheless, inertial currents may still 
be the dominant movements on shorter time scales (Schumann and Perrins, 1982). 
 Evidently, the coastal upwelling on the western Agulhas Bank will have a dra-
matic effect on the ecosystem of this part of the bank. In contrast to the eastern 
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bank, chlorophyll-a values are considerably higher (Largier et al., 1992). Phyto-
plankton concentrations are lower (De Decker, 1973) than in the upwelling region 
along the west coast, both measured as numbers of cells and as settled volume. 
Remarkably, zooplankton settled volumes are almost consistently higher. Biota in 
higher trophic levels (e.g., Roel et al., 1994) do not show any patterns clearly re-
lated to the upwelling, including euphausids. 

5.5 Coastal processes 

The wind-driven upwelling along the western part of the Agulhas Bank is a specific 
coastal process, but there are a number of other such locations and processes on 
the Agulhas Bank that are largely divorced from what happens over the broader 
expanses of the shelf. Perhaps the most important of these is intermittent upwell-
ing at the promontories along the coast of the eastern Agulhas Bank (Schumann et 
al., 1982; viz. Fig.  20.16). 

 

Figure 20.19   Sea surface temperatures and wind speeds at Gouriqua (near Mosselbaai, viz. Fig.  20.16) 
on the south coast of South Africa during March 1984. Wind speed is shown as a curve; wind direction 
by letters on the abscissa of the wind speed curve. (According to Lutjeharms, 1998.) Temperatures rise 
and fall at the coastline in direct response to the direction and speed of the local wind. 

 On the whole the seasonal cycle of sea surface temperatures at this coast is 
considerably better developed than that along the northern Agulhas Current. 
Average temperatures at Port Elizabeth, for example, range from 21°C in January 
to about 15°C in July/August (Lutjeharms, 1998) whereas those at East London 
vary only from 19°C to 17°C. Intermittent coastal upwelling along the south coast 
is superimposed on this seasonal sequence. It occurs only at prominent capes 
(Schumann et al., 1982) under suitable wind directions (e.g., Goschen and Schu-
mann, 1995) and with winds above a certain threshold (Schumann et al., 1995). 



 JOHANN R.E. LUTJEHARMS 821 

Upwelling is seen less than 10% of the time, the highest incidence being in sum-
mer. The local effects can be quite dramatic (Fig.  20.19). Beckley (1983, 1988) has 
reported temperatures dropping by 8°C over a period of 24 h at a cape site com-
pared to one less than 40 km away. Goschen and Schumann (1995) have observed 
reaction times of a few hours. These upwelling events may last from one to 5 days 
(Schumann, 1999). Wind events in along-coast winds have a frequency peak be-
tween 4 and 8.5 days, with a maximum at 7 days (Schumann et al., 1991) indicating 
the driving role of the winds. 
 Nevertheless an analysis of chlorophyll-a intensity at this coastline (De Villiers, 
1998) suggests that the correlations between primary productivity and sea surface 
temperature is much better than between primary productivity and upwelling 
inducing winds. Along the very farthest eastern side of the Agulhas Bank it may be 
difficult to distinguish between local, wind-induced upwelling and the advection 
into the region of cold water that has been upwelled in the Port Alfred upwelling 
cell (e.g., Schumann et al., 1988). Upwelling events of this kind have in fact been 
observed to attract large flocks of sea birds. This phenomenon remains unex-
plained, since the short duration of most upwelling events would not result in 
greatly enhanced primary productivity. It has been hypothesised (Schumann et al., 
1988) that the convergence associated with an upwelling front may have caused 
concentration of food items for birds. The counterpart of coastal upwelling of cold 
water is advection of warm water into coastal embayments. 
 Along the far eastern side of the Agulhas Bank the likelihood of an intrusion of 
warm surface water from the adjacent Agulhas Current right to the coast may be 
high. Under southerly wind conditions water from plumes may reach the coastline 
and cause a temperature rise of 3°C or more in surface water. They may also cause 
a distinct layering in offshore water. To some extent the coastal morphology plays 
a role in the manner in which offshore events may influence the water masses or 
circulation at the coast. At certain locations, such as Algoa Bay at Port Elizabeth 
(viz. Fig.  20.16), the local winds may create circulations restricted to a bay (Go-
schen and Schumann, 1994). A prominent case of localised circulation is found in 
False Bay, the large, rectangular Bay on the most western tip of the western Agul-
has Bank, just south-east of Cape Town (viz. Fig.  20.16). 
 The surface circulation of this bay is complex (Gründlingh and Largier, 1991). 
On the eastern side there is intermittent, wind-driven upwelling (Cram, 1970) that 
brings nutrient rich water to the surface (Taljaard, 1991). The border of this up-
welling may on occasion form a zonal front across the mouth of the bay (Lutje-
harms et al., 1991). Only one hydrographic survey of the bay as a whole has been 
made (Gründlingh, 1992b, Taljaard, 1991) and as part of that investigation two 
sections across the bay were repeated shortly after. These repeat measurements 
have dramatically demonstrated the variability to be expected. 
 During the observations in 25–27 April 1989, cold, fresher upwelled water from 
farther east along the coastline was advected into the western side of the bay, 
creating a meridional front, evident throughout the water column. During the 
repeat survey between 27 and 29 April 1989, the situation had changed completely. 
Now there again was a meridional front near the centre of the bay, but with the 
cold water on the east, brought about by substantial upwelling on that side. A 
shallow thermocline (30 m) remained well-developed in the northern, shallower 
part, but more variable in the southern part of the bay. Surface currents are also 
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very variable and show a range of different patterns (Atkins, 1970), probably wind 
generated (Jury, 1991). The bay is surrounded by mountains, creating a strong 
orographic effect on the air flow. At depth, by contrast, the currents seem much 
more steady and consistent (Gründlingh et al., 1989). Water enters on the western 
side and leaves on the eastern side. As might be expected the vertical stratification 
is very seasonal, particularly in the southern, deeper parts (Gründlingh, 1992b). 
Huge demographic shifts to the shores of the bay have placed enormous pressure 
on its self-cleaning ability. As in many other parts of the shelf seas discussed 
above, ignorance of the flushing rate and many other aspects of the circulation and 
the ecosystem make its proper management hazardous. 
 To sum up: the shelf waters of the Agulhas Bank may be placed into three 
physical/chemical provinces according to the influence of the Agulhas Current, or 
lack thereof. These are: the Port Alfred upwelling cell, the coastal upwelling of the 
western Agulhas Bank and, third, the wider shelf outside the immediate influence 
of the Agulhas Current. The Port Alfred upwelling cell may be permanent at 
depth, with a surface outcropping driven by local winds. Cold, nutrient-rich water 
is brought onto the shelf here and may spread over the greater part of the Agulhas 
Bank. There is a high likelihood that this inflow of bottom water is the driving 
force for the very intense seasonal thermoclines over the wider shelf region. The 
northward advection of warm Agulhas plumes is assumed to play a minor role. 
The unusual intensity of the stratification over this shelf may be crucial to the local 
ecosystem and, in particular, to the successful spawning of economically important 
fish species. The upwelling on the western Agulhas Bank is a seasonal phenomena 
and forms part and parcel of the greater Benguela upwelling system. 

6. Future directions 

 From the above brief review it should be abundantly clear that the multidisci-
plinary characteristics of this part of the world ocean are very imperfectly under-
stood. This is particularly true for the coastal oceans. This ignorance is easily 
explained: very few observations have been made on these continental shelves as a 
whole; in large parts, none. In some respects this makes it easy to suggest future 
research directions. 
 In shelf regions where hardly any data whatsoever are available, any new meas-
urements are welcome. In other respects it makes it very difficult. To identify the 
key elements that need to be addressed as a matter of urgency—particularly for 
contiguous Third World countries with severely limited funds and research capabil-
ity—is near to impossible. With these caveats, let us proceed by examining the re-
search needs for the coastal oceans in the sequence in which they were discussed in 
the preceding sections, starting with the shelf regions of the Mozambique Channel. 
 The wide shelf on the eastern seaboard of Mozambique plays a recognised 
important role in local fisheries and thus in the economy of the adjacent country 
(e.g., Sætre and de Paula e Silva, 1979; Brinca et al., 1981). Its waters are likely to 
be predominantly influenced by the reigning winds and in particular the occasional 
incidence of severe cyclones. The effects of such winds on the hydrographic char-
acteristics, especially vertical stratification, the primary productivity and the distri-
bution of biota need urgent research attention. It has now been shown conclusively 
(De Ruijter et al., 2002) that there is no continuous, intense Mozambique Current 
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that borders this shelf region, but that instead a series of eddies are formed in the 
narrows of the channel that subsequently progress poleward. The influence of 
these drifting eddies on the adjacent shelf is not known yet. Quartly and Srokosz 
(2004) have shown that they extract water, rich in phytoplankton, from the surface 
layers of the shelf. These potentially important processes need to be studied with 
in situ measurements. These recent research developments also point to the need 
for more, extensive deep-sea investigations. 
 The lack of hydrographic stations to describe and demarcate the water masses 
and the circulation in the deeper parts of the Mozambique Channel (Lutjeharms, 
1977) also has an effect on what is known on the influence of the deep-sea on shelf 
waters. Although recent work (e.g., De Ruijter et al., 2002; Ridderinkhof and De 
Ruijter, 2003) has started to fill the most obvious gaps, much remains to be done. 
The hydrography and kinematics of the eastern side of the Mozambique Channel, 
for instance, remain cloaked in mystery. The influence of this particular deep-sea 
region on the western shelf of Madagascar therefore also remains unknown. 
 For the whole South West Indian Ocean this eastern side of the Mozambique 
Channel is probably the coastal ocean about which least is known. At the northern 
tip of Madagascar some work was done on shelf and adjacent coastal processes 
during the 1960s (e.g., Angot and Ménaché, 1963; Gerard, 1964; Angot and 
Gerard, 1966; Donguy and Piton, 1969), but along the central and southern parts 
there is – to my knowledge – no adequate information whatsoever. The most basic 
investigations on water masses, current patterns, biota and their respective vari-
abilities need to be undertaken here. This is also true for the eastern shelf of 
Madagascar. 
 As was seen in the preceding sections, only the most basic facts are know about 
the two branches of the East Madagascar Current along this shelf of Madagascar. 
Since the shelf here is very narrow (Figure 20.1) the fast moving waters of this 
current are more than likely to have a decisive influence on the shelf waters. How-
ever, as long as no detailed observations are made and no careful monitoring is 
done, this reasonable hypothesis has to remain in the realm of speculation. Of 
particular importance is a better understanding of the upwelling cell at the south-
eastern corner of Madagascar. Only one set of dedicated observations have been 
made here to date (Machu et al., 2002) and much more needs to be learnt about 
the possible influence of this upwelling on the biological productivity of the region. 
Anecdotal information from local subsistence fishermen suggests (M. Rouault, 
personal communication) that it may be a rich region for fisheries. Its investigation 
therefore also may hold considerable economic and fisheries management conse-
quences. In comparison to these shelf regions off Madagascar and Mozambique, 
comparatively much more is known about the shelf regions off South Africa. 
 For the shelf region inshore of the northern Agulhas Current a number of 
things stand out that need further investigation if we are to understand the phys-
ico-chemical and biological behaviour of these particular shelf waters. It has been 
hypothesised that the upwelling cell at the northern tip of the Natal Bight, at St 
Lucia, may control the nutrient supply to the whole bight and thus the ecosystem 
of this shelf province. The intensity of this upwelling cell and the progress of water 
from there onto the shelf of the rest of the bight need to be monitored carefully if 
this hypothesis is to be verified. The shelf downstream from the bight is much 
narrower (Figure 20.1) and the water movement on it therefore conceivably much 
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simpler. The one exception to this simple movement in sympathy with that of the 
Agulhas Current may come about due to the passage of Natal Pulses. 
 This irregularly occurring meander on the trajectory of the Agulhas Current has 
been shown to have a dramatic influence on the currents over the adjacent shelf 
(Gründlingh, 1979; Lutjeharms and Connell, 1989) during its passage. To date this 
has been observed only fortuitously, although it is evident in some historical cur-
rent meter records (e.g., Schumann, 1982). This shelf is the known conduit for the 
migration of whales and the annual sardine run. It is unknown what effect the 
passage of a Natal Pulse has on these migrations or if the unusual, but potentially 
beneficial, currents associated with these current meanders are in fact purposefully 
used by these animals. It would seem clear that this needs investigation. For the 
shelf off the southern Agulhas Current the research questions are different. 
 It has been surmised (Lutjeharms and Meyer, 2004) that the upwelling cell at 
the eastern end of the Agulhas Bank, adjacent to Port Alfred, may dominate the 
flux of bottom water onto this shelf region. This proposition has considerable 
implications for a proper understanding of the vertical stratification of the waters 
over the shelf, the nutrient supply to the shelf and the ecology of this large coastal 
region. Observations on this upwelling cell to date have all been inadvertent. The 
need for a dedicated observational programme seems essential, particularly since 
the Agulhas Bank is the spawning region for anchovy that sustain the prime pe-
lagic fisheries of South Africa. Such a programme should at a minimum study the 
nature and driving forces of the Port Alfred upwelling cell, the movement of up-
welled water from here and the variability of the system of bottom water supply. It 
is not only the bottom water that is of importance; the whole physico-chemical 
nature of the waters over the Agulhas Bank is—bearing in mind its probable eco-
nomic importance—amazingly poorly known. 
 To date only two quasi-synoptic research cruises have been undertaken to es-
tablish the hydrographic structure of the Agulhas Bank as a whole (Lutjeharms et 
al., 1981b; 1983). During these cruises only the thermal structure of the water 
masses was measured. Notwithstanding the importance of this shelf region for the 
local fisheries, no dedicated hydrographic cruise or set of cruises has covered the 
full extent of the bank since the aforementioned cruises, nor are there immediate 
plans to rectify this situation. This seems a particularly serious gap in the knowl-
edge of these coastal oceans that needs urgent attention. 
 The waters on the Agulhas Bank are influenced not only by normal solar and 
air-sea interaction processes, nor only by the imbedded upwelling cell, but also by 
interaction with the juxtapositioned Agulhas Current. As is evident from the 
above review, plumes of warm surface water from the Agulhas Current move onto 
the bank and may spread over extensive parts of it. It has consequently been sur-
mised (Swart and Largier, 1987) that this input of advected surface water may play 
an important, if not decisive, role in maintaining the very strong vertical tempera-
ture gradients over the bank. Attempts at quantifying this process and comparing 
it with the role of insolation would be valuable and contribute to a better under-
standing of the factors playing a role in the hydrography of this important part of 
the South African shelf and its role in the ecology of the region, particularly the 
spawning of anchovy. 
 In short, even an entirely subjective listing of research priorities for the coastal 
seas of the South West Indian Ocean demonstrates unequivocally the urgent need 
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for research in order to understand even the most fundamental, descriptive aspects 
of many of the shelf regions here. 
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1. Introduction and Summary 

The Benguela Current System (BCS) is one of four major eastern boundary up-
welling systems of the world oceans (Hill et al., 1998). It spans three countries on 
the west coast of Africa from about 14°S in Angola, through the entire coast of 
Namibia to about 37°S off the southern tip of Africa (Shannon and Nelson, 1996; 
Shillington, 1998). It extends along the south coast of South Africa to the eastern 
edge of the Agulhas Bank at about 27°E. The BCS has similar characteristics to 
some of the other eastern boundary upwelling areas; there is a region with tropical 
ocean characteristics off Angola (from the equator to 15°S); there is a region of 
year-round upwelling (approximately 15°-30°S; Boyer et al., 2000); a region of 
seasonal upwelling (approximately 30°-34°S). The surface currents are generally 
equatorward, with vigorous upwelling cells, strong and narrow equatorward shelf 
edge jets (near Cape Town), and a poleward undercurrent along the shelf bottom. 
Coastal trapped shelf waves travel poleward at regular synoptic time scales (~10 
day periods) from Walvis Bay in Namibia (20°S) to Port Elizabeth on the east 
coast of South Africa (Brundrit et al., 1987; Schumann and Brink, 1990). Along the 
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southern coast of Africa, the Agulhas Bank is a wide shelf region that is highly 
stratified in the west in summer, and well mixed in the winter. Closer to the coast, 
there is summer upwelling along the major embayments of the Agulhas Bank. On 
the Agulhas Bank, there is a seasonal cyclonic cool “ridge” feature in the near-
surface waters (Boyd and Shillington, 1994). The Agulhas Bank region is very 
important for pelagic fish spawning from September to March (Hutchings et al., 
2002). After spawning, the eggs and larvae drift northwards, until juvenile fish 
recruitment occurs north of St Helena Bay. Adult fish then make their way back to 
the Agulhas Bank to spawn in the following austral spring-summer. The BCS is the 
only Eastern Boundary Current (EBC) upwelling system bounded by warm water 
at both ends, the warm Angola Current in the north and the warm Agulhas Cur-
rent in the south and east. These features are summarised in Fig. 21.1. 

 

Figure 21.1   Cartoon of the main features of the Benguela Current System (Courtesy Benguela Current 
Large Marine Ecosystem Study, BCLME of the Global Environmental Facility, GEF) 
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 The BCS is physically forced at a variety of space and time scales, with cascades 
to smaller scales and biological responses and feedbacks at different scales. The 
remainder of this chapter is organised according to time-scale, going from shortest 
to longest. At the daily time scale, the diel cycle of photosynthesis and respiration 
occurs as everywhere. It is also the scale at which zooplankton and fish migrate 
vertically. Vertical migration of zooplankton has been shown to vary with the stage 
of development in the southern Benguela system, and provides a mechanism to 
maintain position within the system. On the outer shelf, the general movement of 
the upper layers of water is offshore and northwards, whereas the lower layers 
tend to move onshore and southwards, particularly with the passage of coastal 
trapped waves. Thus regular vertical migration between the upper and lower layers 
may provide a mechanism for maintaining position over the shelf and may also 
provide a mechanism for the recruitment of fish larvae to the inshore nursery 
grounds of the Benguela system. 
 At the synoptic time scale of about a week, the passage of atmospheric coastal 
low systems causes reduction in the southerly (equatorward) wind component and 
relaxation of upwelling. With relaxation of wind forcing, the upwelling front tends 
to move back towards the coast (Bakun, 1996). This occurs particularly in the 
southern subsystem. The pulses of upwelling result in blooms of phytoplankton 
that take some 4–8 days to develop fully. These are often out of synchrony with the 
longer cycles of zooplankton development, resulting in diatoms and other phyto-
plankton sinking out of the euphotic zone to form organically rich mud on the 
shelf and slope. These are sites of nutrient regeneration and enrichment of the 
shelf/slope bottom water. The lack of synchrony also results in inefficient ecologi-
cal transfer of energy and matter from primary producers to fish. The general 
position of the upwelling front is usually approximately at the shelf edge; the shelf 
varies greatly in width along the BCS, from being very wide over the Agulhas 
Bank in the south to narrow off the Cape Peninsula, and wide off the Orange 
River and again off Walvis Bay (Strub et al., 1998). The process of the front mov-
ing back towards the coast brings with it the fish eggs and larvae associated with 
the frontal jet current, and may provide a mechanism for retention of these in 
nourishing coastal waters. 
 At a time scale of about 1–2 months, the upper atmosphere jet stream wavers 
north and south, guiding the eastward passage of cold fronts every 4–8 days. In the 
northerly position in summer, the cyclonic wind systems and their associated cold 
fronts just brush the southern tip of Africa, causing reduction in upwelling in the 
southern BCS. At quasi-monthly periods, anticyclonic Agulhas rings may break off 
the Agulhas retroflection and carry warm water from the Indian Ocean into the 
Atlantic, as part of the thermohaline circulation system. If these Agulhas Rings 
move close to the west coast, they have a profound effect, both on the weather, 
and also in interacting with the upwelling system and carrying plankton, fish eggs 
and larvae offshore in jets and squirts. These may or may not return into coastal 
waters. 
 On a seasonal scale upwelling is weakest in austral summer (November–
February) at the northernmost cell (17°S). Upwelling is strongly seasonal in the 
southern Benguela system being strongest in summer and weakest in winter. The 
northern boundary of the Benguela system, the Angola-Benguela Front, moves 
seasonally from about 14°-17°S, being furthest south in March and September 
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(Veitch et al., 2005). The frontal region appears to form the northern limit of sar-
dine spawning and is associated with horse mackerel catches. There are periodic 
incursions of hypoxic water from the north onto the shelf of the Benguela system. 
The main oxygen minimum forms off Angola and is transported from the Angola 
Dome (10°-11°S) southwards onto the shelf by the poleward undercurrent. Further 
hypoxic water is formed by decomposition of plankton blooms over the Namibian 
shelf, and the formation of sulphurous mud-islands of H2S is a late-summer sea-
sonal phenomenon off Walvis Bay in central Namibia (Weeks et al., 2002; Weeks et 
al., 2004). Hypoxic water also forms further south off the Orange River and St 
Helena Bay, causing mass strandings of rock-lobster on occasions. This is a sea-
sonal phenomenon, often coinciding with the occurrence of red tides in late-
summer—autumn in the southern Benguela region. There is also considerable 
inter-annual variability in its severity. 
 At the decadal scale, warm Angola Current water penetrates large distances 
southwards into central Namibia with a periodicity of some 10 years as Benguela 
Niños (Shannon et al., 1986), analogous to the Humboldt Current El Niños. Ben-
guela Niños cause disruption of fish spawning and recruitment patterns in Namib-
ian waters, with dramatic effects on pelagic fish: sardine, anchovy and horse 
mackerel and also the valuable semi-pelagic hake stocks. In turn, seal pup survival 
is greatly reduced by the displacement of their fish prey. These effects are confined 
to Namibian waters and do not penetrate as far south as the Orange River border 
with South Africa. Benguela Niños are not directly linked to ENSO, but ENSO 
does influence the Benguela system through its effect on the whole southern hemi-
sphere atmospheric pressure system, which in turn affects the wind field. During El 
Niño, southerly winds tend to be less prevalent in the southern Benguela system, 
driving less upwelling, whereas in La Niña conditions the upwelling tends to be 
stronger and more prevalent. The BCS upwelling is driven by prevailing southerly 
winds caused by the South Atlantic semi-permanent atmosphere high-pressure 
cell. Wind stress is strongest at 27°S, creating a perennial upwelling cell near Lüde-
ritz. This appears to act as a barrier to the migration of small pelagic fish such as 
sardine and anchovy and divides the BCS into northern and southern sub-systems. 

2. Overview 

This section provides a geographical overview and details of the forcing of the 
BCS, including remote forcing from the north (the Angola Current) and the south 
(effects of the Agulhas Current Retroflection and rings), the general SST and the 
circulation. For further details of the physical processes, see the description by 
Shillington (1998), and the eastern boundary current comparison by Hill et al. 
(1998). 
 The continental shelf off the west coast of Africa is very narrow off northern 
Angola, but widens off southern Angola and Namibia, to its greatest offshore 
width at the Orange River cone (29°S). Moving southwards, the largest embay-
ment is St Helena Bay (near Cape Columbine), with a narrowing of the shelf at the 
Cape Peninsula (near Cape Town). South of Africa, the Agulhas Bank has its 
widest extent east off Cape Agulhas at 21°E (about 250 km), and then narrows 
again to Port Elizabeth (Fig. 21.1). 
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 There is a major freshwater input at the Congo River (7°S) with an average 
annual flux of 45,000 m3 s-1, and then minor inputs at the Cunene (northern border 
of Namibia at 17°S), Orange River (northern border of South Africa at 27.5°S) 
with a maximum flux of about 8,000 m3 s-1 in flood, and Berg River. Major offshore 
diamond mining takes place between Lüderitz and the Berg Rivers in three differ-
ent concessions: the beach mining by scuba divers down to 20 m depth, the mid 
zone from 20–60 m depth and the deep zone greater than 60 m. 

 

Figure 21.2   a) Annual average SST and b) mean monthly SD for SST computed from monthly com-
posites for the period 1982 – 1999; c) annual average Chlorophyll and d) total CV of chlorophyll com-
puted from 5-day weighted composites from Sept. 1997 – April 2002; e) mean monthly CV of 
chlorophyll computed from monthly composites (From Demarcq et al., 2003). 

 The Angola-Benguela Frontal Zone (ABFZ) has a sharp signal in SST and Chl 
a between 14–17°S, separating the south flowing warm, nutrient poor Angola 
Current, from the northern extremity of the cool Benguela Upwelling System (Fig. 
21.2). The ABFZ is at its southern position in March and September, and at its 
most northerly position in December and June (Fidel 2001; Hocutt and Verheye 
2001). A multidisciplinary survey of the ABFZ carried out in April 1999 showed 
that there were several mesoscale cyclonic eddies embedded in the Angola Gyre 
(Mohrholz et al., 2001). A special feature of the area north of the ABFZ is the 
Angola Dome, which is a seasonal uplift of the thermocline at depths of 20–150 m 
during January-May (Wacongne and Piton, 1992). This area also has lowered salin-
ity (by 0.3–0.5 psu) and reduced oxygen (by 2–3 ml l-1) (Mohrholz et al., 2001). 
 In the Pacific Ocean, El Niños have striking impacts on the local ecosystem and 
on rainfall. Similar warm, poleward flowing intrusions from the Angolan Current 
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sporadically disrupt the ABFZ in the South Atlantic off the coasts of Angola and 
Namibia and have been named Benguela Niños (Shannon et al., 1986, Gam-
melsrød et al., 1998). The most striking differences between Benguela and Pacific 
Niños are their different frequency of occurrence and duration (see Section 7). 
Benguela Niños do not necessarily occur in unison with their Pacific counterpart 
and may thus have different forcing mechanisms. Using a general ocean circulation 
model, forced by real wind measurements and verified with satellite remote sens-
ing, Florenchie et al. (2003) have shown that the major Benguela Niños in 1984 and 
1995 during the past 20 years, were generated by specific wind stress events in the 
west-central equatorial Atlantic, and progressed from there as subsurface tempera-
ture anomalies that eventually outcropped at the south-west African coast, near 
the ABFZ. Florenchie et al. (2004) extended the initial analysis to include cold 
episodes as well as warm episodes, which both created identifiable SST anomalies 
near 15°S. The elucidation of the remote equatorial wind forcing mechanism sug-
gests that it may be possible to predict the occurrence of these disruptive events 
with a lead-time of 2 months. 
 Carr (2002) provided a satellite-based estimate of potential primary production 
in the four Eastern Boundary Currents, (EBC) i.e. the California, Humboldt, 
Canary, and Benguela systems from the first 24 months of the Sea-Viewing Wide 
Field of View Sensor, SeaWiFS. Within each EBC, production was estimated for 
the area of high chlorophyll concentration (>1mg m-3) or active area, which is likely 
to determine the production that can be utilized by higher trophic levels. Primary 
production decreased with latitude within each EBC while the extent of the active 
area was related to the magnitude of offshore transport. The most productive EBC 
was the Benguela Current (0.37 Gt C yr-1). 

3. Fine-scale and diel-scale processes 

There has been little work on physical processes at a very fine scale in the BCS. 
However, size-based modelling of the microbial loop in the BCS by Moloney et al., 
(1991) has shown short-term predator-prey oscillations of picoplankton, bacteria 
and bactivorous micro-zooplankton of a few hours periodicity. This has been sup-
ported by the laboratory experiments of Painting et al. (1993) who found similar 
short-term periodicity. Touratier et al. (2003) have developed a detailed ecosystem 
model of biogeochemical processes in the BCS during relaxation of upwelling, 
based on the St Helena Bay anchor station data (see Section 4 below). They con-
clude that sediments on the shelf play a crucial role in increasing the level of 
phytoplankton production. Another conclusion is that exudation of dissolved 
organic matter is the main fate of carbon fixed by phytoplankton, with micro-
heterotrophic pathways playing an important role in recycling nutrients. These are 
processes that occur at the diel or sub-diel scale. 
 On the diel scale, Shelton and Hutchings (1982) show that anchovy form a sub-
surface acoustic scattering layer at night, coinciding with the appearance of newly 
spawned anchovy eggs. This suggests strongly that anchovy spawn at night. Acous-
tic surveys in the BCS have shown clear day-night patterns in the vertical distribu-
tion of both zooplankton and fish, including gobies off Namibia (Hampton, 1987). 
However, one of the difficulties in studying fish recruitment is the confounding of 
diel vertical migration (DVM) with daytime net-avoidance by larger larvae and 
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juvenile fish. It appears that organisms that can swim strongly enough to migrate 
vertically can also swim strongly enough to avoid nets they can see approaching. 
 Gibbons et al. (1991), Verheye and Field (1992), and Stuart and Verheye (1991) 
have demonstrated DVM in euphausiids, calanoid copepods, and chaetognath 
zooplankton, respectively. Both the euphausiids and copepods showed increasing 
DVM with increasing age and size, the younger stages and males not migrating as 
much as the older ones. Calanoides carinatus was found to migrate vertically in 
response to food availability, and did not migrate up to feed at night when cells of 
unsuitable size or quality dominated the phytoplankton community (see Fig. 21.5). 
DVM in upwelling systems is believed to serve more than one purpose, one being 
to avoid predation in the upper layers, another to maintain position in the upwell-
ing system by moving shorewards and poleward at depth and being carried off-
shore and equatorward in the surface Ekman transport of the upwelling system. 
Fig. 21.3 depicts the 3-D upwelling process in cartoon form. It can be seen that 
vertically migrating organisms would be carried offshore and northwards in the 
upper layers (at night) and onshore and southwards in deeper layers if they mi-
grated down by day. 

 

Figure 21.3   Three-dimensional cartoon, depicting water movements in the upwelling system in the 
northern BCS where the shelf is wide (from Barange et al., 1992). In the southern BCS, the shelf is 
narrower and the upwelling and shelf-break fronts tend to merge. + signs indicate northerly equator-
ward movement, closed circles indicate poleward movement. Note the upwelling front and thermocline, 
with onshore movement at depth and offshore movement near the surface. 
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 Downward migration would also allow onshore transport of recruiting juvenile 
fish. Recent confirmation of this is provided by individual based models (IBM’s) of 
the early life-history of anchovy coupled to a 3-D physical model “PLUME” (Pen-
ven, 2000). The IBM models show that the anchovy larvae are only advected from 
the spawning area on the Agulhas Bank to the general region of the nursery area 
on the west coast, and do not reach the inshore heart of the nursery area in num-
bers unless vertical migratory behaviour of the late larvae is incorporated in the 
model (Parada et al., 2003). This suggests that downward DVM of late anchovy 
larvae (and probably other similar fish) out of the surface Ekman layer is neces-
sary for full recruitment to the inshore nursery area. Pre-recruit surveys are being 
planned to validate the model findings. Similarly, in the northern BCS, Stenevik et 
al. (2001) have shown that sardine (Sardinops sagax) spawn inshore just below the 
surface layers affected by offshore Ekman transport, the buoyant eggs float up-
wards but tend to be mixed downwards by wind-mixing. Later, the growing larvae 
tend to migrate down away from the Ekman layer, and this would tend to carry 
them onshore and southward. 

4. Intra-seasonal and synoptic event scale processes 

The main driving force of the Benguela upwelling system results from the winds 
induced by the semi permanent high-pressure system over the subtropical South 
Atlantic, together with the continental low pressure atmospheric system that de-
velops over southern Africa during the summer months. The prevailing summer 
winds in the region blow from a south to south-easterly direction. The dominant 
south-easterly wind regime is modulated, south of the Orange River (28.5°S), by 
the east-moving passage of mid-latitude cyclones south of the continent, and their 
associated frontal systems. During the austral autumn months, the effect of this is 
usually seen in a weakening of the South Atlantic Anticyclone and an abatement 
of south-easterly winds along the coast. During the winter months, however, west-
erly disturbances can, at times, result in gale force north-westerly and south-
westerly winds. Preston-Whyte and Tyson (2000) suggest that this modulation occurs 
in cycles of 2–8 days. Risien et al. (2004) confirm this using a wavelet decomposi-
tion of Quikscat satellite derived winds with a two-day time resolution; to show 
that there was significant energy (wind speed variability) in the 4–12 day period 
band. 
 Moving to the biological effects of physical events, a series of drogue studies 
followed the fate of a patch of upwelled water at different stages after upwelling 
events (Brown and Hutchings, 1987). When combined, these studies show that 
phytoplankton blooms take 3–5 days to build up to maximum biomass and then 1–
3 days to decline, if uninterrupted by another upwelling event. These results are 
consistent with the studies on the development of red tides in the southern BCS by 
Pitcher et al. (1998). In their study, the wind pulsed at a 3–5 day periodicity, with 
chlorophyll building up at 15–20m depth as the water column stratified during the 
relaxation phase after upwelling. With relaxation, the upwelling front moved 
closer inshore concentrating surface phytoplankton in the process. At the same 
time, dinoflagellates became dominant over the initial diatom bloom, forming the 
seasonal red tides characteristic of late summer and autumn, but also found at 
other times of year. 
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 Armstrong et al. (1987) conducted repeated transects down the length of an 
upwelling plume off Cape Columbine north of Cape Town during a quiescent 
phase after upwelling, studying its physical, chemical and biological changes. The 
spatial changes correspond to temporal ones in an upwelling cycle: a nearshore 
zone influenced by recent upwelling, a frontal zone through which the longshore 
jet current passes, and an oligotrophic offshore zone. Evidence of denser concen-
trations of both fish larvae and copepod larvae was found in the jet current at the 
front, suggesting that the frontal jet current provides the transport mechanism 
from the spawning grounds in the south to nursery grounds in the north. 

 

Figure 21.4   Time series sections of temperature and nitrate nitrogen over the full period of the anchor 
station, showing several pulses of upwelling over the month-long period. Note the pulses of upwelling 
on April 10 and again on April 14 (from Mitchell-Innes and Walker, 1991). 

 An anchor station study in St Helena Bay lasting a month (Chapman and Bai-
ley, 1991) has demonstrated the short-term temporal fluctuations that occur in the 
BCS. Southerly upwelling-inducing winds tend to fluctuate with a 4–8 day perio-
dicity associated with the poleward passage of coastal-trapped low-pressure at-
mospheric systems. The coastal lows cause relaxation of prevailing southerly winds 
during spring and summer. As the coastal low pressure system passes eastwards 
past Cape Agulhas, the Atlantic High pressure system ridges in behind it and 
southerly winds freshen, driving a new bout of upwelling. In this study, profiles of 
the water column were sampled every few hours day and night, giving the oppor-
tunity of measuring chemical, bacterial, phytoplankton and zooplankton varia-
tions. There were several upwelling events during the study (Mitchell-Innes and 
Walker, 1991). Fig. 21.4 shows the increase in surface nitrate after upwelling on 
April 10, followed by its decline as primary production and chlorophyll biomass 
increased over 4 days as the wind relaxed and the water column became stratified. 
This was interrupted by another wind change and another upwelling event on 14 
April. An interesting feature of this study is the change shown in phytoplankton 
community composition (Fig. 21.5), and how this affected copepod egg production 
and diel vertical migration. Fig. 21.6 shows that when the phytoplankton cells were 
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too large (Coscinodiscus gigas, April 6–9), Calanoides could not handle them, and 
remained above 35 m depth by day and night. When phytoplankton consisted of 
suitably sized cells (April 10–15), Calanoides females migrate vertically, feed at 
shallow depths at night, and reproduce. It can also be seen that the smallest stages 
migrate the least and the largest ones the farthest (Verheye and Field, 1992). Thus 
the diel cycles of primary production and vertical migration are strongly influenced 
by events on a longer time scale and by the stage of development and size of the 
organisms concerned. 

 

Figure 21.5   Time series section during the second half of the anchor station from 6 - 15 April, showing 
chlorophyll concentration, major phytoplankton groups, and production to biomass ratios (P/B). Note 
the deep diatoms from 6 – 9 April and the new bloom of small diatoms that developed after upwelling 
on 10 April and was ended by upwelling on 14 April. (From Verheye and Field, 1992). 
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Figure 21.6   Weighted mean depth of various developmental stages of the copepod, Calanoides carina-
tus, showing diel vertical migration during day and night in St Helena Bay (after Verheye and Field, 
1992). The upper panel shows weighted mean depths during the period 6–10 April with a deep mature 
bloom of large diatoms, the lower panel the same soon after upwelling from 10–14 April when small 
diatoms occurred in the upper layers (see Fig. 21.5). 

 Hutchings (1992) shows the mismatch in temporal scales between phytoplank-
ton blooms as shown by the drogue and anchor station studies (5–8 days) and 
zooplankton life cycles, exemplified by the dominant copepod C. carinatus (ca. 30 
days). This mismatch allows much primary production to go ungrazed, sedimenting 
to the shelf and slope floor and contributing to the mud belts characteristic of 
upwelling systems. It is believed that similar spatial and temporal mismatches 
occur between zooplankton and small pelagic fish, also reducing the efficiency of 
energy transfer up the food web. These mismatches in temporal and spatial scales 
may be a reason for the paradox that the BCS is highly productive at the level of 
primary production (Carr, 2002, see Section 5, below), yet the fish catch is lower 
than in other comparable upwelling regions (Hutchings, 1992). 
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Figure 21.7   Mismatch between the timescales for the development and decay of phytoplankton 
blooms (6–10 days) after pulses of upwelling on the one hand and the development of the copepod 
Calanoides carinatus (some 30 days) on the other (after Hutchings, 1992). 

 One of the puzzles of upwelling systems is how fish recruit to nursery grounds 
(usually inshore) in the face of offshore Ekman transport of the surface waters, 
when fish eggs and larvae usually inhabit the upper layers. In the southern BCS, 
one possibility is that fish larvae and juveniles, being carried northward in the 
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frontal jet current, are moved shorewards with the front as upwelling relaxes with 
the passage of coastal lows. If this were coupled with a short downward migration 
at night, they would not have far to travel to escape the jet current and be carried 
inshore by the upwelling water. This is an example of the interaction of different 
scales: the front moving at the event scale and the DVM of fish larvae to take 
advantage of the inshore position of the front at the diel scale (see Section 3 
above). 

5. The Seasonal scale 

Bakun and Nelson (1991) used monthly composites of shipboard wind measure-
ments, wind stress and wind stress curl in the Benguela ecosystem, to reveal the 
main seasonal characteristics. The cyclonic wind stress curl appears as a wedge 
from 20°S, narrowing in offshore extent to the south. The wedge has its most lim-
ited extent in austral winter (June-July), when it reaches just south of Lüderitz. By 
early spring the wedge has extended to Cape Columbine and by late spring south 
of Cape Town to Cape Agulhas. The pattern of wind stress curl then retreats north 
again in winter. (The shipping lanes diverge from the coast north of Cape Town, so 
that caution has to be applied to the interpretation of the sparse wind field data 
close to the coast in the north near Cape Frio.) This type of study will be repeated 
using much higher resolution Quikscat satellite derived winds (C. Risien pers. 
comm.). 
 Demarcq et al. (2003) have analysed the climatology and variability of SST and 
Surface Chlorophyll Concentration (SCC) in the BCS using weekly mean SST and 
SCC satellite images (Fig. 21.8). The dominant pattern in the annual SST is the 
cold upwelled water on the western continental shelf of southwest Africa and 
Namibia. High SST’s are evident at the northern (Angola/Benguela Front 15–
17°S) and southern (Agulhas Current) extremities of the upwelling system. Up-
welling regions north of Cape Town and north of Lüderitz display the lowest sea-
sonal variability. To the south of Africa, the SST on the western Agulhas Bank 
displays a clear seasonal pattern of warm surface water in summer, and cool sur-
face water in winter. The monthly variability is always the strongest source of 
variability for the SST in the region. The annual average SCC is given in Fig. 21.2, 
showing a band of high values (>5 to 10 mg m-3) close to the coast from the An-
gola/Benguela Frontal Zone in the north to Cape Town in the south, with a notice-
able relative minimum at Lüderitz. Along the south coast of Africa, the highest 
SCC values occur between Cape Agulhas and Port Elizabeth (>3 mg m-3), in the 
form of a plume moving offshore. In contrast to the SST variability, the intra-
monthly SCC variability is the major source of variability and shows patchy distri-
butions of high values north of the Angola/Benguela Front in summer and in the 
upwelling regions in winter. The Agulhas bank and its surroundings also show high 
short-term variability. 
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Figure 21.8   Monthly climatology of BCS chlorophyll from SeaWiFS GAC data for the period Sept 
1997 – April 2002 (Demarcq et al., 2003). Note the southward movement of the chlorophyll-rich up-
welled water south of the Angola-Benguela front near 15 deg. S. during the austral summer months 
(Nov. – April). There are also seasonal changes on the Agulhas Bank. 
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 Seasonality in upwelling is reflected by the spawning patterns of the main fish 
stocks, anchovy, sardine, and hake. Anchovy spawn in spring and summer with a 
peak in November (Shelton 1986, 1987), whereas sardine have a slightly longer 
spawning season with peaks in October and March (Shelton, 1986). Batch spawn-
ing in sardine and anchovy appears to continue at roughly weekly intervals for 6–8 
months to take advantage of the upwelling season, but tends to be spread out 
because of the variability in pulses of upwelling, and in their frequency and dura-
tion (Shelton, 1987). Hake have a spawning peak from October to December in 
the Northern BCS (Assorov and Berenbeim 1983; Sundby et al., 2001), with a 
secondary peak in February-March in the southern BCS (Botha, 1986), again this 
appears to be linked with the upwelling season. 
 Zooplankton biomass seems to vary seasonally in parts of the southern BCS 
(Andrews and Hutchings, 1980; Pillar 1986; Verheye et al., 1991; Verheye et al., 
1998) generally decreasing from summer to winter. One hypothesis for the sea-
sonal decline is that the zooplankton are grazed down by recruiting anchovy in this 
region of the BCS during the early austral winter (Verheye et al., 1998). 
 Andrews and Hutchings (1980) found higher biomasses of phytoplankton in the 
upwelling season of the southern BCS than during the slack period from April - 
August, with greatest variability in summer, attributed to the very low biomass 
found in newly upwelled water followed by very high biomasses as the blooms 
mature. The variability of phytoplankton in the summer upwelling season was 
confirmed by Brown and Cochrane (1991). Pitcher et al. (1992) found seasonal 
changes in chlorophyll distribution from ocean colour satellite imagery, the highest 
near-surface concentrations of Chl a being found in the southern BCS inshore of 
the upwelling front in summer and autumn when seasonal upwelling is strongest. 
During winter the front is more diffuse, with lower near-surface concentrations. 
The productive area also varies from summer to winter. The areas of fairly low 
biomass (>2 and >4 mg. m-2) are greater in winter, but areas of mean Chl a concen-
trations >6mg m-2 are only found in summer. North of Cape Columbine, there is 
more persistent upwelling, with a broader chlorophyll-rich belt and less seasonal 
variation (Shannon et al., 1986, Pitcher et al., 1992). 

6. The Inter-annual scale 

Hagen et al. (2001) developed an upwelling index based on the area of 13°C 
monthly SST for the BCS for the period 1982–1999. They detected both a decreas-
ing trend in the index and strong interannual variability. The years of smallest area 
of the 13°C SST were 1984, 1993, 1996, 1997 and 1999. From the ENVIFISH pro-
ject (Hardman-Mountford et al., 2003), SST for the period 1982 -1999 can be di-
vided into three different periods: 1982–1986 that was cooler than normal; 1987–
1994 that was intermediate; and, 1995–1999 that was warmer than average. Super-
imposed on these trends were notable anomalous warm and cool events. In the 
equatorial and tropical region the extreme warm events of 1984 and 1995 were 
clearly observable and other warm events occurred in 1991, 1993, 1996 and 1998–
99, while cool events happened in 1982, 1983, 1991–92 and 1997. In the Northern 
Benguela, some of these events were also observed: the extreme warm years of 
1984 and 1995 (Gammelsrød et al., 1998), other warm events in 1999 and cool 
events in 1982, 1983, and 1997. These warm events do not appear to be inter-
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annual in the true sense of an anomaly building over more than one year, but 
appear to be a seasonal amplification of the summer values which only last a 
month or two. 
 Warm events in the equatorial and southeastern Atlantic have been noted by 
several authors. The extreme warm event of 1984 was well documented in the 
eastern equatorial Atlantic and many parallels were drawn with Pacific El Niño 
events (Philander, 1986), partly prompted by the proximity of the very strong 1983 
El Niño event in the Pacific and possible teleconnections between the two basins. 
The extreme Benguela warm year of 1984 was termed a “Benguela Niño” by 
Shannon et al. (1986), and other Niño-type years were identified retrospectively as 
1934 and 1963, with the most recently described Benguela Niño occurring in 1995 
(Gammelsrød et al., 1998). From a time series of coastal sea levels from 1959 to 
1985, Brundrit et al. (1987) observed high sea level events in 1963, 1974 and 1984 
along the entire South Atlantic coast of Africa, from the equatorial area to Cape 
Town suggesting a ten-year periodicity in these events. 
 In the southern BCS, including the Agulhas Bank, SST variability is not domi-
nated by interannual trends, as in the equatorial and Angolan coastal areas. In-
stead, high frequency variability appears more important. Occasional strong 
intrusions of warm Agulhas water into the southern BCS have been detected in the 
in 1986, 1992 SST (Hardman-Mountford et al., 2003). During the period 1997–
1999, there was a strong warming trend in SST. In the austral summer 2000, ab-
normally warm water around the Cape Peninsula may have contributed to the high 
anchovy fish recruitment (Roy et al., 2001). 
 Carr (2002) demonstrated that the interannual differences of potential primary 
production between 1997, 1998,and 1999 were largest for 1997 (measured by the 
Ocean Colour Temperature Scanner, OCTS on the Japanese ADEOS satellite), 
but cautioned that this might be due primarily to the different sensor and algo-
rithm used. Actual pelagic fish catch data in the Benguela region were 20 times 
smaller than in the Humboldt Current. The most likely explanations for the differ-
ences in potential and observed fish catch are related to differing trophic structure 
and spatial and temporal accessibility in different EBCs (see Section 4 above). If 
the estimated yield is an upper bound that will be decreased to 10% or 20% by 
environmental accessibility, the small pelagic fishery in all four EBCs is likely to be 
food-limited. 
 The inter-annual variation of pelagic fish stocks in the BCS has been well 
documented (Hampton, 1992; Crawford, 1998; Hutchings et al., 1998; Schwartzlose 
et al., 1999; Barange et al., 1999; Boyer et al., 2001; Payne and Bannister, 2003) and 
a series of expert systems and rule-based models has been built in attempts to 
forecast approximate recruitment success of anchovy in the southern BCS using 
environmental data (Cochrane and Starfield, 1992; Bloomer et al., 1994; Cochrane 
and Hutchings, 1995; Korrubel et al., 1998; Painting and Korrubel, 1998; Miller and 
Field, 2002). Almost every time an expert system has been built, new data in the 
time series give poor forecasts for future years. This suggests that the patterns are 
not regular or that different factors are called into play as conditions change. 



 J.G. FIELD AND F.A. SHILLINGTON 851 

 

Figure 21.9   Spawner biomass (103tons, bars) and recruit numbers (x 109, circles) in the southern BCS 
from 1984–2003 of: a) anchovy and, b)sardine. 
Note the different scales on both axes and the gradual build-up of longer-lived sardine in spite of 
fluctuating recruitment, compared to the variable biomass of short-lived anchovy. (Janet Coetzee, 
Marine and Coastal Management, DEAT, South Africa, pers. comm.). 

 
 Fig. 21.9a shows anchovy spawner biomass and recruitment numbers in the 
southern BCS. The steady build up of the sardine biomass since1984 is notable, in 
spite of large variations in sardine recruitment from year to year (Fig. 21.9b). This 
is attributed partly to careful management measures, designed to rebuild the stock 
of this longer-lived species. On the other hand, the huge increase in anchovy re-
cruitment in 2000, followed by the increased spawner biomass later that year (an-
chovy start spawning as 1 year-olds), led to a doubling in the resource for at least 
three years. It seems that two phenomena contributed to the strong anchovy re-
cruitment of 2000: an above average spawning stock the previous year and very 
unusual environmental conditions in December 1999 (reduced upwelling and 
warm SST) followed by very strong upwelling and a negative SST anomaly in 
March-April 2000 (Fig 8, Roy et al., 2001). These are interpreted as warm condi-
tions and reduced upwelling favouring the development and retention of eggs and 
larvae fairly close to the coast, followed by upwelling and the associated increased 
plankton productivity once the larvae and juvenile recruits are large enough to 
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migrate vertically and avoid being swept offshore in the surface Ekman layer (See 
Section 3 above). An expert system has been built to crudely forecast anchovy 
recruitment, based on these concepts (Miller and Field, 2002). This has very good 
success (89%) over the period modelled (1985–2001), but it remains to be seen 
whether this can be maintained in the future. 

7. The Decadal scale 

Taunton-Clark and Shannon (1988) deduced that, over an 80-year period, Ben-
guela Niños had occurred with a near-decadal periodicity. This was confirmed by 
Gammelsrød et al. (1998) in describing the 1995 Benguela Niño. The apparent 
decadal-scale period of Benguela Niño-type events occurring in the An-
gola/Benguela region is much longer than is observed in the Pacific, whereas one 
would expect a shorter period if Benguela Niños were directly analogous to 
ENSO. However, they are really an exaggeration of the seasonal movement 
southwards of the Angola-Benguela front. Florenchie et al. (2003) have applied a 
model of the Equatorial Atlantic Ocean that explains Benguela Niños on the basis 
of anomalies in the tropical windfield off Brazil in the western tropical Atlantic. If 
the anomalies occur at a particular time of year and under particular conditions, 
then a tropical Kelvin wave propagates eastwards across the Atlantic and mani-
fests itself at the surface along the Angolan coast, pushing the Angola-Benguela 
front further southwards than usual in the austral late summer-autumn. Thus the 
mechanism of ocean propagation of Benguela Niños appears to be similar to Pa-
cific Niños, but the longer frequency is unexpected in the narrower South Atlantic 
Ocean basin. Fig. 21.10 shows the good agreement between the model and meas-
ured sea surface temperatures off southern Angola/northern Namibia, together 
with the variability of monthly SST anomalies from 1982–1999. Clearly the greatest 
SST anomaly variability occurs at 12o – 16o S latitude, the region of the Angola-
Benguela front. 
 Voges et al. (2002) have shown that good recruitment of Namibian hake in the 
northern BCS appears to be associated with Benguela Niños at a decadal scale, 
over a 14-year period, which is hardly sufficient to demonstrate periodicity. They 
related the success of hake recruitment to a Benguela Nino index (southward 
penetration of the Angola-Benguela front in the January-March period) using 
multinomial logistic regression. The analysis also uses two upwelling indices. Hake 
recruit to the fishery at 2 years of age and the model is based on the premise that 
reduced upwelling in the main spawning season (Sept.–March) will create warm 
conditions favourable for larval (age 0) development and retention in the coastal 
area. On the other hand, increased upwelling at age 1 will increase productivity 
when the hake are old enough to migrate vertically to avoid transport offshore in 
the upper Ekman layer (see Section 3), and reduced intrusion of the warm Angola 
–Benguela front will increase the area suitable for larval development at age 0 
compared to Benguela Niño years. The model predicts the three years of poor 
recruitment very well and shows an overall skill of correctly predicting into three 
recruitment categories in 10 out of 14 years. 
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Figure 21.10   The top panel shows the standard deviation of Sea Surface Temperature anomalies from 
1982 to 1999 (SST 0C). Lowest variability is off the Brazilian coast, highest in the area labeled ABA. 
Area ABA corresponds to the location of sea-surface temperature anomalies associated with Benguela 
Ninos. Bottom panel shows temporal history of SST anomalies (0C), spatially averaged from 10 – 20 0S 
and from 8 0E to the coast of south-western Africa (area ABA on top panel), according to thermal 
infra-red imagery (grey line) and the model (black line). (From Florenchie et al., 2004). 

 Schwartzlose et al. (1999) have reviewed regime shifts in pelagic fish in the BCS 
and other upwelling regions. Records of seabird guano yields from coastal islands, 
mainly reflecting the availability of sardine and anchovy, suggest fluctuations of 
20–30 year periodicity since the 1890s, long before pelagic fish were harvested 
commercially. The quasi-simultaneous shifts of regime in the Pacific and Atlantic 
Oceans suggest strongly that regime shifts are caused by remote physical forcing, 
although the mechanisms are still unclear. The semi-independent stocks of sardine 
and anchovy in the northern and southern BCS show some similarities. In both 
sub-regions, sardine catches peaked in the 1960s followed by steep declines. Sar-
dine catches have remained at a very low level in the northern BCS (Boyer et al., 
2001), but recovered in the south during the mid-late 1990s under a cautious man-
agement policy of rebuilding the stock. The anchovy fishery started in the mid-
1960s as sardine catches dwindled. Anchovy catches remained high in both sub-
regions during the 1970s and peaked in the late 1980s, followed by a sharp decline 
that has not recovered in Namibia but in the southern BCS both sardine and an-
chovy have been at record high levels since 2000 (see Fig. 21.9). Thus while there 
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was a regime shift from dominance by sardine to anchovy in the 1960s, and sardine 
appeared to be dominating the southern BCS again in the mid-late 1990s, there 
now appears to be a period in which both have remained at high levels for several 
years. Is this a third regime of joint dominance of both sardine and anchovy? 
 Verheye and Richardson (1998) and Verheye et al. (1998) have assembled long-
term data on zooplankton abundance in St Helena Bay in the southern BCS from 
1950 – 1996. These data were collected in the period March - June when recruiting 
anchovy migrate through the area, although there are unfortunate gaps in the 
1970s and early 1980s. The data show a clear increase in the biomass and abun-
dance of meso-zooplankton groups, from copepods and euphausiids to chaetog-
naths by two orders of magnitude (Fig. 21.11). The suggestion is that this was 
partly forced by increasing annual average wind stress and increased upwelling 
from 1950 until the mid-1980s when wind stress started to decline (Verheye and 
Richardson, 1998). Another component may be that heavy fishing on anchovy in 
St Helena Bay reduced their impact on larger meso-zooplankton over the period 
1965–1995. Since the mid-1990s, the abundance of meso-zooplankton has declined 
in the area (H. Verheye, pers. comm.) as the combined biomasses of sardine and 
anchovy have reached record levels. Thus the evidence of time series observations 
of fish catches and zooplankton, and also simulation models suggests both bottom 
up and top down controls on zooplankton, resulting in decade-long changes that 
may be referred to as regime shifts. The combination of top-down and bottom up 
controls has been referred to as “wasp-waist” control (Cury et al., 2000). 

 

Figure 21.11   Time series of total crustacean copepod abundance (log numbers m-2) from 1951 – 2003 in 
St Helena Bay in the southern BCS. Annual means of samples taken in March – May each year when 
recruiting pelagic fish are common in St Helena Bay. Note the hundred-fold increase from 1950s to 
mid- 1990s (H. Verheye, pers comm.) 

 Shannon et al. (2004) have developed a trophic simulation model of the south-
ern BCS to test hypotheses about the causes of regime shifts. Several scenarios of 
increased fishing mortality suggest that “top-down” changes in fishing pressure are 
unlikely to have caused the shifts in anchovy and sardine biomass observed in the 
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1980s and 1990s. On the other hand, when forced from the “bottom up” to simu-
late a warm period with reduced upwelling, small-celled phytoplankton, fewer 
macro-zooplankton, then anchovy biomass decreases and sardine biomass in-
creases. The model simulates the generalised filter-feeding behaviour of sardine 
compared to the more specialist biting behaviour on large meso-zooplankton and 
macro-zooplankton preferred by anchovy (van der Lingen, 2002). This scenario 
gives a plausible 10-year regime shift from anchovy to sardine forced by a 2–4 year 
shift in anchovy and sardine diet (Fig 21.12). 

 

Figure 21.12   Cartoon showing hypothesis of links between periods of less (warm) and more (cool) 
upwelling, plankton abundance, and sardine/anchovy regime shifts in the southern BCS. (From Shan-
non et al., 2003). 

8. Multiscale Considerations 

 Satellite remote sensing in the BCS has revealed a number of novel unsampled 
aspects and continues to be an important tool for observing the coastal ocean at a 
variety of space and time scales. Routine SeaWiFS imagery has revealed the na-
ture of the chl signal (Demarcq et al., 2003), and in combination with suitable nu-
merical models will be used to calculate the primary productivity of the region, to 
compare with the global estimates of other eastern boundary systems (e.g. Carr, 
2002). Widespread patches of highly reflective surface features have been seen 
intermittently both near the coast (Weeks et al., 2002), and at greater distances 
offshore, and have been interpreted as outbreaks of sulphur (Weeks et al., 2004). 
There is clearly a need for a combined simultaneous ship borne/remote sensing 
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series of measurements to confirm various assumptions that have been made dur-
ing these conjectures, particularly for the cases at large distances from the shore. 

 

Figure 21.13   January Snapshot of SST and currents (arrows, only every third vector drawn) in the 
southern BCS simulated by the PLUME ROMS model. (From Penven et al., 2001b) 

 In the past five years, there has been a sharp increase in the hydrodynamic 
modelling of the southern Benguela Upwelling ecosystem by implementing the 3-
D ROMS numerical code (Penven 2000; Penven et al., 2001a; Penven et al., 2001b). 
A ten-year model run with a time resolution of two days, and variable horizontal 
grid spacing from 9–18 km has provided the community with output for use of a 
number of individual based model (IBM) configurations (Fig. 21.13). These have 
tested a variety of hypotheses related to anchovy life histories in the southern 
Benguela (Mullon et al., 2002; Mullon et al., 2003; Parada, 2003; Parada et al., 2003; 
Huggett et al., 2003). The three open boundary conditions for the hydrodynamic 
model were supplied by the basin scale AGAPE model Biastoch and Kraus (1999). 
Climatological wind forcing was used initially (Penven, 2000), and then Blanke et 
al. (2002) reran the model with a more realistic ERS1/2 satellite derived weekly 
windfields. A comparison of the two outputs (climatology forced and realistic 
satellite derived wind) from the model, made it possible to delineate the areas 
which were directly forced by the local wind, and those that appeared to respond 
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more to the remote forcing. The cascade of scales involved in anchovy recruitment 
appears to be captured in the Individual Based Models (IBM). Thus changes in the 
wind fields driving the 3-d PLUME model, result in changes in inter-annual, sea-
sonal and event scale model output. Realistic mesoscale phenomena appear as 
emergent properties (Fig. 21.13). These are used as input for the IBM model, 
which reflects inter-annual, seasonal and event scale effects on anchovy larvae, 
which only recruit successfully to the inshore area in autumn-winter if they exhibit 
diel vertical migration (DVM) behaviour (See Sections 3, 4, above). The IBM also 
reflects the trade off between different factors affecting fish eggs and larvae, in this 
example (Fig. 21.14) the trade off is between on the one hand, unfavourable off-
shore Ekman transport in the upper 20 metres but with water temperature favour-
able for fast development, and on the other hand, cool temperatures below 50 m 
depth, unfavourable for development, but more favourable for transport. The 
optimum trade-off between these two factors appears to be at about 30–50 m 
depth. (Fig. 21.15) 

 

Figure 21.14   Cartoon depicting the processes modeled in the recruitment of young anchovy to the 
fishery in the southern BCS (from Parada, 2003). The spawning ground on the Agulhas Bank in the 
south and fish recruit on the west coast of South Africa. Processes include spawning at optimal depths, 
transport by currents, egg buoyancy adjustment, trade-offs between optimal development temperatures 
and advection offshore, vertical migration of larvae and swimming of juveniles. 

 Fig 21.14 shows the factors that have emerged as important in the early life 
history of anchovy from IBM modelling (Parada, 2003). Spawning occurs over the 
Agulhas Bank in the south during the summer upwelling season (Section 5). 
Transport towards the nursery grounds on the west coast is by the Benguela fron-
tal jet current which varies in strength and position on a 4–12 day scale according 
to the passage of atmospheric low-pressure systems (Section 4). Eggs need to ad-
just their buoyancy to remain at the optimal depth for development and longshore 
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transport during this phase, followed by the later larvae, which start diel vertical 
migration to escape predation and get transported inshore in the upwelling water 
(Section 3). Similarly, anchor-station studies (Section 4) have shown how the diel 
vertical migration behaviour of zooplankton (Section 3) may be modified by the 
development of phytoplankton communities in the upwelled water on the scale of 
days to weeks. Thus the cascade of scales of physical phenomena is mirrored by a 
suite of biological processes that have evolved to take advantage of the physical 
system. 

 

Figure 21.15   Hypothetical vertical section showing “optimal transport success” and the tradeoff 
between Ekman transport and mortality of larvae due to cool temperatures during upwelling (From 
Parada, 2003) 

9. Regional research programmes in the BCS 

Regional and international funding (BENEFIT http://www.benguela.org.za and 
IDYLE http://sea.uct.ac.za/idyle) has made it possible to increase research in all 
aspects in the BCS over the past 5–10 years. More recently, the Benguela Current 
Large Marine Ecosystem (BCLME) Programme funded by the World Bank and 
GEF has entered a five-year phase (2002–2006). The BCLME 
(http://www.bclme.org) is a multi-sectoral regional initiative by Angola, Namibia 
and South Africa whose objective is to facilitate the integrated management, sus-
tainable development and protection of this unique eastern boundary upwelling 
ecosystem. It is funded by the Global Environmental Facility (GEF) under its 
International Water Portfolio and is implemented by the United Nations Devel-
opment Programme (UNDP) with the United Nations Office for Project Services 
(UNOPS) as executing agency. The three member countries provide further finan-
cial and in-kind contributions. The Eur-Oceans network of excellence 
(http://www.univ-brest.fr/IUEM/EUR-OCEANS/eur-oceans_uk.htm) includes a 
four-year study of comparative aspects of major EBC systems, including the Ben-
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guela Current System, with a view to incorporate these in an Institute of European 
Research on Ocean Ecosystems under Anthropogenic and Natural forcings. 
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1. Introduction 

The Equatorial West Africa coastal region lies within the Guinea Current Coastal 
Province defined by Longhurst (1998). It is bounded to the north by the Canary 
Current coastal upwelling region and to the south by the Benguela Current system. 
The waters of the Equatorial West Africa region include the Exclusive Economic 
Zones (EEZ) of sixteen countries between Guinea Bissau in the northwest and 
Angola in the southwest. The east-west orientation of the coast, from Côte 
d’Ivoire to the eastern border of Nigeria, is a unique characteristic of this tropical 
region (Fig. 1). Most of the northern boundary of the region is located at about 
5°N while the eastern boundary lies between 7°E and 12°E. The oceanic domain 
delineated by these zonal and meridional boundaries is known as the Gulf of 
Guinea. 
 The continental shelf (defined by the 200m isobath) is quite narrow with a width 
ranging between 15 and 105 km and being widest on the northwestern part of the 
region. The shelf generally breaks at depths of between 100 and 120m. The coast-
line of the sub-region is generally low lying and interspersed with marshes, lagoons 
and mangrove swamps (Hardman-Mountford et al., 2000). A number of estuaries 
interrupt the barrier beaches that separate mangrove swamps from the sea. These 
estuaries and coastal lagoons constitute an important component of the inshore 
ecosystem. Two major rivers flow into the region: the Niger through its wide delta 
in the North East and the Congo in the South East. The Congo River is by far the 
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major contributor with an annual runoff representing almost 50% of the total 
freshwater input in the region (Mahé, 1998). 

 

Figure 22.1   Map of the Equatorial West Africa region with the 200m isobath. 

 Due to the asymmetry in the distribution of water and land in this part of the 
Atlantic, there is a northward shift of the meteorological equator. As a result, the 
Gulf of Guinea is located mostly south of the Inter-Tropical-Convergence-Zone 
(ITCZ) and under the influence of the moderate southeast trades (Ajao and 
Houghton, 1998). North of the geographic equator, the oceanic southeast trades 
are deflected and become south-westerlies when they reach the shore of the north-
ern part of the region. 
 In the late 1960’s, the first modern synthesis on the oceanography and fisheries 
resources in the tropical Atlantic was published (Anon., 1966). It presented a se-
ries of review papers and contributions summarizing the results of the Interna-
tional Cooperative Investigation of the Tropical Atlantic (ICITA) and the 
Guinean Trawling Survey (GTS) projects. Most of the recently published scientific 
literature on the Gulf of Guinea addresses topics related to offshore oceanography 
and equatorial climate variability. The oceanography of the coastal domain is 
much less documented and the major part of the available data and original mate-
rial date back from the colonial and post-colonial era, most of it concentrated 
along the coast off Côte d’Ivoire and Ghana (see for example Longhurst and Pauly 
(1987) or Le Loeuf et al. (1993)). For the eastern coast, an overview of the ecology 
of the continental shelf of the Republic of Congo is available in Fontana (1981). 
The coastal system of the eastern part of the Gulf of Guinea, from Cameroon to 
Angola, today remains far from being fully documented and understood. Fisheries 
related issues represent the dominant topics of the regional syntheses or reviews 
published during the last two decades (Fontana, 1981; Cury and Roy, 1991; Le 
Loeuf et al., 1993; McGlade et al., 2002). The Longhurst and Pauly (1987) contri-
bution is unique by providing a comprehensive synthesis of the ecology of the 
coastal ecosystems of the Gulf of Guinea that covers topics ranging from circula-
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tion, benthos and plankton production, species assemblages and dynamics of fish 
populations. 
 Because of the importance of this region to interdisciplinary coastal ocean sci-
ence, we have prepared this brief introduction in the absence of a complete review 
so as to bring to the reader’s attention some of the most important issues and con-
cerns. The material here is most useful when considered together with the review 
focused on the physical oceanography of the region by Ajao and Houghton in 
Volume 11 of The Sea (1998) as well as with the other reviews mentioned in the 
previous paragraph. 

2. Coastal upwelling in the Gulf of Guinea 

The coastal upwellings of the Gulf of Guinea are the most well known oceano-
graphic feature of the region. They have attracted great scientific interest during 
the past decades not only because of their importance in the functioning of the 
coastal ecosystems but also because of the unique driving mechanism, which in-
volves a combination of both local and remote forcing factors (Picaut, 1984; Ajao 
and Houghton, 1998). The Gulf of Guinea coastal upwellings have a major impact 
on the productivity of the coastal domain and consequently on the coastal fisheries 
off the northern (Côte d’Ivoire and Ghana) and eastern (Gabon, Congo and 
northern Angola) coasts. Fish abundance as well as fish availability to the fisheries 
are affected by the seasonal and interannual variability of the upwelling process 
(Bakun, 1978; Binet, 1982; Cury and Roy, 1987; Mendelssohn and Cury, 1987; 
Koranteng, 1998). Data collected at coastal stations as well as a limited set of 
oceanographic cruises over the shelf provide most of the available scientific mate-
rial to investigate the oceanography of the coastal domain. Detailed studies of the 
coastal upwelling variability along the northern coast have been made possible 
using temperature and salinity time series from the coastal stations (Arfi et al., 
1991; Koranteng and Pezennec, 1998). Surface temperature data from satellite 
observations have recently been used to investigate environmental variability over 
the shelf as well as for looking at the broad spatial structure of the Gulf of Guinea 
coastal system (Hardman-Mountford and McGlade, 2002a, 2002b). 
 Coastal upwelling occurs seasonally along the northern coast (from the eastern 
part of Liberia to the western part of Nigeria) and along the eastern coast (off 
Gabon, Congo and Angola). As a result of the shoaling of the thermocline, Sea 
Surface Temperature (SST) can reach relatively low values (sometimes al low as 
20°C along the northern coast) for an equatorial region, with a maximum annual 
amplitude reaching 10°C (Colin et al., 1993). A unique characteristic of the region 
is the occurrence of two upwelling seasons (Berrit, 1962). The major upwelling 
season occurs during the boreal summer from late June to August (Berrit, 1958; 
Morlière, 1970). The summer upwelling occurs as a series of events of variable 
intensity and duration ranging from a few days to several weeks (Berrit, 1962; 
Picaut and Verstraete, 1976; Colin et al., 1993). It is most developed from Côte 
d’Ivoire to Ghana and it reaches its maximum intensity in the vicinity of cape 
Three Points (Ghana) where the width of the shelf presents a local maximum. The 
minor upwelling that occurs during the boreal winter has received much less atten-
tion than the summer upwelling. The minor upwelling season is characterised by 
sporadic upwelling events that eventually lead to significant drops in SST lasting a 
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few days. Along the eastern coast, the surface signature of the minor upwelling has 
been recorded as early as October (Gallardo, 1981). Along the northern coast, it 
occurs mainly in January and February (Morlière, 1970). SST data from coastal 
station shows that its intensity reaches a maximum in the vicinity of Cape Palmas 
(Côte d’Ivoire) and sharply decreases toward the east to become almost unnotice-
able on the eastern part of Ghana (Arfi et al., 1991). Little is know about the 
mechanism responsible for the minor upwelling. The upward movement of the 
thermocline resulting from the intensification of the Guinea current in January and 
February has been mentioned as a potential contributor (Morlière, 1970; Binet and 
Servain, 1993). SST interannual variability during the minor upwelling off Côte 
d’Ivoire-Ghana has also been related to local wind forcing (Roy, 1995). 
 The most remarkable characteristic of the Gulf of Guinea boreal summer up-
welling is the absence of correlation between wind stress and coastal temperature. 
This has attracted much scientific interest during the past decades (Ajao and 
Houghton, 1998). Along the Côte d’Ivoire and Ghana coasts, Ekman transport 
induced by south-west winds is directed offshore and should contribute to the 
coastal upwelling but all attempts to correlate the intensity and duration of the 
upwelling with the coastal winds have failed (Houghton, 1976). Bakun (1978) also 
pointed out that maximum values of offshore Ekman transport occur to the east 
and downstream (in reference to the Guinea current) of the location of the sum-
mer minimum temperature. The low values of the coastal wind and the absence of 
a marked seasonal cycle seem also to question the contribution of the local wind to 
the upwelling process (Verstraete et al., 1980) but Colin (1988), using data col-
lected a few miles offshore with moored buoys, showed that the offshore wind is 
stronger than the wind measured at coastal stations and has a pronounced seasonal 
cycle. Ingham (1970) proposed the idea of a current induced upwelling along the 
north coast of the Gulf of Guinea. The Guinea Current, in geostrophic balance, is 
associated with an upward slope of the thermocline toward the coast. The accelera-
tion in summer of the eastward flowing Guinea current increases the slope and 
thus could lead to a coastal upwelling. An attempt by Colin (1998) to test this 
hypothesis by correlating coastal current and temperature was not conclusive. 
Remote forcing was proposed as a key process contributing to the dynamic of the 
Côte d’Ivoire and Ghana summer upwelling (Moore et al., 1978). An increase of 
the easterly wind in the western equatorial Atlantic could create an internal Kelvin 
wave that would propagate eastward along the equator; when reaching the African 
continent, this wave would reflect as coastal Kelvin waves and Rossby waves. The 
coastal Kelvin waves are trapped along the coast and propagate poleward. The 
Rossby waves propagate westward on both sides of the equator. Picaut (1983) 
showed that the phase lag observed in the SST signal from several coastal stations 
along the coast is in agreement with the idea of a westward propagation of the 
upwelling signal; vertical propagation was also observed. Servain et al. (1982) 
found a correlation between the zonal wind stress in the western Atlantic and the 
SST in the Gulf of Guinea. However, results from the SEQUAL-FOCAL experi-
ment showed that there is no apparent relationship between the onset of the equa-
torial upwelling and the onset of the coastal upwelling (Houghton and Colin, 
1986). Gaps in the existing surface and subsurface measurement as well as the lack 
of data in the eastern part of the Gulf of Guinea preclude a definitive test of the 
various hypotheses (Ajao and Houghton, 1998). It seems most likely that a combi-
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nation of processes contribute to the coastal upwelling in the Gulf of Guinea. One 
should also expect to find differences in the processes responsible for upwelling on 
the northern and the eastern coasts. 

 

Figure 22.2   Seasonal cycle of phosphate in the surface layers of the coastal upwellings of the Gulf of 
Guinea . A)off Côte d’Ivoire: surface concentration over the isobath 25m and 60m (Reyssac, 1970). B) 
off Congo: concentration at 5m depth at the Pointe Noire coastal station (Dessier, 1981). Figure re-
drawn from Binet (1983). 

 Coastal upwelling and river discharges are the major sources of enrichment 
within the region. From Guinea to Liberia, productivity mostly relies upon river 
flow and land drainage (Longhurst, 1998; Hardman-Mountford et al., 2000). Fur-
ther east, upwelling is the major contributor to the enrichment of the continental 
shelf off Côte d’Ivoire and Ghana while river discharges contribute to enhance 
productivity during the rainy season (Binet, 1983a). Nutrients concentration in the 
surface layers reach maximum values during the major upwelling season while a 
secondary maximum is often observed during the minor upwelling (Fig. 2). Off the 
eastern coast, the plume of the Congo river is a major feature of almost every 
satellite ocean colour image, however these low salinity waters seems to have a 
negative impact on productivity in the coastal domain off Congo and Gabon 
(Dessier, 1981; Binet, 1983b). The seasonality of the chlorophyll signal is pro-
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nounced with the highest values (up to 10 mg/m3) recorded during the austral 
winter upwelling season (Binet, 1983a). Primary production in the coastal area is 
estimated to be in the range of 150 gC.m-2.y-1, well below the values observed in the 
major upwelling systems (Binet, 1983a). The impact of the minor upwelling season 
on the enrichment process is mainly restricted to the inshore area and lasts for only 
a few weeks. The species composition of the phytoplankton changes seasonally in 
response to the occurrence of the upwelling. Dinoflagelates are dominant during 
the warm seasons while diatoms become the major species during the upwelling 
seasons (Binet, 1983b). Zooplankton biomass peaks after the two upwelling sea-
sons (Fig. 3). Vertical migration of zooplankton contributes to maintain zooplank-
ton in the main upwelling cells off Côte d’Ivoire-Ghana by making use of the 
strongly stratified vertical circulation structure (Binet, 1979). 

 

Figure 22.3   Seasonal cycle of zooplankton in the coastal upwelling of the Gulf of Guinea (solid line = 
dry weight, dashed line = total copepods (N.m-3). Upper panel: at the Abidjan coastal station (Côte 
d’Ivoire) ; lower panel: at the Pointe Noire coastal station (Congo). From Binet (1983). 



 C. ROY 871 

3. Coastal Upwelling Variability 

Monitoring of the coastal upwelling of Côte d’Ivoire and Ghana since the late 
1960s has been possible through a set of coastal stations where temperature and 
salinity have been recorded on a regular basis (Arfi et al., 1991; Koranteng and 
Pezennec; 1998, Koranteng and McGlade, 2001). One of the major changes that 
have been noticed is an intensification of the minor upwelling season, starting in 
the mid 1970s (Fig. 4). This intensification results in cooler surface temperature 
being recorded at the coastal stations off Ghana and Côte d’Ivoire in January and 
February (Pezennec and Bard, 1992; Koranteng and McGlade, 2001). It has also 
been recorded in SST time series extracted from the COADS dataset (Cury and 
Roy, 2002). An intensification of the upwelling favourable winds during the first 
quarter as well as a strengthening of the Guinea Current have been proposed as 
mechanisms to explain the observed changes (Binet and Servain, 1993; Cury and 
Roy, 2002). Changes in SST during the major upwelling season (July to Septem-
ber) appear to be opposite to those observed earlier in the year (Koranteng and 
Pezennec, 1998). A slight shift in the seasonality of the major upwelling has also 
been observed: while the maximum cooling remains in August, a sharp intensifica-
tion of the cooling has been observed in July during the 1990s (Cury and Roy, 
2002). 

 

Figure 22.4   Seasonal component of SST from 1963 to 1995 given a decomposition of the monthly SST 
time series off Côte d’Ivoire and Ghana (from Cury and Roy, 2002). 

 Low frequency variability has been documented in the Ghana-Côte d’Ivoire 
coastal region. From Koranteng and McGlade (2001) analysis of coastal tempera-
ture and salinity time-series, it is possible to identify two major turning points from 
the late 1960s to the early 1990s, namely 1977 and 1989. The first one marked the 
peak of a cooling period characterised by low temperature and high salinity water. 
The second one marked the end of a sustained warming period. As expected, there 
are similarities between the timing of those turning points in the coastal regions of 
the Gulf of Guinea and major climatic events in the Pacific Ocean (Enfield and 
Mayers, 1997). 
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4. Fish populations and fisheries. 

Fisheries landings off Ghana and Côte d’Ivoire have been expanding during the 
last four decades: the total marine fish catch has been increasing from less than 
fifty thousand tonnes in the fifties to around four hundred thousand tonnes in the 
mid-nineties (Cury and Roy, 2002). Data from FAO show that from 1950 to 2001, 
total catches reached a maximum in 1996 with 412 444 t. Ghanaian catches repre-
sent the dominant component of the catch with a contribution of more than 70% 
during the last decade. Pelagic species catches are increasing since the 1950s and 
the total catch fluctuated around 300 000 tonnes in the late 1990s (Fig. 5). In con-
trast landings of the demersal fisheries in Côte d’Ivoire and Ghana increased up to 
the early-1980s when they reached almost 70000t. After the mid 1980s, the total 
landings of demersal species show a negative trend (Fig. 5). 

 

Figure 22.5   Total pelagics (upper) and demersal (lower) fish landings in Ghana and Côte d’Ivoire from 
1950 to 2001 (source FAO). 
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 The Guinean Trawling Survey (GTS) performed during the early 1960’s pro-
vided detailed information on demersal resources in the Gulf of Guinea (Williams, 
1966). Using the GTS data, Longhurst (1969) presents an in depth analysis of the 
fish communities identified in the region. A recent analysis by Koranteng (1998, 
2002) using data off Ghana shows that minor changes occurred in the demersal 
species assemblage since the 1960s. This analysis also shows that the dynamics of 
the assemblage, including the seasonal movements, are influenced by the physical 
and chemical properties of the water masses. This indicated that interannual and 
decadal environmental fluctuations could affect the dynamics of species assem-
blage over the continental shelf (Koranteng, 2002). The synchrony observed be-
tween total demersal production off Côte d’Ivoire and SST supports this 
assumption (Cury and Roy, 2002). Cold temperature in the 1970s seems to have 
favoured the abundance demersal fish communities. 
 The massive outbreak of triggerfish (Balistes capriscus) in the Gulf of Guinea 
during the 1970s has been described as one of the most phenomenal population 
outbursts in the history of fish population dynamics (Fig. 6) (Bakun, 1995). Before 
the 1970s, Balistes capriscus was rather rare in the eastern Atlantic, but by 1981 it 
was estimated that it represented up to 83% of the pelagic biomass off Côte 
d’Ivoire and Ghana (Ansa-Emmin, 1979; Koranteng, 1998). This increase in abun-
dance was associated with a wide geographical spreading that reached the southern 
part of the Canary Current, south of 20°N (Gulland and Garcia, 1984). In the latter 
part of the 1980s the population declined and triggerfish no longer represents a 
dominant component of the catches. While several authors believe that the fisher-
ies induced reduction of the sparid communities facilitated the outburst of the 
Balistes (Gulland and Garcia, 1984), environmental changes (reduced freshwater 
inputs to the region and increased salinity of continental shelf waters) have also 
been proposed as a potential trigger for the outburst of Balistes capriscus 
(Caverivière 1991). Bakun (Vol 13 Chapter 24) provides further details on the 
ecological implication of the triggerfish outbreak. 

 

Figure 22.6   Total landings of trigger fish (Balistes capriscus) in the Gulf of Guinea from 1970 to 1995 
(source FAO). 
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 Another remarkable population change is the collapse of Sardinella aurita in the 
early 1970s that followed unusually high catches by the Côte d’Ivoire and Ghana 
fisheries in 1972 (Binet, 1982; Koranteng, 1991). Overfishing and adverse envi-
ronmental conditions were thought to have initiated the collapse, but by the mid-
1980’s the stock has recovered and unprecedented sustained landings, far greater 
than the 1972 catches, were recorded from the mid-1980s up to early 1990s. The 
recovery of S. aurita fisheries was associated with important changes in the fishing 
areas and seasons. While in the earlier period, the bulk of the catch occurred off 
Ghana during the major upwelling season, sustained catches were recorded all 
year round over the Côte d’Ivoire shelf during the 1990s. The intensification of the 
minor upwelling seemed to have played a major role in the recovery of Sardinella 
aurita after the 1973 collapse (Pezennec and Bard, 1992). 

5. Conclusion 

The diversity of the coastal regions of the Gulf of Guinea is large and among 
those, the coastal upwelling systems of Côte d’Ivoire and Ghana and the associated 
fisheries have received much attention during the last two decades. Most of the 
research published in the recent years is based on historical time-series that have 
been rescued and analysed (Le Loeuff et al., 1993; McGlade et al., 2002). Several 
hypotheses have been proposed to explain the functioning of the systems and its 
variability but a full understanding of the processes involved remains elusive. 
While the analysis of recent remote sensing data corroborated previous observa-
tions (Hardman-Mountford and McGlade, 2002a, 2003), there is an urgent need 
for new in situ data to be collected in a coherent way at the regional scale. One 
needs also to stress the importance of large scale ocean forcing and its influence on 
the coastal environment in the Gulf of Guinea. 
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1. Introduction 

The eastern boundary of the North Atlantic subtropical gyre extends from the 
northern tip of the Iberian Peninsula at 43°N to south of Senegal at about 10°N, 
approximately the range of displacement of the Trade wind band (Fig. 23.1). It is 
one of the four major eastern boundary upwelling systems of the world ocean, and 
thus an area of intensive fisheries activity. The meridional shift of the Trade wind 
system causes seasonal upwelling in the extremes of the band, while in the central 
region upwelling is relatively continuous all year round (Wooster et al., 1976). 
Superimposed on the seasonal variation, short-term variability in wind direction 
and intensity may induce or suppress upwelling, affecting the dynamics of the 
ecosystem. At long-term scale, decadal fluctuations in fisheries landings - particu-
larly north of 20°N- have been related to environmental changes due to the North 
Atlantic Oscillation (NAO) (Borges et al., 2003). In the southern part of the re-
gion, the influence of the El Niño Southern Oscillation (ENSO) may be also re-
sponsible of some of the recorded inter-annual variability in fisheries landings 
(Roy and Reason, 2001). 
 The upwelling region is separated into two distinct areas - the Iberian coast and 
the Northwest African coast- with apparently little continuity in the flow between 
them. This is caused by the interruption of the coastline at the Strait of Gibraltar, 
which allows the exchange of water between the Mediterranean Sea and the At-
lantic Ocean. The continental shelf of the whole region is the most extensive of any 
eastern boundary current and persistent hydrographical features are associated 
with the topography of the shelf. Several submarine canyons are distributed along 
the Iberian margin, acting as sites for coastal sediment deposition, the Nazaré 
canyon being the most significant depocenter. At the northern part of the Iberian 
coast, the Rías Baixas represent a singular ecosystem, which transforms the 3D-
variability of continental shelf waters into 2D-variability, causing an amplification 
of the biogeochemical signals. Large filaments of coastal upwelled water stretch 
offshore from the numerous capes and promontories, exchanging water and bio-
logical properties with the ocean boundary. The exchange is particularly noticeable 
along the giant filaments of Cape Guir and Cape Blanc, which stretch up to several 
hundred kilometres into the open ocean, transporting rich-organic matter waters 
into the impoverished oligotrophic waters of the subtropical gyre. Another singu-
larity of this eastern boundary system is the presence of the Canary Archipelago, 
close to the NW African coast, which interrupts the main flow of the Canary Cur-
rent and introduces large mesoscale variability, mainly in the form of vortex streets 
downstream of the islands (Arístegui et al., 1994). Island eddies and upwelling 
filaments interact to exchange water properties, acting as an efficient route for 
transporting organic matter to the open ocean. 
 Research effort has been unevenly distributed through the whole region. The 
western and northern coasts of the Iberian Peninsula have been extensively stud-
ied from the hydrographic and dynamic point of view (Barton et al., 1998). How-
ever, most of the field studies on carbon and nutrient biogeochemistry in the 
Iberian margin concentrate in the Galician and Cantabrian coast (42°–44°N, 5–10 
°W), at the boundary between the temperate and subpolar regimes of the North 
Atlantic. There, intensive research was supported during the past decade by the 
European scientific community in the frame of several research projects, like “The 
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Control of Phytoplankton Dominance” (Figueiras et al., 1994; Moncoiffé et al., 
2000), MORENA (Multidisciplinary Oceanographic Research in the Eastern 
Boundary of the North Atlantic; Fiuza et al., 1998; Pérez et al., 1999; 2001), or 
OMEX II (Ocean Margin Exchange; Joint and Wassmann, 2001; Huthnance et al., 
2002; Joint et al., 2002; van Weering and McCave, 2002). 

 

Figure 23.1   Fig. 23.1. Chart of the Eastern North Atlantic Iberian and NW African margin indicating 
locations referred to in the text. The 200, 1000, 2000 and 3000 m isobaths are shown. A schematic 
summer current regime is shown by broad, light arrows representing surface flows and narrower, dark 
arrows representing the poleward slope undercurrent. Seasonal variation of the currents is discussed in 
the text. 
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 The upwelling region of NW Africa was intensively studied in the 1970s, during 
the International Decade of Ocean Exploration (IDOE), under the international 
programme of Cooperative Investigation of the Northern Part of Eastern Central 
Atlantic (CINECA; Hempel, 1982), but almost ignored during the 1980s. Some 
interdisciplinary studies, focused on the export of organic matter from the NW 
Africa upwelling into the open ocean, were however carried out during the last 
decade in the Canary Current region. These were the cases of the French 
EUMELI (Eutrophic, Mesotrophic, Oligotrophic) project (Morel, 1996), and the 
European Canaries-Coastal Transition Zone (Barton et al., 1998) and CANIGO 
(Canary Islands, Azores, Gibraltar Observations; Parrilla et al., 2002) projects. 
 In this chapter, we present a review bringing together for the first time up-to-
date knowledge on inter-disciplinary aspects of the oceanography and fisheries of 
the eastern boundary of the North Atlantic. Our synthesis provides a global view 
of the trophic functioning of these coastal ecosystems. Aspects covered range from 
nutrient dynamics, through production and respiration, to fish populations and 
fisheries, all of which are affected by processes that occur on distances from 
mesoscale to large scale and vary over periods from days to decades. 

2. The coastal upwelling system in Iberia and NW Africa 

2.1 Temporal and spatial variability 

 The surface circulation off Iberia (Fig. 23.1), far away from the main currents of 
the North Atlantic Ocean, has been systematised by Pelíz and Fiúza (1999). They 
coined it the ‘Portugal Current System’ (although Iberian would be more inclu-
sive) because of similarities with the ‘California Current System’. The oceanic side 
of the Iberian basin is occupied by the weak ‘Portugal Current’ (PC), which flows 
southwards year round from 45°–50°N and 10°–20°W, at the interface between the 
areas of influence of the North Atlantic Current and the Azores Current (Krauss, 
1986). The circulation pattern is more complex at the ocean margin, showing a 
marked seasonal variability defined by the coastal wind regime of the area either 
in the western (Huthnance et al., 2002) and northern coast (van Aken, 2002). Dur-
ing spring and summer (from March–April to September–October) north-easterly 
winds (Fig. 23.2a) predominate in the Iberian basin (Wooster et al., 1976; Bakun 
and Nelson, 1991), producing the southward flowing ‘Portugal Coastal Current’ at 
the surface (<100m) and the northward flowing ‘Portugal Coastal Under Current’ 
(PCUC) at the slope. In contrast, during the rest of the year, south westerly winds 
are predominant, provoking a reversal of the surface circulation to form the ‘Por-
tugal Coastal Counter Current (PCCC)’ which flows northward from the surface to 
1500m depth, including the propagation of the Mediterranean Overflow Water 
along the western and northern Iberian slope. The existence of a poleward surface 
flow during the autumn and winter months in the Iberian slope was described first 
by Wooster et al. (1976) and subsequently found by Frouin et al. (1990) and 
Haynes and Barton (1990) in the western Iberian coast and by Pingree and Le 
Cann (1990) in the Cantabrian coast. 
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Figure 23.2   Seasonal cycles of (a) 
offshore Ekman transport (–QX, m3 s–1 
km–1) in a 2°×2° geostrophic cell 
centred at 43°N 11°W; (b) surface and 
bottom ammonium (NH4

+, μmol kg-1); 
(c) nitrite (NO2

–, μmol kg-1); (d) 
nitrate (NO3

–, μmol kg-1); and (e) 
Chlorophyll (mg m–3) in the coastal 
upwelling ecosystem of the Ría de 
Vigo. Shaded area: spring-summer 
upwelling season. Black circles in 
panel a: 1987–96 fortnightly average; 
black circles in panels b–e: 1987–96 
fortnightly bottom average; white 
circles in panels b–e: 1987–96 fort-
nightly surface average; dashed lines: 
average ± std. 
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 The Portugal Coastal Current is associated with seasonal coastal upwelling at 
the Iberian margin, and the export of coastal surface waters to the open ocean, 
especially at the recurrent upwelling centres and filaments along the western Ibe-
rian coast (e.g. Fiúza, 1983; McClain et al., 1986; Sousa and Bricaud, 1992; Haynes 
et al., 1993; Pelíz and Fiúza, 1999). On the contrary, the PCCC is associated with 
downwelling on the coast, and the piling of coastal waters onto the Portuguese 
(Pelíz and Fiúza, 1999), Galician (e.g Castro et al., 1997; Álvarez–Salgado et al., 
2003) and Cantabrian (e.g Bode et al., 1990; Fernández et al., 1993) coasts. Anti-
cyclonic eddies, named SWODDIES (‘Slope Water Oceanic Eddies’) by Pingree 
and Le Cann (1992), detach from the PCCC at certain points along the Cantabrian 
coast and inject slope water into the southern Bay of Biscay, affecting its kinemat-
ics (Pingree, 1994) and biogeochemistry. 
 The extension and intensity of the seasonal upwelling and downwelling favour-
able periods varies strongly from year to year (Fig. 23.2a), describing a decadal 
cycle linked to the NAO. Whereas the onset of the upwelling season can occur 
within two months, from the beginning of April to the end of May, its cessation 
falls within a period of just one month, from middle September to middle October. 
However, this seasonal cycle only explains about 10% of the variability of the wind 
regime off NW Spain, whereas >70% of the variability arises from periods <30 
days (Álvarez–Salgado et al., 2002; 2003). In fact, the upwelling season off NW 
Spain is described well as a succession of upwelling/relaxation events of period 1–3 
wk (Blanton et al., 1987; Silva, 1992; Álvarez–Salgado et al., 1993). It is also re-
markable that due to the different orientation of the western and northern coasts 
(Fig. 23.1), northerly winds produce upwelling off the western coast whereas east-
erly winds do it off the northern coast. The orientation of the coast changes 
abruptly north of Cape Finisterre, in such a way that both northerly and easterly 
winds are upwelling favourable there (McClain et al., 1986; Torres et al., 2003). 
Similar considerations apply to Cape Sao Vicente and the coast of southern Portu-
gal (Fiúza 1983; Relvas and Barton, 2002). 
 The coastal upwelling region from Gibraltar to Cape Blanc is maintained by the 
presence of favourable northeasterly winds throughout the year, although winds 
and upwelling are more intense during the summer months. Between Cape Blanc 
and Cape Vert, the upwelling has a marked seasonal periodicity, reaching its peak 
of intensity during winter. In contrast with the Iberian coast, the NW African coast 
is largely influenced by the general circulation of the North Atlantic subtropical 
gyre, particularly by its eastern branch, termed the “Canary Current”. The Canary 
Current flows equatorward while interacting with the coastal upwelling waters. It 
detaches from the coast near Cape Blanc (21° N), flowing westward at the latitude 
of Cape Vert (15° N). South of Cape Blanc a large permanent cyclonic recircula-
tion develops as a consequence of the offshore displacement of the Canary Cur-
rent (Fig. 23.1). Nearshore in winter, a narrow equatorward flow develops over the 
shelf in response to upwelling forced by the southward migration of the trade wind 
band (e.g. Hughes and Barton, 1974). 
 Several studies (e.g. Stramma and Siedler, 1988; Siedler and Onken, 1996) have 
described the seasonal variability of the Canary Current, confirming the existence 
of water inflow from the open ocean into the coastal upwelling region north of the 
Canary Islands. The coupling between the coastal and open ocean waters at the 
Canary- Coastal Transition Zone (Canary-CTZ) region, has been addressed in 
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more recent works (Pelegrí et al., 1997; Barton, 1998; Barton et al., 1998; 
Hernández Guerra et al., 2001; 2002; Pelegrí et al., 2005), in which it is shown how 
the water recirculates south along the continental slope, where quasi-permanent 
filaments stretch offshore and exchange water properties with island eddies 
(Arístegui et al., 1997; Barton et al., 1998). 
 Flow reversals in the main flow have been observed close to the upwelling- 
Canary CTZ, during late-fall and winter (Navarro-Pérez and Barton 2001; 
Hernández Guerra et al. 2002). These flow diversions, probably caused by a weak-
ening of the trade winds south of Cape Guir (Pelegrí et al. 2005), allow the pres-
ence of a northward flow from Cape Blanc to Cape Juby, and consequently an 
offshore spread of organic matter produced in upwelling waters near the Canary 
Islands region (Arístegui et al. 1997). Pelegrí et al. (2005) suggested that the Ca-
nary region is characterised by the presence of two cells transporting upwelled 
waters into the open ocean. The first one would be the standard vertical cell, pre-
sent in all upwelling systems, with Ekman offshore transport responding to the 
wind variations. The second one would be the horizontal circulation cell originated 
by the impinging of open ocean water north of Cape Guir, which is closed by the 
offshore export of water through several upwelling filaments and the flow diver-
sion at Cape Guir. The joint action of both cells would cause this upwelling region 
to be a key region for export of organic matter and nutrients to the open ocean. 

2.2. Water masses and nutrients 

The distribution of water masses in the region has been summarized by Barton 
(1998). Most of the region, from Cape Finisterre to Cape Blanc, is dominated by 
North Atlantic Central Water (NACW), responsible for the fertility of the coast 
during upwelling processes, although there is considerable variation in this water 
mass with latitude. Eastern North Atlantic Central Water (ENACW) of subtropi-
cal (13°C–15°C) and subpolar (11°C–13°C) origin (Fiúza, 1984; Ríos et al., 1992; 
Fiúza et al., 1998) extends from 50–100m (marked by a salinity maximum, >35.9) 
to 450–750 m depth (marked by a salinity minimum, <35.4), depending on latitude. 
Subtropical (σθ <27.1) ENACW lays above subpolar (σθ >27.1) off the western 
Iberian coast and north of the Canary region, so nutrient–poorer (0–6 μM of ni-
trate) subtropical waters upwell first, and nutrient–richer (6–10 μM of nitrate) 
subpolar ENACW enters the shelf only during strong upwelling events. Addition-
ally, a variety of subpolar ENACW, the so–called ‘Bay of Biscay Central Water’ 
(BBCW), characterized by 12°C and 6 μM of nitrate, dominates the central waters 
domain off the Cantabrian coast (Treguer et al., 1979; Fraga et al., 1982; Botas et 
al., 1989). A subsurface front between subtropical ENACW and BBCW forms in 
the surrounding of Cape Finisterre (Fraga et al., 1982), although it experiences a 
seasonal displacement from south of the River Miño in early spring to west of 
Cape Peñas in late autumn (Fig. 23.1; Castro, 1997). There is also evidence that 
BBCW can intermittently upwell off the western Iberian coast during the summer 
(Álvarez–Salgado et al., 1993). 
 Subtropical ENACW is transported northward year round, by the PCUC during 
the upwelling season and by the PCCC during the downwelling season. A south-
ward displacement of the origin of the subtropical ENACW which arrives to the 
Galician coast has been inferred from a progressive increase of salinity and tem-
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perature and a decrease of nutrients from the early spring to the winter mixing 
period (Ríos et al., 1992; Álvarez–Salgado et al., 1993; 2003). On the other hand, 
subpolar ENACW is conveyed southwards by the oceanic PC and it mixes laterally 
with the northward flowing PCUC and PCCC being eventually conveyed north-
wards at the slope (Pérez et al., 2001). 
 During the spring–summer period, surface (0–100 m) eutrophic coastal waters 
(affected by intermittent coastal upwelling) and surface oligotrophic surrounding 
ocean waters are separated by a slope front in the northern Iberian coast 
(Marañón and Fernández, 1995) but connected throughout upwelling centres and 
filaments at the wider coastal transition zone (CTZ) of the western coast (Haynes 
et al., 1993). In contrast, during the autumn–winter period, eutrophic coastal and 
oceanic waters are separated by the oligotrophic subtropical waters carried by the 
PCCC, which occupies the CTZ. 
 The variability (from weekly to interannual) of nutrient levels in the coastal 
domain has been studied in detail by Nogueira et al. (1997) in the Ría de Vigo 
(Fig. 23.1), a large (2.5 km3) coastal embayment that behaves as an extension of the 
shelf (Figueiras et al., 2002). The seasonal evolution of inorganic nitrogen (Fig. 
23.2b–d) allows clear definition of the spring–summer upwelling period, when 
nitrate levels are the highest in the cold bottom layer, because of intermittent 
coastal upwelling, and the lowest in the warm surface layer, because of efficient 
utilisation of upwelled nitrate by coastal phytoplankton populations. At the short–
time–scale of an upwelling episode (1–3 wk), the sequence consists of upwelling of 
nitrate rich ENACW followed by nutrient consumption during the subsequent 
upwelling relaxation (Pérez et al., 2000a). The autumn–winter downwelling period 
is characterised by high nitrate levels throughout the water column, being maxi-
mum in the surface layer in association with continental runoff and intense regen-
eration processes. The importance of regeneration during the autumn–winter 
period is indicated by the succession of ammonium, nitrite and nitrate maxima in 
the surface layer, separated by ~1 month, which is characteristic of nitrification 
processes (Wada and Hattori, 1991). The succession of ammonium, nitrite and 
nitrate maxima also occurs in the bottom layer during the spring–summer period, 
indicating that regeneration processes are also important in the bottom layer, as 
will be shown below. 
 In the Iberian CTZ, during the spring–summer period, surface nutrient levels 
are detectable only where upwelling centres and filaments develop, being specially 
intensified in the surroundings of Cape Finisterre, where surface nitrate can reach 
up to 6 μM (Fraga, 1981; McClain et al., 1986; Castro et al., 1994). On the contrary, 
during the autumn–winter period, the CTZ is occupied by the PCCC that trans-
ports northwards warm (>15°C), salty (>35.8) and nutrient poor (<2 μM nitrate, 
>0.2 μM nitrite) subtropical waters (Bode et al., 1990; Castro et al., 1997; Álvarez–
Salgado et al., 2003). This has important implications for the development of the 
spring bloom in the CTZ, because reduced nutrient levels transported by the 
PCCC do not allow massive chlorophyll accumulation as in the coastal and ocean 
domains. 
 The nutrient regime in coastal waters of NW Africa is conditioned by the pres-
ence of two different water masses. A marked front at 21°N (Cape Blanc) sepa-
rates the NACW from the slightly cooler, less saline, and richer in nutrients South 
Atlantic Central Water (SACW). The boundary between these two water masses 
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is convoluted, variable in position and characterised by intense mixing and inter-
leaving processes (Fraga, 1974; Barton and Hughes, 1982; Minas et al., 1982; Bar-
ton, 1987; Hagen and Schemainda, 1987). South of Cape Blanc, the SACW is 
advected northward along the inshore side of the cyclonic recirculation to meet the 
equatorward flow of the Canary Current. Beyond this front, the northward propa-
gation of SACW depends mainly on the poleward undercurrent, which is associ-
ated with the coastal upwelling. Hughes and Barton (1974) and Gardener (1977) 
traced this poleward flow between 16° and 28°N, and at depths of 200 to 400 m 
over the continental slope. Since the SACW is richer in nutrients than the NACW, 
a meridionally decreasing nutrient gradient is apparent in the northward flowing 
waters (Table 1). Off Mauritania (~18°N), high nutrient concentrations are ob-
served at surface, probably related to the doming in the centre of the cyclonic 
recirculation. However, according to Minas et al. (1982), this is a region of anoma-
lously low productivity and chlorophyll concentrations in relation to the observed 
nutrient concentrations. 

TABLE 1. 
Nutrient concentrations (in μmol kg-1) observed in waters upwelled in the  

NW Africa and NW Iberia upwelling system. 
 T (°C) NO3

- PO4

3- SiO2 Reference 

NW AFRICA      
CapeTimiris- 
Nouakchott  

14 20 1.5 10 Minas et al .. 1982 

Cape Blanc - Cape  
Corveiro  

15.5 14–15.5 0.9–1.0 6.5–7.5 Minas et al., 1982 

Cape Sim, Cape Guir 
(summer) 

14.5 8–9 0.6–0.7 4–5 Minas et al., 1982 

NW IBERIA      
Galicia (May 91) 11.8±0.3 8±1 0.5±0.1 3.5±0.9 Castro et al., 2000 
Galicia (July 84) 11.9–12.8 7±2 0.5±0.1 3.0±0.7 Castro et al., 2000 
42°18’N, 8°57’W 12–13 9–12 0.5–0.8 5–10 Álvarez-Salgado et al., 1993 

 

 Compared to other eastern boundary regions in which upwelling takes place, 
the source waters off NW Africa are somewhat poorer in nutrients but richer in 
oxygen, largely as result of the global scale circulation (Codispoti et al., 1982). This 
could explain some of the differences in productivity and regeneration rates found, 
for instance, between the NW Africa and the Peruvian upwelling systems (Minas 
et al. 1982). However, differences in local topography, together with dissimilar 
seasonal cycles in the nutrient regimes, a larger interannual variability in Peru, a 
higher wind stress and turbidity in NW Africa, are all factors that must be consid-
ered in understanding the spatial-temporal variability in the productivity regimes 
of these regions. 
 Nutrient assimilation and regeneration ratios in the NW African coast are in 
general high, as in other coastal upwelling regions, although there are significant 
regional differences, particularly in silicon supply. Minas et al. (1982) have hy-
pothesized that silicon limitation is a function of the geomorphology and dynamics 
of the coast. In the Moroccan upwelling, silicon, which should in theory be limiting 



888 OCEANOGRAPHY AND FISHERIES OF THE CANARY CURRENT/IBERIAN REGION 

because it is present in low concentrations in the source waters, is frequently in 
excess, due to high regeneration processes. In the Mauritanian upwelling, between 
Cape Timiris and Nouakchott, Herbland and Voituriez (1974) have shown that 
silicon is the first nutrient to be exhausted. Apparently, regeneration on this nar-
row shelf cannot compensate for the high demand. This region differs from more 
northern zones with wider shelves, such as Capes Dra and Corveiro, where regen-
eration compensates for the silicon deficiencies of the upwelling source waters. 
Indeed, Friederich and Codispoti (1982) made a detailed study of dissolved silicon 
regeneration over the shelf off Cape Corveiro, and observed that silicon regenera-
tion in upwelling waters exceeded the inorganic nitrogen regeneration rate in spite 
of low (<1) Si/NO3 ratios in the source water. This finding agrees with similar re-
sults obtained from the NW Iberian upwelling (Álvarez-Salgado et al. 1997) 
 High ammonia concentrations and high regenerations rates are frequently 
found in the inner shelf of the African coast (Codispoti and Friederich 1978; Minas 
et al 1982; Head et al. 1996). As a result of high wind stress, which produces mixing 
in the whole water column, ammonia is homogeneously distributed in the turbid 
inshore waters. This distribution contrasts with other coastal upwelling systems, 
which are less affected by strong wind regimes and present more stratified water 
columns. The turbidity, which may result also from aeolian dust deposition blown 
into the sea from the Sahara desert, produces a poor light regime for phytoplank-
ton, which may inhibit ammonia uptake, in spite of high concentrations (Huntsman 
and Barber, 1977; Codispoti et al., 1982). Head et al. (1996), however, did not find 
any correlation between integrated primary production rates and light intensity in 
the inshore waters off the coast of Morocco, despite a two-fold variation in the 
latter. 

2.3. Primary production 

The seasonal and event–scale variability of coastal winds and upwelling in the 
Iberian and NW African coasts determines 1) the limiting nutrient flux to the 
photic layer; 2) the efficiency of utilisation of the limiting nutrient; 3) the fraction 
of the primary production required to maintain the metabolism of the pelagic 
ecosystem; and 4) the fate of the excess ‘new’ production: net transference to 
higher trophic levels, off–shelf export or deposition on shelf sediments, with sub-
sequent benthic mineralization processes, reinjection of nutrients into the water 
column and eventual promotion to the photic layer. 
 The effect of spring–summer upwelling and autumn–winter downwelling peri-
ods in the productivity of the Iberian margin is illustrated by the 1987–1996 sea-
sonal cycle of chlorophyll–a (Chl–a) in the Ría de Vigo (Fig. 23.2e; Nogueira et al., 
1997). Apart from the spring and autumn Chl–a maxima, characteristic of any 
temperate ecosystem, Chl–a levels remain relatively high throughout the summer 
because of nutrient fertilisation by coastal upwelling. In addition, the spring and 
autumn Chl–a maxima occur within the transitional periods of onset and cessation 
of the upwelling season (Fig. 23.2a), respectively, determining the fate of the ac-
cumulated Chl–a: off–shelf export versus in situ mineralization (Álvarez–Salgado 
et al., 2003). 
 Although dramatic changes occur over space and time scales of a few kilometres 
and days, a seasonal pattern of gross primary production (P) rates in the Iberian 
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margin can be drawn from field observations (Bode et al., 1994; 1996; Tenore et 
al., 1995; Bode and Varela, 1998; Teira et al., 2001; Joint et al., 2002; Álvarez–
Salgado et al., 2003, Tilstone et al., 2003). The highest, but very variable, P rates 
are recorded during the spring and summer (1.0–8.0 g C m–2 d–1) and the lowest in 
winter (~0.2 g C m–2 d–1), as expected in any temperate coastal upwelling system. 
However, the succession of 1–3 wk coastal wind stress/relaxation cycles produces a 
remarkable short–time–scale variability in P rates during the seven months of the 
upwelling season (Fig. 23.3). The expected decrease of P rates from the inner shelf 
to the open ocean is also observed in the Iberian margin yearound (Tenore et al., 
1995; Joint et al., 2002; Álvarez–Salgado et al., 2003; Tilstone et al., 2003), except 
when the PCCC occupies the CTZ between the spring bloom and the onset of the 
upwelling season (April–May), when P rates can be higher in the PCCC than in 
coastal waters (Álvarez–Salgado et al., 2003; Tilstone et al., 2003). These authors 
argue that this is because downwelling on the coast, generated by the PCCC, forces 
the sinking of coastal phytoplankton, mainly diatoms, into the aphotic layer. 

 

Figure 23.3   Short–time scale (3–4 days) evolution of community respiration (R, white bars), gross 
primary production (P, black bars) and net community production (Pc, black circles), in surface waters 
of the coastal upwelling ecosystem of the Ría de Vigo, from April to November 1991 (all rates in mmol 
O2 m

–3 d –1). 

 Recently, the seasonal cycle of primary production in the Iberian margin (from 
42° to 44°N) has been addressed by Joint et al. (2002), who produced monthly 
averages of net production (Pn), derived from satellite chlorophyll and 24 hours in 
situ 14C incubations. They concluded that the average Pn for shelf waters during the 
1998–2000 upwelling season was 1.5 g C m–2 d–1. This value coincides with average 
net community production (Pc), estimated from 24 h in vitro oxygen experiments, 
over the upwelling season for the area of the Rías Baixas (Moncoiffé et al., 2000). 
Since the mean ratio of oxygen net community production/ gross production (Pc/P) 



890 OCEANOGRAPHY AND FISHERIES OF THE CANARY CURRENT/IBERIAN REGION 

for the upwelling season is ~0.6 (Moncoiffé et al., 2000), P in the Iberian margin 
should be ~2.5 g C m–2 d–1 for the upwelling season. Assuming a P of 2.5 g C m-2 d-1 
during 225 days of upwelling period and a P of 0.2 g C m-2 d-1 during 140 days of 
downwelling period (see above, and Fig. 23.2) the average annual P value in the 
Iberian upwelling system would be 590 g C m-2 y-1. 
 Average microbial respiration in the photic layer represents ~40% of P (Fig. 
23.4), although it ranges from <10% in spring and during summer upwelling events 
to >100% (net heterotrophy) during upwelling relaxation periods (Serret et al., 
1999; Moncoiffé et al., 2000; Teira et al., 2001; Barbosa et al., 2001). The coupling 
between small phytoplankton (<20μm) and microzooplankton activities causes 
these relatively high microbial respiration rates. Small phytoplankton (<20 μm) 
usually accounts for >50% of P (Bode et al., 1994, Tilstone et al., 1999; 2003; Joint 
et al., 2001a) and microzooplankton, which can reach a biomass equivalent to 60% 
of phytoplankton biomass during upwelling relaxation on the shelf, is able to graze 
40–80% of the chlorophyll standing stocks and ~60% of the daily P (Fileman and 
Burkill, 2001; Tilstone et al., 2003). Dominance of large phytoplankton (>20 μm), 
particularly diatoms, is restricted to the spring bloom and during strong upwelling 
events at the inner shelf (Varela et al., 1991; Bode et al., 1994; Abrantes and 
Moita, 1999; Tilstone et al., 1999, Cachâo and Moita, 2000). Upwelling relaxation 
and downwelling favours diatom sinking at these sites (Figueiras et al., 1994, Fer-
mín et al., 1996, Castro et al., 1997; Tilstone et al., 2000), contributing to enhanced 
nutrient mineralization in bottom shelf waters (Álvarez–Salgado et al., 1993; 1997; 
Prego and Bao, 1997). It has been argued that microzooplankton herbivory is an 
important source of dissolved organic matter (DOM) in the sea (Strom et al., 1997; 
Nagata, 2000), and the correlation found between a hetrotrophic/autotrophic mi-
croplankton assemblage and the concentration of DOM in the Iberian margin 
supports this view (Joint et al., 2001b). The possible role of microzooplankton 
grazing in DOM production is further reinforced by the fact that bacteria do not 
remove all DOM produced during an upwelling–relaxation cycle (Barbosa et al., 
2001), while DOM released by phytoplankton, which is a small fraction (~6%) of P 
(Teira et al., 2001; Morán et al., 2002a), is not enough to satisfy the bacterial de-
mand of labile carbon (Morán et al., 2002a; 2002b). Zooplankton grazing impact 
on phytoplankton seems to be rather moderate, ~5% of phytoplankton stock and 
~10% of P (Barquero et al., 1998; Halvorsen et al., 2001), even though previous 
studies in the Rías Baixas indicated that zooplankton could consume the entire 
daily phytoplankton production (Hanson et al., 1986). Results of model simula-
tions (Slagstad and Wassmann, 2001) also produce P values >2 g C m–2 d–1 under 
upwelling conditions and emphasise the predominant role played by small flagel-
lates in P and by microzooplankton in grazing. 
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Figure 23.4   Tentative organic carbon budget of the NW Iberian margin, from 42° to 44°N, during the 
upwelling season. All fluxes are expressed in gC m–2 and are referred to an average P of 560 gC m–2 over 
the upwelling season. This value results from multiplying 2.5 gC m–2 d–1 (the average daily P) times 225 
days (average duration of the upwelling season). 

 New production (New P) has been also estimated in shelf waters between 42° 
and 44°N combining upwelling rates, bottom shelf temperatures and ENACW 
nutrient–temperature relationships (Álvarez–Salgado et al., 2002). Shelf New P, 
fuelled exclusively by upwelled ENACW, was relatively low (0.5±0.15 g C m–2 d–1 
for the 1982–1999 period) and, consequently, it represents ~20% of P. These low 
New P rates compared with other coastal upwelling systems are attributable to 
reduced continental inputs during the upwelling season, low nutrient levels in 
upwelled ENACW, and low average coastal winds because of the 1–3 wk wind 
stress–relaxation cycles. Therefore, although P rates, ~2.5 g C m–2 d–1, are among 
the expected values for an upwelling system (e.g. Barber and Smith, 1981; Brown 
and Field, 1986; Minas et al., 1986; Pilskan et al., 1996) the average f–ratio (=New 
P/P) of ~0.2 over the upwelling season seems to be very low. 
 The succession of periodic 1–3 wk wind stress–relaxation cycles throughout the 
upwelling season is the reason behind both the high productivity and the low f–
ratio of the Iberian margin. A well-described spatial sequence in coastal upwelling 
systems is initiated with upwelling of nutrient–rich subsurface waters near coast 
and continues with progressive nutrient consumption during seaward displacement 
of the upwelled water parcel (e.g. MacIsaac et al., 1985; Dugdale and Wilkerson, 
1989). In the Iberian upwelling, this ‘spatial sequence’ is also a periodic ‘time se-
quence’ (Pérez et al., 2000a), which determines that the Iberian margin periodi-
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cally switches from net autotrophy to net heterotrophy (high microbial respiration) 
producing a low average f–ratio. 
 Compared to the Iberian region, recent studies on primary production in the 
NW African region are scarce, and annual integrated rates have to be estimated 
from local studies on individual cruises. Compiled P values in the NW Africa up-
welling region (Table 2) yields an average annual estimate of 2.4 g C m-2 d-1, which 
coincides with P estimates from the NW African coast, computed from satellite 
chlrorophyll and averaged photosynthetic parameters (Longhurst et al., 1995; 
Morel et al., 1996). On a yearly basis, this estimate (874 g C m-2 y-1) is about 50% 
higher than the average annual P value in the Iberian upwelling system (590 g C m-

2 y-1). Although the NW Africa estimate may be biased in time (since many of the 
studies correspond to the spring and summer periods), the difference in magni-
tudes is mainly caused by the strong seasonality in the Iberian upwelling, com-
pared to the more continuous upwelling off NW Africa. Indeed, the average P 
values for the upwelling season in the Iberian margin (spring-summer) coincide 
with the annual average values from NW Africa. 

TABLE 2. 
Compiled daily primary production values in coastal waters from the Northwest 

Africa upwelling system (a), and average annual primary production for the Iberia 
and NW Africa coastal upwelling regions (b). 

(a)Region 
Latitude 

(N) Season 
Daily Primary Production 

g C m-2 d-1 Reference 

   Average Min. Max.  

C.Sim-C.Ghir 31.5–30.5 Summer 2.4 0 4.2 Minas et al., 1982 
C.Sim-C.Ghir 31.5–30.5 Winter 1.3 0.2 2.5 Minas et al., 1982 
C.Sim-C.Ghir 31.5–30.5 Summer 1.3 0.6 2.8 Grall et al., 1982 
C.Sim-C.Ghir 31.5–30.5 Autumn 1.5 1 2.5 Head et al., 1996 

C.Jubi-C.Bojador 28.5–26.5 Summer 3.1 1.3 5.3 
Basterretxea and  
Arístegui, 2000 

C.Juby-C.Bojador 28.5–26.5 Summer 2.4   Minas et al., 1982 

C.Corveiro-C.Blanc 22.0–21.0 Spring 2.4 0.8 5.0 
Huntsman and  
Barber, 1977 

C.Corveiro-C.Blanc 22.0–21.0 Spring  1.1 3.4 Lloyd, 1971 
C. Blanc 21.0 Spring 1.15 0.3 2.6 Schulz, 1982 
C. Blanc 21.0 Spring 0.96 0.2 1.8 Schulz, 1982 
C. Blanc 21.0 Summer 1.62 0.4 3.6 Schulz, 1982 
C.Timiris-Nouakchott 19.5–18.0 Spring 3.9 1.6 4.3 Minas et al., 1982 
NW Africa upwelling 31.5–18  2.4 ± 1.5    

 

(b)Region 
Latitude 

(N) 
Annual Prim. Production

g C m-2 y-1 Data Reference 

Iberia upwelling 43.0–41.0 590 In situ  This work 
NW Africa upwelling 31.5–18.0 874 In situ Several authors 
Iberia and NW Africa 43.0–15.0 732 Satellite based Longhurst et al., 1995 

 

 Regional variability in P in the NW Africa region probably results from differ-
ences in nutrient regimes, although the lack of detailed studies in the region pre-
clude identification of clear spatial-temporal patterns as in other eastern-boundary 
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uwelling regions. The highest annual P rates are presumably produced between 
Cape Barbas and Cape Blanc, where the more nutrient-rich SACW is available as 
source water, and upwelling is produced year round (Minas et al., 1982). Yet, local 
topographic and environmental factors may be responsible of short-term changes 
in the nutrient regime and primary production. Codispoti (1981) concluded from a 
study comparing different coastal upwelling regions, that, in contrast with other 
upwelling regions, much of the nutrient variability off NW Africa occurs on the 
scale of several days. In agreement with this, Grall et al. (1992) described large 
spatial variations in P (from 0.8 to 2.8 g C m-2

 d
-1) off Morocco, between Cape Sim 

and Cape Guir, which were correlated to short (∼3 days) but intense wind pulses. 
He also observed that the centre of the upwelled water migrated from the inner 
shelf to the shelf break as the upwelling progressed, probably reflecting the off-
shore intensification of the Cape Guir filament. In a more recent study, Arístegui 
and Harrison (2002) observed also a similar large daily variability in P (1.1 to 2.8 g 
C m-2

 d
-1) and chlorophyll a (25–94 mg m-2), following a drifting buoy along the 

Cape Guir filament, during 7 days of consecutive measurements. 

2.4. Shelf-ocean exchange of organic matter 

The excess production of any coastal upwelling system can be 1) transferred to 
higher trophic levels (section 4); 2) transported downwards to the coastal sedi-
ments, where it can experience mineralization in the dark water column and sedi-
ments or be buried (section 2.6); and 3) exported to the adjacent open ocean. 
 The shelf–ocean exchange of organic matter is enhanced during the productive 
upwelling season, especially at sites where large filaments develop. Several recur-
rent filaments are distributed all along the Iberian coast (Sousa and Bricaud, 1992; 
Haynes et al., 1993; Pelíz and Fiúza, 1999), although only the filament off the Rías 
Baixas has been studied from a biogeochemical point of view (Joint and Wass-
mann, 2001). One of the most relevant conclusions of that process–orientated 
study is that fresh dissolved and particulate organic materials are exported in equal 
amounts to the ocean by the upwelling filament (Álvarez–Salgado et al., 2001). 
Total organic carbon export by the filament off the Rías Baixas was estimated to 
be ~100 g C m-2 during the upwelling season, a number that is very close to the 
New P estimate of 0.5±15 g C m–2 d–1 (=110±30 g C m–2) by Álvarez–Salgado et al. 
(2002), suggesting that, at the time scale of the upwelling season, a significant 
fraction of the New P is exported to the adjacent ocean (Fig. 23.4). On the con-
trary, during the unproductive downwelling season (winter), the PCCC acts as an 
insulator between shelf and ocean waters, confining coastal primary production on 
the shelf and enhancing sedimentation and in situ mineralization (Castro et al., 
1997; Álvarez–Salgado et al., 2003). Recent estimates of particle residence times 
(average: from 26 days in the early summer upwelling season to 113 days in winter) 
in surface waters of the NW Iberian margin support this view (Schmidt et al., 
2002a). 
 Transitional periods, from the upwelling to the downwelling season, are espe-
cially important for the fate of coastal P because they occur at the time of the 
spring and autumn phytoplankton blooms (Fig. 23.2a,e). In this manner, a coastal 
bloom under upwelling conditions might be exported to the adjacent ocean, while 
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a bloom under downwelling conditions would sediment on the shelf, being eventu-
ally processed by the benthic communities (Álvarez–Salgado et al., 2003). 
 Since ~40% of P is recycled in the photic layer by the microbial component and 
~20% is exported (Fig. 23.4), the remaining 40% of P would be respired in the 
aphotic layer and the sediments. Estimates of vertical fluxes of organic matter 
from the photic layer (Fernández et al., 1995; Bode et al., 1998; Hall et al., 2000) 
provide values between 19 and 50% of P, although extremely low values of 4–9% 
may occur during strong upwelling events and prolonged relaxation periods (Bode 
et al., 1998; Olli et al., 2001). Strong upwelling precludes the development of 
phytoplankton on the shelf because off–shelf export of upwelled water is en-
hanced. Prolonged relaxation favours small phytoplankton (Joint et al., 2001a, 
Tilstone et al., 2003), microbial recycling (Fileman and Burkill, 2001) and high 
retention of particulate material in the upper 200m (Riser et al., 2001) at the ex-
pense of export and sinking (Olli et al., 2001). 
 Off NW Africa, numerous upwelling filaments are distributed along the coastal-
offshore upwelling boundary (Fig. 23.5). These filaments may arise for one or a 
combination of several factors: baroclinic instability of the coastal current, irregu-
larities in coastline and bottom topography, coastal convergence caused by wind 
stress, and the interaction of the coastal region with offshore eddies (Brink and 
Cowles, 1991; Strub et al., 1991; Barton, 1998). The latter process is very common 
south of the Canary Archipelago, where island eddies are sequentially spun off 
downstream the islands. However, only two of the filaments (the Cape Guir and 
Cape Blanc filaments) remain as major permanent features, even during non-
favourable upwelling winds, and thus represent key sites for the export of organic 
matter to the open ocean waters of the subtropical gyre. 

 

Figure 23.5   SeaWIFS chlorophyll image from the Canary Islands region (24 April, 1999), showing the 
presence of numerous cyclonic and anticyclonic eddies downstream the islands. The eddy field extends 
southward down to the latitude of Cape Blanc, where the Canary Current detaches from the coast and 
flows westward. As a reference, green colour represents chlorophyll values >1 mg m-3 and red colour 
corresponds to values >3 mg m-3 
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 The Cape Guir filament has been documented in several studies (Mittlestaedt, 
1991; Hernández Guerra and Nykjaer, 1997; Pelegrí et al., 2005) as a recurrent 
feature, which may extend several hundred kms offshore (Fig. 23.5), transporting 
particulate organic carbon (POC). The impact of POC export by the Cape Guir 
filament has been observed as far as 700 km from the filament origin, well into the 
subtropical gyre province, by means of deep-water sediment traps deployed 
northwest of La Palma, the easternmost island of the Canaries (Neuer et al., 2002). 
The filament presumably represents also a significant oceanic route for the trans-
port of excess dissolved organic and inorganic nutrients produced in the coastal 
upwelling waters. García-Muñoz et al. (2005) calculated a net offshore export of 
nitrate of 2.6 kmol s-1 by this filament, during non-favourable upwelling conditions. 
This value is much larger than the offshore Ekman transport (0.4 kmol s-1 of ni-
trate) that would take place in an upwelling system along a shore distance of 10 
km, equivalent to the filament width. However, although the offshore transport of 
filaments is usually significantly larger than Ekman transport (e.g. Kostianoy and 
Zatsepin, 1996) the return flow of filament water into the coastal upwelling jet may 
reduce the impact of the overall offshore transport. This was observed in an up-
welling filament stretching between Cape Juby and Cape Bojador during August 
1993 (Navarro Pérez and Barton, 1998). The filament extended approximately 150 
km offshore, wrapping around a cyclonic eddy of 100 km diameter, before return-
ing shoreward. Most of the particulate organic matter exported by this filament 
was returned by the recirculation path of the filament (Basterretxea and Arístegui, 
2000). 
  Off Mauritania, the giant Cape Blanc filament appears as a persistent low-
temperature and high-chlorophyll feature, extending several hundred kms off-
shore. The filament is linked to the convergence of NACW and SACW at the 
Cape Vert frontal zone. At this site, the large-scale circulation pattern induces the 
upwelling centre to shift towards the shelf break area, allowing phytoplankton to 
achieve maximal growth rates in oceanic waters. According to Gabric et al. (1993) 
this filament exports more than 50% of New P to oceanic waters. Deep-water 
sediment traps deployed during the EUMELI project at a mesotrophic station 
located >500 km off Cape Blanc (Bory et al. 2001) recorded biogenic fluxes higher 
than other stations in the Atlantic Ocean (Jickells et al., 1996; Wefer and Fischer, 
1993). The temporal variability of these fluxes seemed to be linked to westward 
surface currents, which are likely to transport seaward carbon-rich waters from the 
coastal upwelling. Nevertheless, a large interannual variability is appreciable in the 
downward particle flux, presumably caused by climatic changes (Bory et al., 2001). 
Similar interannual variability was appreciated in particle fluxes recorded off Cape 
Guir (Neuer et al., 2002). 

2.5. The coastal upwelling as a source–sink of CO2 

The behaviour of coastal upwelling systems as sources or sinks of CO2 to the at-
mosphere depends on the balance of two opposing tendencies. On one side, the 
higher the nutrient concentration of the source water, the higher is its partial CO2 
pressure (pCO2). On the other, the higher the P rates (enhanced by the nutrient 
input), the higher must be the reduction of pCO2 in the surface layer (e.g. Watson, 
1995; Borges and Frankignoulle, 2002a). 
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 With these simple considerations in mind, the water masses and the dynamics of 
the Iberian margin would favour its behaviour as a CO2 sink. First, nutrients and, 
consequently, pCO2 levels of upwelled ENACW are relatively low (400–500 μatm) 
compared with the aged central waters of the South Atlantic, the Indian and the 
Pacific Ocean. Second, the intermittency of coastal upwelling in the Iberian margin 
allows efficient utilisation of upwelled nutrients, leading to P rates comparable 
with other coastal upwelling systems, where the nutrient loads of upwelled waters 
are much higher. 
 Surface pCO2 measurements in the western Iberian margin (Pérez et al., 1999; 
Borges and Frankignoulle, 2001; 2002a,b) confirm this general view. Despite sea-
sonal upwelling, surface pCO2 undersaturation occurs throughout the spring and 
summer, except at the Cape Finisterre upwelling centre throughout the upwelling 
season (Borges and Frankignoulle, 2002b) and along the northern Portuguese 
coast during strong upwelling events (Pérez et al., 1999). Shelf waters off the Rías 
Baixas are usually undersaturated because of the combination of outwelling of 
pCO2 equilibrated/undersaturated waters from the rías and the considerable width 
of the continental shelf compared with the Cape Finisterre area (Borges and 
Frankignoulle, 2002a). It should be highlighted that the ‘outwelled’ water from the 
rías is just upwelled ENACW that experiences pCO2 reduction during seaward 
displacement from the inner to the outer part of these embayment. However, 
Álvarez et al. (1999) followed the variability of surface pCO2 levels along a tran-
sect from the central Ría de Vigo to the middle shelf, from May 1994 to September 
1995, observing pCO2 supersaturation in the inner shelf and the ría under strong 
upwelling conditions. Moreover, bottom regeneration associated with the intensive 
culture of mussels on hanging ropes in the Ría de Arousa, which increases the 
pCO2 of upwelled ENACW, together with enhanced flushing rates in the rias, do 
not allow P to reduce pCO2 below the atmospheric level during the upwelling 
season of 1989 (Rosón et al., 1999). 
 During the autumn and winter period, pCO2 undersaturation is associated with 
low salinity continental waters, which allow a sequence of stratification, Chl–a 
accumulation and pCO2 decrease. On the contrary, pCO2 supersaturation occurs 
anywhere continental runoff is reduced, because the aged shelf bottom waters 
enter in contact with the atmosphere as a result of irradiative loss and strong verti-
cal mixing (Fiúza et al., 1998; Vitorino et al., 2002a). Equilibrium with the atmos-
phere or slight undersaturation is usually found in the high salinity subtropical 
waters occupying the CTZ and the surrounding ocean year-round (Pérez et al., 
1999; Borges and Frankignoulle, 2002a). 
 Borges and Frankignoulle (2002b) computed air–sea exchange fluxes of CO2 on 
the western Iberian shelf from 42° to 44°N yielding a net influx in the range of –2.3 
to –4.7 mmol C m–2 d–1 during the upwelling season and of –3.5 to –7.0 mmol C m–2 
d–1 on an annual basis, using different formulations of the CO2 exchange coeffi-
cient. A similar calculation made by Álvarez et al. (1999) off the Ría de Vigo, 
using the lower flux estimate, yielded a net influx from about –0.1 mmol C m–2 d–1 in 
the middle ría to –2.0 mmol C m–2 d–1 in the middle shelf during the upwelling sea-
son. CO2 uptake is maximum at the time of the spring and autumn blooms, when 
influxes up to –4.3 mmol C m–2 d–1 were recorded in the middle shelf. On the con-
trary, the area acted as a CO2 source during the winter, with maximum fluxes of 2.3 
mmol C m–2 d–1 again in the middle shelf. In a more recent study, Gago et al. (2003) 
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found that the inner Ría de Vigo is usually a CO2 source to the atmosphere, except 
in December. 
 Recent studies in the NW Africa upwelling near the Canary Islands region, have 
identified the coastal upwelling as a weak CO2 source, with average carbon fluxes 
of 0.5 mmol m–2 d–1 (Santana-Casiano et al., 2001; Pelegrí et al., 2005). Yet, most of 
these studies were performed during autumn and winter, when winds are low to 
moderate and upwelling is weaker than the rest of the year. It is therefore plausi-
ble that during strong upwelling events and higher productivity, the system be-
haves as a carbon sink, as off the north Iberian coast. 
 Upwelling filaments can support an important export of excess inorganic carbon 
in the upwelling region to the open ocean, providing carbon uptake by phytoplank-
ton is not large enough to decrease significantly the pCO2 along the filament ex-
tension. Pelegrí et al. (2005) observed a net surface flux of CO2 from the coast to 
the open ocean through the Cape Guir filament, during October 1999. The calcu-
lated biological consumption of CO2 along the filament was low enough to allow 
supersaturation of CO2 in the warmer open ocean waters, increasing the net flux of 
CO2 to the atmosphere. 

2.6. Benthic production and sediment processes 

The fate of phytogenic organic materials exported from shelf surface waters to the 
sea floor depends on the supply of organic matter, the preservation conditions, the 
dilution with terrigenous sediments and the near bed hydrodynamics (van Weering 
et al., 2002). In this sense, the role of the Galician Rías Baixas in the north Iberian 
margin (42–43°N), is significant, because they trap the terrestrial input from their 
6800 km2 drainage basin (Araújo et al., 2002; Dias et al., 2002a) and export en-
dogenous detritus to the adjacent shelf (Prego, 1994; Rosón et al., 1999; Pérez et 
al., 2000a). In the northern Portuguese coast, the river Douro (Fig. 23.1), with the 
largest drainage basin of the Iberian Peninsula, constitutes the main sediment 
source for both the coarse material deposited close to the coast and the active mud 
belts of fine–grained materials in the middle shelf off northern Portugal, especially 
during winter high floods (Drago et al. 1998). Further south, several submarine 
canyons, and particularly the Nazaré canyon, which intersects the entire continen-
tal shelf (Fig. 23.1), are sites where export of shelf sediments to the Iberian Abys-
sal Plain is likely enhanced (van Weering et al., 2002). Regarding the near bed 
hydrodynamics, the predominantly along–shore flow of the ‘Portugal Current 
System’ at the western Iberian margin, favours summer offshore export in the 
surface layer, with onshore compensation below, and a winter onshore component 
through the water column with some offshore export being confined to the bottom 
layer (Drago et al., 1998; Vitorino et al., 2002a). Consequently, resuspension and 
transport of shelf fine sediments in bottom nepheloid layers (BNLs), occur mainly 
in the alongshore direction (Dias et al., 2002a; Oliveira et al., 2002). Any export to 
the adjacent ocean is confined to the shelf edge during the summer but it is en-
hanced during the winter, when resuspension is maximum (Vitorino et al., 2002b). 
Well–developed BNLs are observed at the shelf break during winter storms, likely 
making a significant contribution to the off–shelf export (McCave and Hall, 2002) 
when they detach from the slope in the form of intermediate nepheloid layers 
(Oliveira et al., 2002). In the case of the middle–shelf Douro mud patch, fine sedi-
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ments are resuspended and transported northwards during the winter to meet the 
outer shelf mud patch off the Rías Baixas, because the plateau west of the Douro 
acts as a barrier to off–shelf export (Dias et al., 2002b; Jouanneau et al., 2002). 
 Intense biogeochemical processes occur at the sediment–water interface of the 
42°–43°N region during the upwelling season, as a consequence of the enhanced 
productivity of the Rías Baixas (Tilstone et al., 1999; Moncoiffé et al., 2000; Pérez 
et al., 2000a), the outwelling of detritus, and the onshore compensating flow in 
bottom shelf waters, which favours particle retention. Upwelled ENACW experi-
ences a remarkable nutrient enrichment, which is maximum for water parcels in 
direct contact with shelf sediments (Fraga, 1981; Álvarez–Salgado et al., 1993; 
Prego et al., 1999). The agreement between the spatial distributions of organic 
carbon and silica debris in sediments and the corresponding nutrient salts in the 
overlying water (López–Jamar et al., 1992; Prego and Bao, 1997) confirm the ben-
thic origin of this enrichment. It has been observed that nutrient enrichment in-
creases progressively throughout the upwelling season (Álvarez–Salgado et al., 
1993) and from the outer to the inner shelf (Álvarez–Salgado et al., 1997), being 
maximum inside the Rías Baixas (Prego et al., 1999). This nutrient enrichment 
increases P rates by ‘secondary recycling’ and dampens the temporal and spatial 
variability in nutrient conditions seen when driven exclusively by upwelling. 
 Schmidt et al. (2002b) observed that whereas the Iberian margin between 43° 
and 44°N is not an efficient depocenter, rapid sedimentation appears to be more 
important on the shelf and slope of the 41°–43°N area at a time scale of 100 days. 
In this sense, van Weering et al. (2002) obtained organic carbon burial rates of 1.0–
34.3 g C m–2 y–1 for the shelf and 0.01–0.69 g C m–2 y–1 for the slope off the Rías 
Baixas. In contrast, carbon burial rates up to 182 g C m–2 y–1 were observed at the 
Nazaré canyon, mainly on the upper and middle canyon, from where it is episodi-
cally released to the deep sea (van Weering et al., 2002). 
 Estimates of organic carbon deposition rates at the sediment–water interface 
(~14 g C m–2 y–1; Epping et al., 2002) are low compared with the relatively high P 
rates (~560 g C m–2 y–1; Fig. 23.4) of the NW Iberian shelf during the upwelling 
season. Since ~40% of P is deposited on the shelf and the near bed hydrodynamics 
favours particle retention -organic carbon deposition on the deep ocean is only 
~20% of that on the shelf (Epping et al., 2002)- most of the organic carbon deliv-
ered to the sea floor (~87%) has to be mineralised at the sediment–water interface 
to produce the observed nutrient enrichment in bottom shelf waters. Finally, ~30% 
of organic carbon deposited in the sediments is buried and ~70% experiences 
mainly aerobic oxidation, although denitrification is important (up to 50%) on the 
inner shelf (Epping et al., 2002), in the rías (Dale and Prego, 2002) and in the can-
yons (Epping et al,. 2002), where higher sedimentation rates occur. Considering 
that these deposition rates are representative of the upwelling season and assum-
ing that continental inputs (Álvarez–Salgado et al., 2002) and off–shelf export of 
sediments is negligible, the tentative carbon balance for the NW Iberian shelf off 
the Rías Baixas presented in Figure 23.4 can be completed. This situation contrasts 
with the preponderant role previously assigned to continental shelves as organic 
carbon sinks but agrees with the most recent assessments which point out shelves 
primarily as mineralization sites (de Haas et al., 2002). 
 Along the NW African coast, the high wind stress and strong equatorward and 
cross-shelf currents may prevent accumulation of organic matter in sediments, 
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where aerobic respiration dominates. In fact, concentrations of particulate organic 
matter nearshore are in the lower range of coastal upwelling regions, with a pre-
dominance of particles <50 μm (Lenz, 1982). Nevertheless, there is a trend towards 
increasing accumulation rates of organic material from north to south, which partly 
reflects a southward increase of productivity, but also an input of clay minerals by 
the Senegal River and better preservation of organic matter from plankton or land 
plants in these fine grained sediments (Seibold, 1982). 
 Relexans et al (1996) studied the biological and chemical characteristics of 
sediments sampled at three different sites along a trophic gradient from the eutro-
phic waters of the Mauritanian upwelling to the oligotrophic open ocean waters of 
the subtropical gyre. As expected, they observed a general decrease, from eutro-
phic to oligotrophic waters in POC, macromolecular contents, biomass and meta-
bolic activities in microbenthos, reflecting the fertility of the water column above 
the sediments. However, while POC fluxes at the sediment water interface ranged 
from 1 g C m-2 y-1 (oligotrophic) to >20 g C m-2 y-1 (eutrophic), carbon mineralization 
rates varied only 3 fold: from 1.7 gC m-2 y-1 in the oligotrophic station, to an average 
5 g C m-2 y-1 in the eutrohic region. These results led Relexans and coworkers 
(1996) to suggest a more efficient utilization of the vertical carbon supply in deep 
oceanic waters than in the shallower shelf of the upwelling system. Yet, organic 
carbon flux rates near the shelf bottom may be higher than fluxes computed from 
surface productivity and empirical relationships of decrease of POC with depth, 
indicating that a large fraction of the nearshore material is resuspended (Bory et 
al., 2001; Neuer et al., 2002). This material may be lost out from the system by 
cross-shelf advective transport. Particularly, high offshore carbon export rates have 
been observed in the region associated with the Cape Blanc filament (e.g. Gabric 
et al., 1993). 
 The sediments off Cape Guir represent an important depocenter site 
(Henderiks et al., 2002). Nevertheless sedimentation rates in the Moroccan coast 
may actually be low compared with the offshore transport. Head et al., (1996) 
carried out a carbon flux study in this region, following drifting arrays deployed in 
the core of the filament during 7 days. These authors estimated from in situ P 
measurements and shallow sediment traps, that the f-ratio (export flux/total P; 
Eppley and Peterson 1979) ranged from 0.16 to 0.24. These ratios are significantly 
lower than those seen in other coastal regions during periods of active upwelling 
(Codispoti et al., 1982; Dugdale et al., 1990), indicating that remineralization rates 
are very high in the upper water column, or the offshore export is higher than in 
other regions, or both. The high offshore export hypothesis is strongly supported 
by recent studies, which ascribe a key role in the off-shelf transport of organic 
matter to the Cape Guir filament (Neuer et al., 2002: García-Muñoz et al., 2005; 
Pelegrí et al., 2005). The distribution of surface-sediment analysis underlying the 
Cape Guir filament mirrors the surface gradients in temperature and chlorophyll 
observed from satellite images. Total organic carbon, benthic foraminifera and 
Globigerina shells decrease from coastal sediments to open ocean sediments 
(Meggers et al., 2002). Moreover, the occurrence of coccolithophorids (Sprengel et 
al., 2002), diatom and foraminifera species (Abrantes et al., 2002), characteristic of 
high productivity coastal areas, in deep sediment traps deployed several hundred 
of kms offshore, reflects the export capacity of the Cape Guir filament. 
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3. The Canary Islands Coastal Transition Zone 

South of Cape Guir, the Canaries archipelago (28°N) spans the transition zone 
between the NW Africa coastal upwelling waters and the open ocean waters of the 
subtropical gyre. The sharpest changes in primary production (Basterretxea and 
Arístegui, 2000; Fig. 23.6), as well as in the distributions of particulate and dis-
solved organic carbon (Arístegui et al. 2003), are found in the eastern sector of the 
region, close to the upwelling region. The zonal gradient extends however for the 
width of the Archipelago’s area of influence (>300 km) because of the recurrence 
of mesoscale eddies and fronts, induced by island disturbance of wind and currents 
(Barton et al. , 1998). Eddies are spun off in the form of vortex streets, extending 
southward to about 22° N, where the Canary Current detaches from the coast and 
flows westwards. While drifting southward, eddies may interact with the coastal 
upwelling waters and act as a route to export organic matter to the oligotrophic 
open ocean (Fig. 23.5). 

 

Figure 23.6   Contour plots of temperature (°C; middle panel, a) and chlorophyll (mg m-3; lower panel, 
b) along a transect extending from the African coast to the open ocean subtropical gyre, south of the 
Canary Islands (upper panel). Dashed lines indicate the location and depth of photosynthesis (P; mgC 
mg-1 chla h-1) - irradiance (E; μmol m-2 s-1) experiments; grey line marks depth of 1% surface irradiance. 
Notice the high range of variation in the photosynthetic parameters along the coastal-open ocean 
gradient, comparable to latitudinal ranges observed in basin-scale studies. The chlorophyll maximum 
coincides with the depth of 1% surface irradiance along the whole section. (Adapted from Basterretxea 
and Arístegui, 2000) 
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3.1. Interaction of island eddies and upwelling filaments 

The temporal and spatial variability in plankton biomass, community structure, 
and metabolic activities in the Canaries-Coastal Transition Zone (CTZ) region, 
largely results from the mesoscale variability generated by the perturbation of the 
main flow by the islands (Fig. 23.7). Wind and current shear at the flanks of the 
islands enhance plankton productivity and respiratory activity, by increasing verti-
cal mixing and nutrient availability in surface waters (Hernández- León, 1988; 
Arístegui et al., 1989; Hernández-León, 1991; Arístegui and Montero, 2005). Addi-
tionally, Ekman pumping on the wind shear boundaries of the islands produces 
convergence and divergence fronts (Barton et al., 2000), which affect plankton 
distribution and productivity. Divergence fronts induce upwelling of deep nutrient-
rich water, increasing primary production and chlorophyll (Basterretxea et al., 
2002). 

 

Figure 23.7   Schematic of vertical processes along the NW Africa-Canaries CTZ region. Vertical 
rectangles indicate typical situations. The Far-field nitracline lies below the compensation depth for 
phytoplankton growth, and so production is low, carried out by pico- or nanoplankton, and likely 
sustained by recycled ammonium. Cyclonic eddies lift isopycnals and nitracline relative to compensation 
depth, so locally stimulating new production. Anticyclonic eddies depress isopycnals and nitracline, 
deepening the deep chlorophyll maximum (DCM) below the compensation depth. Counter paired 
cyclonic and anticyclonic eddies act as a two-way “biological pump” enhancing the formation and 
vertical transport of organic matter in the water column. The DCM intensifies toward the coast and 
higher nitrate concentrations are exposed above the compensation depth. In the Upwelling region the 
nitracline reaches the surface mixed layer, resulting in high production of diatoms, converting nitrate 
into Organic Nitrogen (ON). These diatoms sink or are eaten as upwelled water moves offshore in the 
Filament, leaving large phytoflagellates as the dominant producers, supported by recycled ammonia 
from the organic matter transported by the filament. (Modified from Barton et al., 1998) 

 Downstream of the islands, cyclonic and anticyclonic eddies are generated, by a 
combined mechanism of flow perturbation and Ekman pumping (Arístegui et al., 
1994; 1997; Barton et al., 2000). These eddies exchange water properties between 
themselves and with the coastal upwelled waters at its offshore boundary or in 
upwelling filaments (Fig. 23.8). In their early digenetic stages, island eddies present 
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strong vertical transport of water in their cores to compensate for the ageostrophic 
movement. Cyclonic eddies enhance primary production by upwelling nutrient-
rich thermocline waters into the euphotic zone. Primary production in the core of 
cyclonic eddies may increase several fold in magnitude compared with the ambient 
waters (Basterretxea and Arístegui, 2000). As in coastal upwelling, high nutrient 
concentrations favour the growth of larger cells, like diatoms, increasing consid-
erably the chlorophyll content inside cyclonic eddies, associated with a shift from 
small to large phytoplankton cells (Barton et al. 1998; van Lenning 2000). Con-
versely, anticyclonic eddies collect and downwell surface water, deepening the 
mixed layer and the chlorophyll maximum to depths well below the euphotic zone 
(>100 m) (Arístegui et al., 1997). These eddies may act as effective organic carbon 
pumps, sequestering dissolved and particulate organic carbon from the nearby 
waters and sinking it into the dark ocean. Overall, counter-paired eddies behave as 
a two-way biological pump, accelerating the production and transport of organic 
matter in the water column (Arístegui and Montero, 2005). 

 

Figure 23.8   (a) CZCS chlorophyll image from the Canary Islands region (1 September 1981), showing 
the entrainment of high-chlorophyll water from an upwelling filament by an anticyclonic island eddy. 
(b) Schematic diagram showing vertical and horizontal fluxes associated with island-generated cyclonic 
(C) and anticyclonic (A) eddies downstream Gran Canaria Island. (1) Mean surface flow and wind 
direction; (2) advection of high-chlorophyll coastal water during cyclonic eddy formation; (3) entrain-
ment of high-chlorophyll water upwelled from the African coast by anticyclonic eddy; (4) lateral ex-
change of chlorophyll between the periphery and the eddy centre; (5) diapycnal mixing; (6) upwelling 
or uplifting of the thermocline; (7) outward radial advection; (8) isopycnal mixing; (9) downwelling or 
deepening of the thermocline; (10) inward radial advection. DCM = Deep Chlorophyll Maximum. 
(Panel b, adapted from Arístegui et al., 1997) 

 Anticyclonic eddies are revealed by SST or chlorophyll like-pigments images 
thanks to the entrainment of cold, chlorophyll-rich waters when interacting with 
cyclonic eddies or upwelling filaments stretching from the African coast 
(Hernández Guerra et al., 1993; Arístegui et al., 1997; Barton et al., 1998; Pacheco 
and Hernández Guerra, 1999). Satellite images show that anticyclonic eddies de-
tached from the eastern islands of the Archipelago, occasionally interact with the 
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offshore boundary of the coastal upwelling, entraining upwelled water and extend-
ing the filament further offshore (Fig. 23.8). The exchange of water and organic 
matter between filaments and eddies may be extended to the open ocean waters of 
the subtropical gyre, by successive interactions between cyclonic and anticyclonic 
eddies all along the Canaries-CTZ region. This has been confirmed by a drifting 
lagrangian buoy deployed in the core of a filament near Cape Juby, which followed 
a westward trajectory to the open ocean, crossing the Canaries-CTZ while spin-
ning around several island eddies (Barton et al., unpubl.). Nevertheless, the water 
mass characteristics and their associated biological properties must be drastically 
modified along the way from the coastal upwelling to the open ocean, by mixing of 
cyclonic and anticyclonic eddy surface waters with different bio-chemical proper-
ties, and by vertical displacements of isopycnals and downwelling/ upwelling proc-
esses, associated with eddies. 
 The biological effects of upwelling filaments on open ocean waters depend in 
large part on the source coastal water that is advected offshore. Arístegui and 
Montero (2005) observed that the Cape Juby filament could either transport water 
with large phytoplankton cells and low community respiration, or water with high 
respiratory rates associated with smaller cells. These contrasting differences in the 
composition and metabolism of the transported organic matter may be explained 
by a different origin of the filament waters, and the time that these waters take to 
be advected offshore. Significant differences in nutrients and chlorophyll concen-
trations, and phytoplankton composition, have been described also for an upwell-
ing filament in the California Current upwelling system (Chavez et al., 1991; Jones 
et al., 1991). These authors attributed a different origin of the upwelled water 
along the coastal jet to interpret the chemical and biological differences in the 
upwelling filament sampled during two different cruises. 

3.2. Carbon imbalance in the Canary region 

The advection of upwelling waters into the Canary region has important conse-
quences not only by prompting changes in plankton community structure, but also 
by altering the metabolic balance of the region. The average seasonal P in the 
Canary region varies more than one order of magnitude, from ~0.1 g C m-2 d-1 in 
autumn to >1 g C m-2 d-1 in spring (Basterretxea, 1994; Basterretxea and Arístegui, 
2000). Comparatively, the average integrated community respiration (R) rates are 
higher and the range of variation (2 fold) lower: from 1.3 g C m-2 d-1 in summer to 
2.3 g C m-2 d-1 in spring (Arístegui and Montero, 2005). The annual average P/R 
ratio for the region is <0.5, and only approximates equilibrium during late winter/ 
early spring, when phytoplankton blooms (Arístegui and Montero, 2005). These 
results agree with most of the studies on plankton metabolism in the subtropical 
Northeast Atlantic, where net hetetotrophy (P<R) seems to be the dominant state 
for the surface planktonic community (Duarte et al., 2001; González et al., 2001, 
Arístegui and Harrison, 2002). Nevertheless, heterotrophy is considerably larger in 
the Canary region, where R may at times be more than ten-fold higher than P 
(Arístegui and Montero, 2005). 
 Although cyclonic eddies contribute to increase P and R in the region, frequent 
loadings of organic matter from the coastal upwelling would be necessary to bal-
ance the high R rates measured in the Canary region. Satellite images show the 
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yearly recurrence of high-chlorophyll filaments invading the Canary region 
(Arístegui et al., 1997; Pacheco and Hernández Guerra, 1999), and thus spreading 
organic matter into the open ocean waters. Neuer et al (2002) observed a marked 
seasonal correlation between carbon fluxes collected in 3 moored sediment traps 
deployed along the Canaries CTZ region (up to 250 km offshore) and the variabil-
ity in the intensity of the NW Africa upwelling system. They concluded that parti-
cle fluxes in all the traps were affected by particle dispersion from the upwelling 
filaments of Cape Juby and Cape Guir. Apart from the particulate carbon export, 
upwelling filaments may export dissolved organic carbon too, as demonstrated by 
García-Muñoz et al. (2005). Most of the exported particulate and dissolved organic 
matter is thought to be respired in the Canary region, although some must be 
transported, by means of eddy exchange, to the oligotrophic waters of the sub-
tropical gyre, where R is consistently higher than P (Duarte et al., 2001; González 
et al., 2001; Serret et al., 2002). 

3.3. Upwelling filaments and fish larvae survival 

Filaments in the Canary region are also known to transport neritic fish larvae to 
the open ocean acting as a strong tracer of the movement of upwelled water 
(Rodríguez et al., 1999). Considerable interannual variability is observed in the 
predominance of fish larvae groups, presumably reflecting different environmental 
conditions in the upwelling system or different source waters. In a 1993 survey 
immediately south of the Canaries archipelago, 94% of the neritic larvae were 
captured in the offshore extension of a filament, the two most common species 
being sardine (Sardina pilchardus; 27.6%) and anchovy (Engraulis encrasicolus; 
7.5%). In contrast, in 1999, the dominant clupeid species in the area was Engraulis 
encrasicolus (J.M. Rodríguez com. pers.). In 2001 the situation had reversed to its 
earlier state of dominance by Sardina pilchardus (Hernández-León et al., unpubl.). 
In 1993, the mean length of sardine larvae increased along the filament suggesting 
that the high zooplankton biomass inside the filament could maintain their growth. 
 As with phytoplankton, filaments transport zooplankton species originating on 
the shelf to the open ocean. However, while chlorophyll decreases sharply beyond 
the shelf break, due to decreasing nutrient concentration and grazing (Baster-
retxea and Arístegui, 2000), zooplankton show high biomass in the oceanic domain 
as result of their longer generation times and longevity (Hernández-León et al., 
2002). Indices of feeding, metabolism and growth progressively decrease along the 
offshore extension of the filament, suggesting that advection, rather than local 
enrichment processes inside the filament, are mostly responsible for the high bio-
mass. Additionally, a change in feeding behaviour takes place between coastal 
waters and the open ocean. Over the shelf edge zooplankton are mostly herbivo-
rous but they gradually change their diet to fulfil their metabolic demands with 
non-pigmented food (e.g., microzooplankton) as they move to the ocean 
(Hernández-León et al., 2002). 
 In the sense of Bakun’s (1996) triad of enrichment, concentration and retention, 
filaments can act as either retentive or dispersive agents. Coastal upwelling pro-
vides the basic enrichment necessary for a favourable reproductive habitat while 
fronts between upwelled and oceanic water provide a means of concentration. 
Filaments, by providing a transport mechanism to remove neritic fish eggs and 
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larvae from the area of their continental shelf spawning to the open ocean, may act 
dispersively. On the other hand, the Canary Islands filament near Cape Juby has 
been shown to be entrained around a quasi-permanent cyclonic eddy (Barton et 
al., 1998; Navarro-Pérez and Barton, 2001). Filament waters may so be returned to 
the continental shelf on a time scale of 7–10 days by the cyclonic circulation 
(Navarro-Pérez and Barton, 1998). The filament in this case acts retentively and 
provides a nursery within which the larvae may grow before returning to their shelf 
environment (Rodríguez et al., 1999). 
 Moreover, both cyclonic and anticyclonic eddies spun off the islands may inter-
act with the filament to entrain upwelled water carrying larvae (Rodríguez et al., 
2001), in some cases facilitating their transport from the African coast to near 
shore of the islands. Since zooplankton accumulates near the islands, (Hernández-
León, 1991), it has been suggested that the interaction between filaments and 
eddies enhances recruitment there. Recent studies (Hernández-León et al., un-
publ.) suggest a connection between the dominant species in the African upwelling 
area, their larvae transported in the filaments, and the presence of their juveniles 
in the fishing catch around the islands. This genetic refreshing from the African 
coast is thought to promote the high fish abundances sometimes observed around 
the Canaries Archipelago. 

4. Fish and fisheries 

4.1. Link with the environment 

Off the Iberian Peninsula, the long-term changes in alongshore winds during re-
cent decades are related to the NAO, and lead to variations in the patterns of 
upwelling in the region and decadal fluctuations in the annual catch of sardine 
(Borges et al., 2003). Both sustained and intermittent northerly winds, and there-
fore upwelling, during the winter spawning season have a negative impact on sar-
dine (Sardina pilchardus) and horse mackerel (Trachurus trachurus) recruitment 
and catches the following year, even if adequate upwelling conditions occur later 
during the summer upwelling (feeding) season (Santos et al., 2001). 
 South of 36°N, variability of recruitment is poorly understood due to the lack of 
adequate data. However, several patterns relating the environment with fish abun-
dance or reproductive strategies have been documented (Cury and Roy, 1991; 
Durand et al., 1998). A comparative analysis of the spawning pattern of the major 
small pelagic species in the Canary Current shows that there is no correspondence 
between the spawning seasons of sardine and sardinellas (Sardinella aurita and S. 
maderensis) and the occurrence of upwelling (Roy et al., 1989; 1992). In some 
areas spawning occurs during the upwelling season (Senegal) and in other areas 
outside the upwelling season (Morocco) or when upwelling activity reaches a sea-
sonal minimum (Sahara). Rather than being associated with the maximum upwell-
ing intensity, it appears that the timing of spawning is associated with the 
occurrence of wind speed of about 5–6 m s-1 (Roy et al., 1992). This wind speed 
range corresponds to the optimal wind conditions for recruitment success, as de-
fined by Cury and Roy (1989). This correspondence between the spawning peaks 
and the optimal wind value for recruitment success illustrates the long-term adap-
tation of small pelagic fish reproductive strategies to the environment. 
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 The dynamics of the Morrocan sardine fisheries was studied in great detail by 
Belvèze and Erzini (1983) and Belvèze (1991). Three main populations of sardine 
are found along the northwest African coastline. An analysis of the catches over 
the last 40 years showed that these three populations have distinct patterns of 
abundance variability (Kifani, 1998). The boundaries between the three popula-
tions are located approximately at 27°N and 34°N, but these stocks migrate latitu-
dinally in relation to the seasonal dynamics of upwelling in the region. These 
migrations have a minor effect on the fisheries occurring in the southern part of 
the region. However, the migration of the central sardine stock to the upwelling 
area that develops in summer north of Cape Guir (29°N) is a major component of 
the dynamics of the traditional Moroccan fishery that operates north of 30°N 
(Belvèze and Erzini, 1983; Belvèze, 1991). The intensity of this migration appears 
to be linked to the strength of the upwelling, with higher catches being recorded 
during years of enhanced upwelling. Sustained upwelling is thought to enhance 
primary production and sardine feeding condition in summer north of Cape Guir, 
resulting in a strengthening of the migration flux and consequently higher catches 
by the fishery. The traditional Moroccan fishery collapsed in the early 1990s fol-
lowing a constant decline of the catches since the mid-1970s. The reason for this 
collapse is still an unresolved issue and several hypotheses have been proposed 
(Do-Chi and Kiefer, 1996). Changes of the migration pattern, unfavourable envi-
ronment in the traditional fishery zones affecting fish migration, a southward shift 
in the centre of gravity of the sardine population due to climatic changes were the 
different mechanisms that were put forward. However, in the early eighties, 
Belvèze and Erzini (1983) expressed concern about the persistent decline of the 
catches that they observed in the traditional fishery areas. They linked this decline 
to a reduced sardine summer migration related to a decrease of the upwelling 
favourable wind recorded at a coastal station (Essaouira, 31°30’ N). They pre-
dicted that if the observed tendencies persisted, a geographical concentration of 
the central stock between 24°N and 30°N could likely occur and severely impact 
the fisheries operating at the geographical boundaries of the stock. It is worth 
noting that this scenario, proposed in the early eighties, adequately anticipated 
what happened during the following decade. 
 The southernmost sardine population is mainly exploited by foreign fishing 
fleets, most of them from Eastern Europe. The catch record showed a pattern of 
drastic booms and bursts with two major peaks in the late seventies and late eight-
ies during which annual catches reach 600000 t. It is recognised that these periods 
of enhanced catches were associated with a dramatic increase of the abundance 
and with a significant southward extension of the southern population (Binet, 
1997; Kifani, 1998). During the two periods of high abundance, significant sardine 
catches were recorded as far south as Cape Vert (14°N). There is an apparent 
synchrony between the two outbursts of the southern sardine population and peri-
ods of enhanced upwelling in the central Canary Current region, around 24°N 
(Binet, 1997; Roy and Reason, 2001). 
 The highly seasonal activity of the upwelling off Mauritania and Senegal (be-
tween 22°N and 14°N) induces profound changes in the biological community 
structure: the ecosystem shifts from tropical to a sub-tropical influence within a 
few months. Abrupt seasonal shifts in the environment induce a pronounced sea-
sonal migration of the major pelagic and demersal fish stocks between Senegal, 
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Mauritania and the Sahara region. The following example illustrates how the sea-
sonal dynamic of the upwelling impacts on the latitudinal distribution of the fish, 
on the fishing activities, as well as on the fish landings. The appearance of a mi-
grant population of thiof (Epinephelus aeneus) along the north coast of Senegal is 
related to the onset of the Senegalese upwelling, which takes place between No-
vember and May (Cury and Roy, 1988). Anomalies of SST data collected at coastal 
stations were used to characterize the upwelling intensity. Using CPUE in the two 
main landing ports (Saint-Louis and Kayar, 15°-16°N) a mean lag of about one 
month was found between the occurrence of the upwelling and the arrival of the 
thiof off Kayar (Fig. 23.9a). The migration of the thiof from Mauritania to Senegal 
appears to be not only related to the onset of the Senegalese upwelling but is also 
linked to the relaxation of the upwelling off northern Mauritania (Fig. 23.9b). 

 

Figure 23.9   (a) The relationship between the seasonal arrival of Thiof at Kayar and the onset of the 
upwelling (1975–1985). (b) Mean monthly upwelling (m-3 s-1 m-1) indices at Yoff (Senegal) and Nouadhi-
bou (Mauritania) and mean monthly thiof catches (tons) at Kayar. (Adapted from Cury and Roy, 
1988). 

 The effect of the environment on the Canary Current fish populations and fish-
eries has been investigated using production models incorporating an environ-
mental variable in addition to fishing effort (Fréon et al., 1993). These models have 
been successfully applied to several pelagic stocks in the region (Fréon, 1983; 
1988). In the case of Senegal for instance, the abundance of the sardinella stock 
appears to be related to the interanual variations of a wind derived upwelling 
index. Off Morocco, the variability of the upwelling has a significant impact on the 
catchability of sardine in the northern region. 

4.2. Major patterns of changes off the Iberian Peninsula 

In the northern part of the Canary Current, there is evidence of changes in fish 
distribution and community structure related to an increase of water temperature. 
Air and sea temperatures over most of the NE Atlantic increased since the late 
1980s by at least 0.4° C per decade (Dias et al., 1992; Brander et al., 2003). Over 
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the same period extensive northward shifts in distribution of commercial and non-
commercial fish species occurred from southern Portugal to northern Norway 
(Brander et al., 2003). Off the Iberian Peninsula, there is evidence that warm water 
species have been extending their range to southern Portugal with, during the last 
decade, an increase of species whose distribution was previously limited to the Medi-
terranean and/or NW Africa (Brander et al., 2003). Quero et al. (1998) observed 
also that a variety of tropical species have systematically extended their ranges 
northward along the European continental slope since the early 1960s. 
 Decadal fluctuations in the catches of small pelagic fishes species off the west-
ern Iberian Peninsula were observed in the last century (Borges et al., 2003; Cen-
drero, 2002; ICES, 2002). Sardine landings in Portugal peaked in the 1930s and 
especially in the 1960s, when landing reached an historical maximum of 158000t. 
Landings in Spain also presented high values in the 1960s. At the end of the 1960s 
and beginning of 1970s there was an important decline in the landings of the two 
countries. However, the major decline was recorded in the main sardine fishing 
grounds north of 41° N, while in the southern areas there was a slight increase 
(ICES, 2002). After the abrupt decline at the end of the 1960s, the Portuguese 
landings in the northern region remained stable until 1994 with values around 
45000t, followed by a slight decrease of the catches during the following period 
(ICES, 2002). Since 1985, sardine catches off Galicia (Spain) have been declining 
continuously with an historical low recorded in 1999–2000 (ICES, 2002). 
 Using information from eggs and larvae surveys during the period 1985–2000, 
Stratoudakis et al. (2003) found significant changes in the distribution of sardine 
eggs and larvae off Portugal. They showed that the area where fish eggs are en-
countered significantly decreased from 11800 km2 in 1988 to around 7200 km2 in 
late 1990s. This decline is related to a marked reduction in egg abundance in the 
northern Portuguese spawning grounds, and corresponds to changes observed in 
the distribution of larvae. The pattern of change is coherent with changes observed 
in sardine catches off northwestern Iberia, and is also corroborated by changes in 
the area of distribution and abundance of sardine estimated by Portuguese and 
Spanish acoustic surveys (Stratoudakis et al., 2002; 2003; ICES, 2002). Other 
documented changes in northern Portugal during the 1980s and 1990s, include a 
reduction of the abundance of sardine larger than 16 cm and a decrease in the 
length at first maturation (Stratoudakis et al., 2002). 

4.3. Fisheries in the NW African coast 

Total landings in the NW Africa region fluctuated between 1.3Mt and 2.6Mt over 
the last 30 years. As in the other three major eastern boundary currents, fisheries 
landings in the region are based on pelagic fish species which represent 70% of the 
total catches on average (Fig. 23.10). Catches of pelagic species are dominated by 
the sardine. Its contribution to the total pelagic catches peaked in 1977, sharply 
declined in the late seventies and showed a constant positive trend up to the mid 
1990s when it suddenly dropped to pre mid-1970s levels (Fig. 23.11). These fluctua-
tions are thought to be the result of environmental fluctuations as well as changes 
in the exploitation (Binet et al., 1998; Roy and Reason, 2001). Demersal catches 
peaked in the early 1970s with a maximum of 440000t in 1974 (Fig. 23.10). The 
persistent negative trend that characterises the demersal catches since the early 
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1980s is an indication that most of the demersal fish populations are fully exploited 
in the region (FAO 1997). 

 

Figure 23.10   Annual catches of pelagic and demersal fish species in the Canary Current region from 
1970 to 2000. Source: CECAF (Eastern Central Atlantic) capture production 1970–2000 from FAO. 

 

Figure 23.11   Contribution of the European sardine (Sardina pilchardus) to the total pelagic catches in 
the Canary Current from 1970 to 2000. Source : CECAF (Eastern Central Atlantic) capture production 
1970–2000 from FAO. 

 Drastic changes in the exploitation occurred over the last 50 years. Both small 
scale and industrial-type fisheries have drastically expanded over the whole region 
by taking advantage of technological changes. Artisanal fisheries in West Africa 
have been in operation for centuries. Since the early 1960s, they have considerably 
improved their efficiency by increasing their size, integrating new technologies 
such as outboard engines and new fishing gears (Chauveau, 1991). The regional 
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importance of the artisanal sector is best illustrated by the Senegalese small-scale 
fisheries which drastically “mutated” over the last 30 years to become as socially 
and economically efficient as the industrial fishery sector (Kébé, 1994). With a 
fleet of about 5000 motorized canoes, this fleet provides employment to about 
35000 fishermen. Total catches reached 270000t of pelagic fish and 46000t of 
demersal fish in the early 1990s (Ferraris et al., 1998). During the 1970s and 1980s, 
exploitation by foreign nations was particularly active in the Canary Current re-
gion with a total 25 long-range fishing fleets operating mainly in the central part of 
the region (FAO, 1997; Maus, 1997). This pattern changed drastically in the 1990s 
following the political transformation in the Eastern European countries. By tar-
geting mostly pelagic species, these fleets contributed up to 50% of the total re-
gional marine catches, but their contribution has been declining rapidly since the 
early 1990s, with the partial withdrawal of Eastern European and former USSR 
fleets from West Africa (FAO 1997). 

4.4. Fish population outburst in the Canary Current 

In the Canary Current several species that were known to be rare, developed huge 
biomass during several years then suddenly vanished in a relatively short time 
period. Off Morocco an outburst of blue whiting (Micromesistius poutassou) was 
recorded in the 1960s, which later disappeared. In the 1970s snipefishes (Macror-
hamphosus scolopax and M. gracilis), which have very different life-history traits, 
were found all along the Moroccan coast. In 1976, a biomass of about 1 Mt was 
estimated during an acoustic survey. In the 1980s, the abundance was drastically 
reduced and today the two species are rarely encountered. 
 In the late 1960s, trigger fish (Balistes carolinensis) was scarce in the Central 
Atlantic. Between 1972 and 1980, the biomass of this species drastically increased 
in the Gulf of Guinea to reach more than 1 Mt. This increase in abundance was 
associated with a wide geographical spreading that reached the southern part of 
the Canary Current, south of 20°N (Gulland and Garcia, 1984). Off Senegal, the 
peak in abundance was recorded in the early 1980s. A sharp decline in abundance 
followed the outburst of the population and at the end of the 1980s this species 
almost disappeared from the different ecosystems. While several authors believe 
that the fisheries-induced reduction of the sparid communities facilitated the out-
burst of the trigger fish (Gulland and Garcia, 1984), environmental changes may 
also have affected the trigger fish population dynamics (Caverivière, 1991). 
 The octopus (Octopus vulgaris) population increased significantly in abundance 
in the mid-1960s in the Canary Current (Caddy and Rodhouse, 1998). Three stocks 
of octopus are presently exploited by both industrial and artisanal fisheries off 
southern Morocco, Mauritania and Senegal. The rapid emergence of the octopus 
in Mauritania in the late 1960s led to historical yields of 52900t and 45600t re-
corded in 1976 and 1987, respectively. During recent years, the production has 
decreased to about 20000 t (Faure et al, 2000). A rapid expansion of the stock was 
observed off Morocco with catches reaching 100000t at the beginning of the 1980s. 
In the mid 1980s, octopus abundance started to increase off Senegal and both the 
local small-scale and industrial fisheries shifted a significant part of their activity to 
target this highly economically valuable resource. A peak catch of 17000t was 
recorded in 1986 whereas catches represented only a few hundreds tonnes before. 
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Altogether the combined catches in the Canary Current fisheries ranged between 
40000t and 90000t from 1985 to 1995. During recent years, catches off southern 
Morocco and Mauritania have been drastically reduced (Inejih, 2000). Like in the 
case of the trigger fish, the outburst of the octopus in the Canary Current appears 
to be related to a lesser abundance of the sparid community caused by strong 
fishing pressure (Gulland and Garcia 1984), which is supposed to lower larval 
mortality and competition for food in the octopus (Caddy and Rodhouse 1998). 

5. Decadal environmental changes 

Wooster et al. (1976), using a compilation of merchant ship SST and wind data 
from 43°N to 7.5°N, summarised the seasonal patterns of the Canary Current 
coastal upwelling. In the mid 1970s, intensive process oriented studies were carried 
along the coast to study the Canary Current upwelling with the main focus being 
off the Sahara coast between 20°N and 26°N (see Hempel, 1982 for a collection of 
papers presenting detailed results of the CINECA program). After the intensive 
process oriented studies carried during the 1970s, most of the research and data 
collection effort was directed toward stock assessment and fisheries related studies. 
Except from some intensive surveys by the former GDR and USSR research 
groups off Mauritania, few oceanographic cruises have been carried out by the 
National Fisheries Research Centres. To our knowledge, there is no long-term 
time series of subsurface data available. A network of coastal stations, where daily 
SST and sometimes nutrient data are collected, is maintained by several fisheries 
research centres along the coast (see Cury and Roy, 1991 and Durand et al., 1998 
for details) but the accessibility of these data remains limited. 
 There is an abundant literature on the decadal climatic variability in the sub-
tropical and Northern Atlantic basin (Enfield and Mayer, 1997; Seager et al., 2000; 
Eden and Jung, 2001; Marshall et al., 2001). However, most of these analyses are 
performed on relatively low spatial resolution dataset and one can wonder how 
much of the coastal signal is diluted within the broad oceanic signal. Several stud-
ies presented detailed information on the variability in a given area. Arfi (1985), 
using wind and sea surface temperature measurements at a coastal station, studied 
the variability of the wind-driven upwelling off Cape Blanc (Mauritania 21°N) 
from 1955 to 1982. The link between wind forcing and temperature fluctuations at 
21°N was further explored by Ould-Dedah et al. (1999). An analysis of the inter-
annual variability of the Senegalese upwelling (14°N) from 1963 to 1986 was pre-
sented by Roy (1989) using wind data from a coastal station. High-resolution SST 
data from satellite, available since the early 1980s, have also been used to investi-
gate the SST structure and the variability over the shelf of the Canary Current 
(Nykjaer and Van Camp, 1994; Hernandez Guerra and Nykjaer, 1997; Demarcq 
and Faure, 2000). 
 In the northern part of the Canary Current, a significant change on the monthly 
wind distribution pattern on the Portuguese west coast occurred during the period 
of 1947–1991, namely an increase in the frequency and intensity of upwelling-
favourable winds in winter (Borges et al., 2003). During the spring-summer season, 
several authors noticed an increasing trend in the alongshore wind time series off 
the Iberian Peninsula (Dickson et al., 1988; Bakun, 1990; 1992). However, contrary 
results were reported from the analysis of wind and sea surface temperature ob-
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servations (1947 to 1992) at the meteorological station of Cape Carvoeiro (Dias et 
al., 1996) and from daily atmospheric pressure data (1966 to 1999) off Galicia 
(Lavín et al., 2000). Pérez et al. (1995; 2000b) found a good correlation between 
the thermohaline properties of ENACW and the wind stress, the cumulative river 
discharge and the NAO index, illustrating the close coupling between water mass 
formation and climate change in the North Atlantic. 
 The interannual and long-term variability in the shelf domain of the Canary 
Current has not yet been summarised. To get an overview of the main pattern of 
variability at the surface, we extract SST data collected by merchant ships from the 
COADS database (Woodruff et al., 1987) from 1950 to 1995 within sixteen boxes 
along the Canary Current coast from 10°N up to 43°N (Fig. 23.12). The shipping 
line from Europe to the Indian Ocean follows the shape of the West African coast 
south of 28°N, and so in these regions data density is high along the coast. Between 
28°N and 32°N, the shipping line moves offshore and data density sharply de-
creases. Further north, along the coast of Morocco, data density increases again 
and reaches a maximum off Spain and Portugal. To avoid potential biases due to 
seasonal changes in the data distribution, observations from former USSR fishing 
fleet which was quite active in the 1980s and early 1990s in the central region were 
excluded. For each of the sixteen boxes, monthly SST time series from 1950 to 
1995 are constructed. Monthly SST anomalies are computed by subtracting the 
monthly climatology from the 1950–1995 monthly time series. 
 SST anomalies can be used to track changes in the intensity of the upwelling. 
Intensification (relaxation) of the upwelling process enhances (reduces) the up-
ward flux of cold water along the coast; the offshore extension of the cold upwelled 
water is also enhanced (reduced) during intensification (relaxation) of the upwell-
ing process. As a result, negative (positive) SST anomalies are expected during an 
intensified (relaxed) phase of the upwelling. 
 To get a synthetic view of the variability, monthly anomalies are then averaged 
by quarter. The data are presented on a time/latitude diagram and smoothed to get 
the long-term pattern of the SST variability (Fig. 23.13). In the early and mid-
1970s, an intensive cooling (negative SST anomalies), characterised the variability 
of the SST anomalies during the first quarter (Fig. 23.13). It had a large latitudinal 
extension, affecting the whole Canary Current coastal domain from Spain to Sene-
gal. South of 16°N, the low frequency variability was characterised by a succession 
of warm and cold periods. Between 16°N and 23°N, the variability appeared to 
increase after the mid-1970s with a succession of warm and cold periods, similar to 
further south. North of 23°N the variability decreases, the cooling of the 1970s 
being the major climatic event. 
 The variability of SST anomalies during the second quarter shares some com-
mon characteristics with that during the first quarter. There was an extensive cool-
ing affecting the whole region in the 1970s but, although less pronounced, this 
cooling appeared to start in the mid 1960s and extended to the late 1970s. South of 
16°N, the variability was also characterised by a succession of warm and cold peri-
ods, but with a slightly different pattern than during the first quarter. Further 
north, a pronounced warm event developed in the early 1960s between 25°N and 
43°N. Following the cooling of the 1970s, the variability north of 25°N remains 
weak with a slight warming. 
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Figure 23.12   Location of the 16 coastal boxes where SST time-series have been built using data ex-
tracted from COADS. 
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Figure 23.13   Time/latitude plot of SST anomalies (°C) in the Canary Current/Iberia from 43°N to 11°N 
and from 1950 to 1995 for the first (a), second (b), third (c) and fourth quarter (d). 

 During the third quarter, SST anomalies were characterised by a pronounced 
cooling from the mid-1960s to the mid-1980s. It affected the region north of 18°N 
up to 35°N. Another emergent pattern with large latitudinal extent was the strong 
warming developing north of 20°N during the late 1980s and early 1990s. From 
1950 to 1965, the latitudinal variability contrasted with warm anomalies in the 
central region (maximum intensity at 20°N) and cold anomalies at both high and 
low latitudes. During the fourth quarter, the global 1970s cooling pattern over the 
region was again one of the salient features of the SST anomalies. It reached 
maximum intensity between 15°N and 30°N from 1972 to 1975. A warming affect-
ing all the Canary Current since the 1980s followed this cooling. 
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Figure 23.14a   Trend of the SST anomalies (°C) at selected latitudes in the Canary Current/Iberia 
during the first quarter, from 1950 to 1995 

 

Figure 23.14b   Trend of the SST anomalies (°C) at selected latitudes in the Canary Current/Iberia 
during the second quarter, from 1950 to 1995 
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Figure 23.14c   Trend of the SST anomalies (°C) at selected latitudes in the Canary Current/Iberia 
during the third quarter, from 1950 to 1995 

 

Figure 23.14d   Trend of the SST anomalies (°C) at selected latitudes in the Canary Current/Iberia 
during the fourth quarter, from 1950 to 1995 
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 In summary, time series in selected regions are presented to highlight the domi-
nant patterns of variability of SST anomalies by quarter from 1950 to 1995 (Fig. 
23.14a to 23.14d). The cooling in the 1970s is a major feature. It affected the whole 
region during and outside the upwelling seasons (Binet, 1997). The southern part 
of the region presents a quite dynamic pattern of variability unique to the area. 
This is confirmed by a comparative analysis of the variability of SST anomaly time 
series using the standard deviation as an index of the variability (Fig. 23.15). It 
shows that the SST variability reaches a maximum during the first and second 
quarter in the southern part of the region. During the third and fourth quarters, 
the interannual variability is maximum around 20°N. This suggests that the vari-
ability of the upwelling strongly enhances the interannual variability of SST 
anomalies in the southern part of the Canary Current. 

 

Figure 23.15   Trend of the SST anomalies (°C) at selected latitudes in the Canary Current/Iberia during 
the fourth quarter, from 1950 to 1995 

5.1. Link with the North Atlantic Oscillation (NAO) 

The North Atlantic Oscillation (NAO) characterises a meridional oscillation in 
atmospheric mass with centres of action being the Icelandic low and the Azores 
high. It is most pronounced in amplitude and areal coverage during winter. NAO is 
an important contributor to the North Atlantic climatic variability (Hurrel, 1995, 
Marshall et al., 2001) and has a measurable impact on the North Atlantic ecosys-
tem (Fromentin and Planque, 1996). 
 The link between the NAO and the Canary Current upwelling is investigated by 
looking at the correlation between quarterly averaged values of the NAO index 
and the corresponding SST anomalies over the regions (Table 3). The NAO index 
is based on the difference of normalized sea level pressures between Ponta 
Delgada, Azores and Stykkisholmur, Iceland from 1865 through 1995. This index is 
slightly different from the winter version of the index that uses data from Lisbon. 
The Ponta Delgada station is chosen instead of Lisbon to adequately capture the 
NAO during the four quarters. A positive NAO index indicates stronger than 
average westerlies and anomalously high pressures across the sub-tropical Atlan-
tic. 
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TABLE 3. 
Correlation between quarterly averaged SST anomalies in the 
Canary Current and the corresponding NAO anomalies, from 

1957 to 1995 (* = p<0.05, ** = p<0.01). 

Latitude 1st quarter 2nd quarter 3rd quarter 4th quarter 

11°N 0.02 -0.05 0.03 -0.19 
13°N -0.01 -0.10 0.04 -0.26 
15°N -0.16 -0.16 0.07 -0.38* 
17°N -0.37 * -0.22 0.13 -0.35 * 
19°N -0.41 ** -0.31 0.04 -0.44 ** 
21°N -0.30 -0.39 * -0.01 -0.44 ** 
23°N -0.48 ** -0.44 ** -0.06 -0.49 ** 
25°N -0.60 ** -0.40 ** -0.22 -0.41 ** 
27°N -0.56 ** -0.34 * -0.29 -0.54 ** 
29°N -0.01 -0.44 ** -0.20 -0.58 ** 
31°N -0.15 -0.29 -0.17 -0.40 ** 
33°N -0.09 -0.13 -0.04 -0.44 ** 
35°N -0.20 -0.14 -0.05 -0.50 ** 
38°N 0.13 -0.31 -0.19 -0.57 ** 
40°N 0.26 -0.29 -0.24 -0.50 ** 
42°N 0.26 -0.24 -0.25 -0.50 ** 

 

 Negative and statistically significant (p<0.01) correlations between NAO and 
SST anomalies off the Canary Current occur during the first and second quarters 
in the central region (between 18°N and 30°N), as well as during the fourth quarter 
north of 20°N. The inverse relationship indicates that negative (positive) SST 
anomalies are related to positive (negative) NAO anomalies. In the central region, 
this correlation suggests that an intensification of the westerlies (positive NAO 
index) across the sub-tropical Atlantic induces an intensification of the upwelling 
favourable wind and enhances the upwelling process (negative SST anomalies). In 
the case of a relaxed meridional oscillation (negative NAO index), the weaker 
than average atmospheric circulation contributes to a relaxation of the Canary 
Current upwelling (positive SST anomalies). In the northern region (north of 
30°N), upwelling is not a dominant oceanographic process during the 4th quarter. 
An alternative mechanism accounting for the correlation between NAO and SST 
involves the intensification of the westerlies in early winter leading to a premature 
erosion of the thermocline and to a deepening of the surface mixed layer. Both the 
erosion of the thermocline and the deepening of the surface mixed layer may result 
in negative SST anomalies. 

5.2 ENSO Teleconnection 

Pacific El-Nino/Southern-Oscillation (ENSO) events have a major impact on the 
world climate. In the tropical Atlantic, the SST and wind fields are regularly af-
fected by Pacific equatorial variability (Hastenrath et al., 1987, Nobre and Shukla, 
1996; Enfield and Mayer, 1997). Large-scale analyses have shown that the North 
Atlantic warms in response to the Pacific ENSO with a lag of about 3 to 6 months, 
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the effect being apparently stronger in the north-western part of the basin and 
during the boreal spring and early summer (Enfield and Mayer, 1997). The origin 
of this lag is not clear, but Klein et al. (1999) argue that the El Nino warming signal 
is communicated to the tropical Atlantic via a reduction in surface latent heat flux 
associated with reduced trade winds. In the Canary Current, the wind is the driving 
force of the upwelling and an alteration of the trade wind activity has a pro-
nounced effect on the ecosystem, thus one can expect to observe a strong connec-
tion between ENSO and the coastal upwelling. This is investigated by looking at 
the correlation between quarterly SST anomalies during the first semester and the 
Southern Oscillation Index (SOI) during the fourth quarter of the preceding year. 
In the southern part of the region (south of 19°N), the correlation is statistically 
significant (p<0.01) during the first and second quarter of the year (Table 4). As 
expected from the weakening of the Atlantic trade wind that is associated with 
ENSO events, there is a negative correlation between SOI and SST anomalies: 
warm events in the Pacific (negative SOI) lead to the development of positive SST 
anomalies in the southern part of the Canary Current during late winter and early 
spring. Moreover, it appears that the correlation holds also for cold events in the 
Pacific (positive SOI), suggesting that there is a strong teleconnection between the 
coastal upwelling activity in the Atlantic and the state of the Pacific Ocean. This 
link between ENSO and the Canary Currrent upwelling has been explored in 
details by Roy and Reason (2001). It is thought that the mechanism responsible for 
this remote forcing involves a tropospheric connection along 10°N-20°N between 
the Atlantic and the Pacific resulting in an alteration of the Atlantic trade winds by 
the conditions over the Pacific Ocean (Enfield and Mayer, 1997). 

TABLE 4. 
Correlation between quarterly averaged SST anoma-

lies in the Canary Current and the SOI anomalies 
during the fourth quarter of the preceding year, from 

1957 to 1995 (* = p<0.05, ** = p<0.01). 

Latitude 1st quarter 2nd quarter 

11°N -0.41 ** -0.46 ** 
13°N -0.48 ** -0.47 ** 
15°N -0.48 ** -0.54 ** 
17°N -0.40 ** -0.51 ** 
19°N -0.38 * -0.48 ** 
21°N -0.42 ** -0.38 * 
23°N -0.36 * -0.21 
25°N -0.28 -0.15 
27°N -0.17 -0.19 
29°N -0.11 -0.25 
31°N -0.26 -0.28 
33°N -0.28 -0.24 
35°N -0.18 -0.16 
38°N -0.16 -0.09 
40°N -0.15 -0.03 
42°N -0.29 -0.04 
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6. Synthesis and future research 

Considerable information has been gathered on biogeochemical cycles and fisher-
ies of the eastern boundary of the subtropical gyre of the North Atlantic, but 
knowledge of some space and time scales, of some areas and of certain seasons is 
lacking. For example the northwestern Iberian margin has been intensively studied 
whereas southern Iberia is much less well known. The dynamics and biogeochem-
istry of much of the African coast have been little sampled. Some basic questions 
about seasonal variation remain. The winter downwelling regime off Iberia is 
poorly known. Recent evidence suggests the development of a previously unrec-
ognized surface poleward counterflow in the Canaries region during winter, de-
spite favourable, albeit weaker, Trade winds than in summer. It has been 
hypothesized that this is linked to a horizontal re-circulation associated with the 
Cape Guir filament, which would have major consequences for carbon fluxes in 
the area. Large scale, high resolution, multidisciplinary surveys, such as have been 
made in the California Current, would throw much light on these issues and their 
implications. 
 Both the NW African coast and the Canary Islands region are considered im-
portant sources of primary productivity. Although most of the organic matter 
produced is thought to be respired in the surface waters of the eastern boundary of 
the Canary Current, the interplay between island eddies and upwelling filaments 
may enhance the export of coastal enriched water to the oligotrophic open ocean. 
This would explain the strong imbalance between phytoplankton production (P) 
and community respiration (R) observed in the subtropical gyre, where the P/R 
ratio is normally <1. However, little is still known about the relative importance of 
vertical sedimentation of organic carbon in the coast vs. offshore transport, the 
nature of the organic matter exported (e.g. dissolved vs. particulate), or the differ-
ent mechanisms of filament-eddy exchange through the Canaries Coastal Transi-
tion Zone. Multi-disciplinary oceanographic studies should be strongly supported 
in order to achieve the basic knowledge of the functioning of these complex coastal 
ecosystems in order to test and validate trophic and biogeochemical models. 
 South of Gibraltar much knowledge of the coastal upwelling ecosystem was 
obtained during the intensive studies of the 1970s, but recent research has been 
largely (though not entirely) confined to coastal regions in relation to fisheries and 
dynamics of fish populations. Major changes like the redistribution of Moroccan 
sardine populations and outbursts of octopus and other species underline profound 
changes in the ecosystem over the last 30 years. In a context of global climate 
change, escalating fisheries exploitation and increasing pressure on coastal re-
sources, the need for further intensive study and greater understanding of the 
system is clear if it is to be managed in a sustainable way. The requirement is for a 
dual approach of more systematic and detailed observational programs that take 
advantage of advances in remote sensing and instrumentation, coupled with the 
development of linked numerical modeling that combines knowledge of ocean 
dynamics, the ecosystem, fisheries and proper management of the ecosystem. 
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1. Introduction 

The Bay of Biscay is an arm of the Atlantic Ocean, indenting the coast of W 
Europe from NW France (Offshore of Brittany) to NW Spain (Galicia). Tradition-
ally the southern limit is considered to be Cape Ortegal in NW Spain, but in this 
contribution we follow the criterion of other authors (i.e. Sánchez and Olaso, 2004) 
that extends the southern limit up to Cape Finisterre, at 43° N latitude, in order to 
get a more consistent analysis of oceanographic, geomorphological and biological 
characteristics observed in the bay. The Bay of Biscay forms a fairly regular curve, 
broken on the French coast by the estuaries of the rivers (i.e. Loire and Gironde). 
The southeastern shore is straight and sandy whereas the Spanish coast is rugged 
and its northwest part is characterized by many large V-shaped coastal inlets (rias) 
(Evans and Prego, 2003). The area has been identified as a unit since Roman 
times, when it was called Sinus Aquitanicus, Sinus Cantabricus or Cantaber 
Oceanus. The coast has been inhabited since prehistoric times and nowadays the 
region supports an important population (Valdés and Lavín, 2002) with various 
noteworthy commercial and fishing ports (i.e. Brest, Nantes, Lorient, Saint-
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Nazaire, La Rochelle and Bordeaux in France; Ondarroa, Bilbao, Santander, Gi-
jón, Avilés and A Coruña in Spain). 
 Marine studies have been performed extensively in the Bay of Biscay, where 
some of the oldest marine laboratories in the world are located (e.g. the French 
Laboratoire de Zoologie et de Physiologie Maritime of Concarneau and Station 
Marine de la Société Scientifique d’Arcachon funded in 1857 and 1867 respec-
tively, and the Spanish Estación de Biología Marina de Santander funded in 1886 
by Dr. A. G. de Linares, and the Sociedad Oceanográfica de Guipúzcoa funded in 
1908 in San Sebastián). Despite having these laboratories on the fringes, oceanog-
raphy has developed slowly and in the older maps of the North Atlantic circulation 
a gap each time appears in the Bay of Biscay showing the lack of knowledge of the 
area. Activities were always restricted to some PhD studies inside ‘rades’ or bays. 
In the 1970s activity began to develop all over the bay, not only in the shelf (such 
as the POLYGAS and PHYGAS cruises) and a large increase occurred in the 
1980s. In the physical oceanographic studies on the Bay of Biscay there is a re-
markable figure from Britain - Dr. Robin Pingree. Dr. Pingree developed a great 
deal of work either alone or together with some colleagues and has a large number 
of publications on the area, 16 of which are cited in references in the present chap-
ter. He has strongly improved the knowledge of the oceanography of the Bay of 
Biscay and we would like to honor him in this chapter. 
 The Bay of Biscay is a well-differentiated geomorphological unit in the north-
east Atlantic. The abyssal basin has a mean depth of 4,800 m. The shelf in the 
south of the bay (Spanish coast) is quite narrow whereas on the French coast it is 
much wider, increasing with latitude. In the Bay of Biscay there are various deep-
sea canyons that have generally narrow, steep-sided, linear and sinuous channels. 
The deep-sea valleys allow continental sediments to be transported to oceanic 
basins. Most of the water masses occupying the bay have a North Atlantic origin or 
are the result of interaction between waters formed in the Atlantic with water of 
Mediterranean origin. The hydrodynamics of the bay are dominated by: a) a weak 
anticyclonic circulation in the oceanic part, b) a poleward-flowing slope current, c) 
coastal upwelling, d) the northward flow of Mediterranean water, e) the shelf 
circulation and f) the cross-shelf transport along the axes of submarine canyons 
(OSPAR, 2000). Most of these features show a marked seasonality (Koutsikopou-
los and Le Cann, 1996). The Bay of Biscay is a region of large tidal amplitudes and 
strong thermohaline forcing (Piraud et al., 2003). It is well known for its energetic 
internal tides, caused by the combination of summer stratification, steep shelf-edge 
topography, and strong (cross-slope) tidal currents, especially at spring tides (Lam 
et al., 2003). 
 In a temperate sea like the Bay of Biscay the annual phytoplankton and zoo-
plankton seasonal cycle is governed by the alternation between mixing and stratifi-
cation of the water column (Fernández and Bode, 1991; Valdés et al., 1991). The 
highest planktonic biomass appears in spring followed by a secondary peak in 
autumn. This cycle can be modified by the development of shelf-edge fronts and 
coastal upwelling (García-Soto and Pingree, 1998; Díez et al., 2000). Mesozoo-
plankton biomass is highly variable, following the production of phytoplankton, 
which is mainly determined by the seasonally changing environmental conditions. 
The primary production levels and the topographic characteristics of the shelf 
basins have allowed the development of important fisheries and mariculture areas 
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of oysters and mussels. Living marine resources exploited in the Bay of Biscay 
include a wide range of organisms, from seaweeds to shellfishes (i.e. Norway lob-
ster, cephalopods), fishes (i.e. mackerel, hake, anchovy, sole) and whales. Indeed, 
it has been reported that molluscs were exploited in the bay as early as the Palaeo-
lithic period and whales since the Middle Ages (Valdés and Lavín, 2002). The 
study of the exploitation of some pelagic fishes in the Bay of Biscay started in the 
middle of the last century under the auspices of ICES (International Council for 
the Exploration of the Sea) (Cendrero, 2002). The economic and social importance 
of these and other fisheries and the objective of obtaining appropriate yields led to 
the development of studies to explain the variability of fish abundance and to 
predict the strength of incoming recruitment. In this way, important developments 
have been made in research fields related to marine primary production, ichthyo-
plankton, zooplankton and applied oceanography. Many of the exploited resources 
in the Bay of Biscay are managed as a particular unit or stock. In spite of the 
amount of information about the biology of these species, there is much to work 
on species interactions, including man, and in their relationships with the variable 
environment. Thus, the study of ecosystems should be one of the milestones for 
future research in the Bay of Biscay. 
 There are many descriptive studies on different aspects of the Bay of Biscay as 
we will show throughout this contribution and recently a few reviews were pub-
lished integrating all the information available. The main contributions are Quality 
Status Report from OSPAR (2000) and the work of Valdés and Lavín (2002), 
which considers the Bay of Biscay as a large marine ecosystem (LME). Díez et al. 
(2000) reviewed the information on the southern part of the Bay of Biscay (the 
Cantabrian Sea). 
 The ocean is an inhomogeneous space. Therefore, the regionalization of the 
oceans arises to explain the discontinuities observed in the distribution of oceanic 
properties, substances and movements (Vanney, 2002). The aim of this chapter is 
to bring out the common characteristics from geography, geology, oceanography 
and ecology that are met with in the Bay of Biscay and that allow it to be defined 
as a particular marine region. 

2. Geography of the Bay of Biscay 

The North Atlantic Ocean has a general circulation made up of two enormous 
gyres: the anticyclonic subtropical gyre, and the cyclonic subpolar gyre. The Bay of 
Biscay is found at mid-latitudes between the limits of both gyres - the Azores cur-
rent from the subtropical gyre and North Atlantic current from the subpolar gyre. 

2.1 Topography and geology 

The Bay of Biscay is bounded zonally by the parallels 48°N and 43°N. The north-
ern boundary roughly corresponds to the separation between the Armorican shelf 
and the Celtic Sea. The slope of the bay is formed by three main areas with differ-
ent orientation, the Armorican slope NW-SE, the Aquitaine slope N-S and the 
Cantabrian slope with an E-W orientation. The southern boundary is composed of 
Cape Finisterre and the Galician Bank (Fig. 24.1). 
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Figure 24.1   Bay of Biscay topography map based on the GEBCO97 dataset. 

 The Biscay abyssal plain is adjacent to the Porcupine abyssal plain in the north-
ern part but separated from the Iberian Abyssal Basin and the West Iberian Mar-
gin by the Charcot Seamounts and the Galician Bank (Fig. 24.1). 
 The French Central Massif, the northern and western Pyrenees and the Iberian 
mountain systems correspond to the most prominent continental limits of a river 
catchment area, which is limited to the north by the hills of Normandy and Brit-
tany. Four French rivers are the main pathways for freshwater into the bay: 
Vilaine, Loire, Gironde and Adour. 
 The morphological diversity of the sea bottom is a very good example of the 
interaction between the internal and external geological processes that have af-
fected the continental margin since the opening of the Atlantic Ocean. One may 
easily recognize the erosional and accumulation features associated with the major 
geological units of the sub-bottom as well as with the structural alignments of the 
European plate. On the other hand, the bottom topography provides excellent 
clues to understand the present sediment dynamics (erosion and accumulation 
areas, pathways of sediment flow). Terrigenous sediments thus dominate the sedi-
mentary input into the shelf and upper continental slope. These sediments are 
mostly made up of sandstone (OSPAR, 2000). 
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2.2 Main features (rivers and canyons) 

The margin is divided into units by the presence of seamounts and banks as well as 
of pronounced submarine canyons (Fig. 24.1). Some are very prominent, such as 
the Cap Breton Canyon, where the 1000 m isobath is found at just 3 km from the 
coast. At shallower depths, the continental shelf is an area of a more gentle slope 
affected by smaller scale rock outcrops. 
 The French continental shelf is about 150 km wide in the northern part with a 
gentle slope of 0.12%. In contrast, the width of the shelf falls below 30 km off the 
Basque Country. Along the Cantabrian coast the shelf may be as narrow as 12 km, 
widening westwards. The continental slope, an area of transition between the shelf 
and the deep sea is very pronounced (slope of the order of 10–12%) and cut by 
numerous canyons. 
 River catchments represent the principal sources of freshwater that drain into 
the Atlantic along the French coast from north to south. The Loire and the Gi-
ronde are the two main rivers with an annual mean outflow of about 900 m3 s-1. 
They contribute 80% to the freshwater discharges onto the French shelf. Each of 
them has peak runoff in winter or spring that exceeds 3000 m3 s-1 and a minimum in 
summer of about 200 m3 s-1. Rivers in the Cantabrian shelf are small due to the 
proximity of the mountains to the sea and total run-off represents a third of the 
sum of the Loire and Gironde. 
 During the last decade of the twentieth century a minimum of freshwater dis-
charges occurred in 1992 with total mean runoffs from the Loire and Gironde of 
less than 1000 m3 s-1 from January to March. The highest runoffs were recorded in 
1994, with 5000 m3 s-1 for the same period (Fig. 24.2). 

 

Figure 24.2   Quarterly mean outflow of the Loire and Gironde (1990–2000). 

2.3 Meteorology 

Atmospheric circulation at the middle latitudes of the North Atlantic and over 
western Europe is governed by the existence of two main centres of activity: an 
anticyclonic zone south of 40°N centred near the Azores (the Azores High), and a 
low pressure area centred around 60°N near Iceland (the Iceland Low). Between 
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these two areas, the prevailing winds are from west to southwest, strongest in win-
ter and lighter and less regular in summer. 
 In a common situation in spring and summer, the anticyclone extends in a ridge 
towards Iceland, and a low-pressure area is present to the east of the British Isles. 
Moderate to strong northwesterly winds occur over the Bay of Biscay, with a weak 
circulation over most of the Iberian Peninsula. A relatively common winter situa-
tion corresponds to an anticyclone over the continent and a fairly broad, deep low-
pressure area in the North Atlantic, causing a southwesterly flow to prevail over 
most of the bay. 
 In the French shelf, prevailing winds are southwesterly and downwelling favor-
able in autumn and winter, while they are northwesterly and upwelling favorable 
in spring and summer. Nevertheless, average patterns of individual years reveal a 
great inter-annual variability, mainly in spring (March-April). The Progressive 
vector diagram (PDV) of the annual mean of winds on the French coast is shown 
in Fig. 24.3A. In the Cantabrian Sea, prevailing winds are southwesterly in winter 
and autumn and northeasterly, upwelling favorable, in summer and spring. The 
monthly mean of the north-south component of the winds calculated as Ekman 
transport at 43°N, 11°W in the southwestern Bay of Biscay for the period 1967–
2000 (from Lavín et al., 1991, 2000) presents a southern component from October 
to March and a northern component from April to September, although variability 
is high as shown in the Fig. 24.3B. 

(A) 

(B) 

Figure 24.3a   (A) Progressive Vector Diagram (PVD) of the annual mean of winds recorded at Chassi-
ron (46°N), representative of the French coast, between 1989 and 1999 (Meteo-France). Numbered 
points correspond to the first day of each month. (B) Monthly mean of the North-South wind compo-
nents calculated as Ekman transport (m3 s-1 km-1, ± 1 standard deviation) for the period (1967–2000) at 
43°N 11°W. 
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 The annual mean wind stress near the European ocean margin of about 43°N is 
directed to the east, while south of that latitude the wind stress turns to a more 
southward direction (Isemer and Hasse, 1987). This implies a southward Ekman 
transport north of 43°N, The annual mean curl of the surface wind stress along the 
European ocean margin east of 20°W and south of 50°N derived from Isemer and 
Hasse (1987) is negative, inducing a typical downward Ekman velocity wEK ≈ -30 m 
yr-1 (van Aken, 2001). This indicates that Porcupine and the Biscay area form part 
of the anti-cyclonic wind-driven Atlantic Ocean gyre. 

3. Hydrography 

In the last two decades a large number of projects have been developed in the Bay 
of Biscay to gain a better understanding and description of circulation processes, 
mixing and long-term transport of water masses, but more effort is needed. Hy-
drodynamic models, satellite imagery and operational oceanography systems have 
helped traditional hydrography to that purpose. Some projects have been funded 
by the EU, such as SEFOS and SEAMAR, others have been funded by France, 
such as ARCANE, PNOC and PNEC, and others by Spain, such as the deep stan-
dard sections (up to 4800 m depth) off Cape Finisterre, Cape Ortegal and 
Santander, the coastal standard sections of A Coruña, Cudillero, Gijón and 
Santander, both of which were funded by the IEO and the stations off San Se-
bastián operated by AZTI. Most of them have been sampled for over a decade in 
the southern Bay of Biscay. 

 

Figure 24.4   Potential temperature-salinity diagram of six Bay of Biscay hydrographic stations, four of 
them located over the abyssal plain and two over the continental slope. The small plot on the bottom 
right shows the position of the sampled stations and the symbols used in the plot. (Source: ICES and 
IEO databank) 
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3.1 Water Masses and related circulation 

Most of the water masses of the Bay of Biscay are of North Atlantic origin, includ-
ing those that have been transformed after mixing with the Mediterranean water 
that outflows through Gibraltar. The northern part of the Bay of Biscay is also an 
area of winter water masses formation due to large vertical convection, with a 
strong inter-annual variability (Pollard et al., 1996). The water mass structure of 
the different areas is shown in the Φ-S diagram of Fig. 24.4. 

3.1.1 Bottom and deep waters 
 The influence of Antarctic Bottom Water (AABW) at the deepest levels of the 
eastern North Atlantic is a well known feature. It flows at 11°N through the Vema 
Fracture zone (McCartney et al., 1991) and spreads northwards through the Dis-
covery Gap to the Theta Gap, the only deep passage (>5000 m) to the Biscay 
Abyssal Plain. This lower deep water (with AABW influence) is represented by 
the deepest segment of the Φ-S diagram in Fig. 24.4. Arhan et al., (1994) indicated 
a northeastward flow of bottom water and a cyclonic flow around the Charcot and 
Biscay seamounts associated with horizontal convergence as the basin is closed to 
the north. 
 Between approximately 2500 and 3000 m depth a core of northeast Atlantic 
Deep Water (NEADW) is found, which originates in the overflow from the Nordic 
Seas into the Iceland Basin. In the continental slope of the Bay of Biscay the 
amount of Iceland Scotland Overflow Water (ISOW) in the NEADW core is re-
duced to about 10%, due to additional mixing with the underlying LDW and the 
overlying cores of Labrador Sea Water (LSW) and Mediterranean Outflow Water 
(MOW) (van Aken, 2000a). Paillet and Mercier (1997) found a cyclonic recircula-
tion cell over the abyssal Biscay plain with a characteristic poleward velocity near 
the continental margin of 1.2 ±1.0 cm s-1 (Dickson et al., 1985). 

3.1.2 Intermediate waters 
 At a depth of about 1800 m, a core of LSW is characterized by a deep salinity 
minimum more visible in the northern and western part of the bay (see Fig. 24.4). 
Pingree (1973) traced the salinity minimum along a neutral surface from the Lab-
rador Sea eastward to the Bay of Biscay east of 10°W. Paillet et al. (1998) reported 
low salinity intrusions in the northern bay with a possibly northwestward return 
flow in the saline boundary over the Celtic continental slope. The presence of 
isolated salinity extreme in isopycnal surfaces evidences intense diapycnal mixing 
over the continental slope at intermediate levels in the eastern Bay of Biscay (van 
Aken, 2000b). The energy source for such intensified diapycnal mixing probably 
has to be sought in the highly energetic internal tidal waves (Pingree et al., 1986; 
Pingree and New, 1995). Slope enhanced diapycnal mixing apparently makes the 
eastern Bay of Biscay a focal point for the local transformation of intermediate 
water masses (van Aken, 2000b). 
 Above the LSW layer, at 1000 db, a core of northward moving saline Mediter-
ranean Overflow Water (MOW) is observed hugging the continental slope of 
Portugal and enters the Bay of Biscay. The salinity of this core decreases poleward 
along the continental slope due to isopycnal and diapycnal mixing with less saline 
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water types (Díaz del Río et al., 1998; van Aken, 2000b). Over the abyssal plane 
salinity values are lower (Fig. 24.4). 
 Iorga and Lozier (1999) show the eastern turn of the Mediterranean Water into 
the Bay of Biscay as two branches around the Galician Bank and a cyclonic recir-
culation in the bay. In the NW corner of the Iberian Peninsula the maximum of the 
MOW is found offshore, but from Cape Ortegal the vein is trapped again near the 
upper slope flowing easterly along the northern Iberian coast with maximum sa-
linities of 35.9 at 7° 55’W and 35.8 at 5° 10’W. North of 46°N, the maximum salinity 
is found near the shelf at 6°W and offshore at 8°W and at 11°W. The northern 
edge of the cyclonic recirculation of MOW in the Bay of Biscay is identified off-
shore at 47°N. Further north, the salinity maximum can be traced as 35.7 at 47°N 
and 35.65 at 48°30’W in the slope. At northern latitudes the MOW cannot be well 
distinguished from the surrounding water. Lately, values higher than the clima-
tological mean have been found in the southern bay, saltier than 35.8 in the slope 
off Santander (González-Pola et al., 2003) and in the Cap Breton Canyon (Valen-
cia et al., 2004). 
 Perhaps the narrowing and the restriction of the near slope area in the south-
western Bay of Biscay is due to the increasing influence of mixing with the LSW 
core (van Aken, 2000b). Low salinity values observed in the Armorican continen-
tal slope (eastern Bay of Biscay) may reflect a depletion of the MOW core by 
diapycnal mixing over the slope with overlaying and underlying fresher water 
masses (van Aken, 2000b). 
 Paillet et al. (2002) reported observations of a meddy (lenses of warm, salty 
Mediterranean Water that rotate anticyclonically) in the western Bay of Biscay 
(near 45°N 11° 30´ W). Their results suggest that it was generated in the Cape 
Finisterre-Cape Ortegal area, since this meddy and others also found in their study 
had lower temperature and salinity than the meddies formed further south. In the 
same paper they report that “northern meddies” (meddies north of 40°N) “are 
indeed common features”. 

3.1.3 Upper Waters 
 The upper 1000 db in the North Atlantic is the domain of mode waters, in this 
case, the Eastern North Atlantic Central Water (ENACW) variety (Harvey, 1982). 
According to their formation area, two main water masses are identifiable: a sub-
polar mode water formed in an area south of the North Atlantic Current (NAC) 
spreading southwards (Pollard et al., 1996) and a subtropical branch formed in the 
northern margin of the Azores current, which moves north towards the Iberian 
Coast (Pingree, 1997). They meet in the southwest corner of the Bay of Biscay 
where the subpolar branch subsides to spread southwards under the subtropical 
branch (Fraga et al., 1982; Ríos et al., 1992). The part of the subpolar mode waters 
formed in the northern Bay of Biscay was called Bay of Biscay Central Water 
(BBCW) (Tréger et al., 1979; Fraga et al., 1982). 
 The wind stress condition described in Chapter 2 causes a downward Ekman 
pumping transport between Porcupine Sea Bight and the Biscay Abyssal Plain, 
which allows the assumption that there the ocean boundary is part of the anti-
cyclonic wind-driven ocean gyre, with a mean southward flow component in the 
upper layers. The subpolar branch presents a southward decreasing maximum 
winter mixed layer thickness at 20°W of around 600 m at 48°N and 350 m at 43°N 
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(van Aken 2001). In the western Biscay region (40 to 48°N) van Aken (2001) in-
ferred a mean southward velocity of around 1 cm s-1 along the European ocean 
margin that could maintain a subduction velocity of -125 m yr-1, mainly supported 
by the advective term. 
 Other authors (Saunders, 1982; Maillard, 1986; Koutsikopoulos and Le Cann, 
1996) have confirmed that the oceanic part of the Bay of Biscay is characterized by 
a weak (1–2 cm s-1) and variable anticyclonic circulation and the presence of cyc-
lonic and anticyclonic eddies shed by the slope current (Pingree and Le Cann, 
1992a). From studies of Lagrangian drifters, Pingree (1993) showed that ENACW 
penetrates southwards into the bay following an anticyclonic circulation over the 
abyssal plain at 400 m depth. Surface currents derived from shallow drogued drift-
ers (≈15 m) (van Aken, 2002) confirmed the southward flow tendency with a sea-
sonal trend affected by an eastward component in autumn and a southward 
component in spring and summer. The presence of internal tide waves in the cen-
tre of the Bay of Biscay may enhance the amplitude of surface currents at tidal 
frequencies to values well over 5 cm s-1 (Pingree and New, 1991). The relatively 
large tidal motions over the abyssal plain, compared with the barotropic tides, 
confirm the importance of internal tides in the Bay of Biscay. 
 Above the MOW core, the Θ–S curves depict an inverted ‘‘S’’ shape (Fig. 24.4) 
with a salinity minimum around 450 m. At shallower levels, both temperature and 
salinity increase upwards from the salinity minimum (indicated in Figure 24.4) to 
the lower level of the seasonal thermocline, where a slight salinity maximum is 
generally observed at about 100 m. In summer, strong temperature gradients are 
observed in the upper 100 m, with only limited salinity gradients. 
 Off Galicia and in the Bay of Biscay, the highest salinity in the thermocline 
isopycnals is also found over the upper slope. The generic salt enrichment over the 
continental slope indicates that diapycnal mixing is quite important near the shelf. 
Salination of thermocline waters near the continental slope is due to local down-
ward mixing from higher surface values in the poleward slope current (van Aken, 
2001). Salinity in the upper seasonal thermocline varies seasonally because of the 
variable slope current; the highest salinities are found at the end of winter. 
 McCartney and Mauritzen (2001) deduce from the climatological database that 
the subpolar mode water is not only an extensive pool in the subtropical interior 
off the Bay of Biscay and northward to off Porcupine Bank, but also blankets the 
upper continental slope (the Armorican and Celtic shelf/slope sectors) of the Bay 
of Biscay. LSW, MW and ENACWp are indistinguishable on the basis of their 
phosphate, silicate and nitrate contents, all three having very similar nutrient lev-
els. Hovewer, they can be distinguished on basis of their oxygen concentrations. In 
spite of their remineralization processes that have occurred in LSW from the time 
of its formation until it arrives in the study area, it still contains higher oxygen 
levels, than ENACWp and MOW (Castro et al, 1998). 

3.1.4 Variability 
 Inter-annual variations observed in Eastern North Atlantic Central Water 
(ENACW; Fig. 24.4) are attributable to changes in the salinity and/or temperature 
of the subducting Central Water. Winter vertical convection in the upper western 
Bay of Biscay is a process subject to significant inter-annual variability (Pollard et 
al., 1996). The characteristic salinity of the ENACW envelope at 12°C shows an 
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inter-annual variation (Fig. 24.5) with a salinity maximum in 1992. In the preceding 
period, the characteristic salinities were about 0.1 lower, while in 1997–1999, char-
acteristic salinities at the 12°C isotherm were 0.05 lower. The inter-annual salinity 
variations of the thermocline near the Armorican slope in the Bay of Biscay are 
well correlated with the variations observed west of the Iberian Peninsula, so lat-
eral salinity gradients seem to be more or less maintained on inter-annual time 
scales (Huthnance et al., 2002). Extending the time series to the southern Bay of 
Biscay, inter-annual salinity variations at 11.75°C are also well correlated with the 
Armorican and west Iberian time series for the 1992–2001 period. A maximum at 
the beginning of the 1990s, a minimum around 1995, an increase towards 1998 and 
a decrease in 2001 is common to the eastern North Atlantic from western Iberia 
towards Rockall Trough, including the North Sea entrance (Hudges and Lavín, 
2003). This correlation indicates a strong connection of upper water masses in this 
part of the eastern North Atlantic including the Bay of Biscay. 

 

Figure 24.5   Characteristic salinity of the Eastern North Atlantic Central Water over the Galician slope 
(black dots), the Armorican slope (open circles) (Huthnance et al., 2002), and southern Bay of Biscay 
(Santander section). 

 Pérez et al. (1995), showed a significant year to year variability in the T/S char-
acteristic of the upper 800 m of water column from data collected at 43°N 10°W. 
This variability correlates well (Pérez et al., 2000) with the wind stress at 43°N 
11°W, with the cumulative river discharge and with the North Atlantic Oscillation 
(NAO). 
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3.1.5 Seasonality 
 Seasonal atmospheric cycle and meteorological conditions have a strong influ-
ence in temperate seas such as the Bay of Biscay. Pingree et al. (1999) have ana-
lysed the annual response reflecting a cycle related to September-October and 
March-April (with some variability of ± 1 month) periods in the slope current. This 
effect has been termed the ‘‘SOMA’’ response. They present a summary of re-
sponses in the slope region of the Bay of Biscay of SOMA-type behavior. The 
main changes are found in March-April and reflect the change of current direction 
in the northern Spanish slope, Ushant and Goban Spur. They also noted the im-
portance of the spur or abrupt changes of topography that represent a loss in the 
slope current continuity (transport) with the subsequent inertial overshoot from 
the slope flow moving towards the spur. 

 

Figure 24.6   Statistical ordination of the monthly mean SST images obtained by the NOAA-AVHRR 
satellite from January 1994 to December 1996 in the Bay of Biscay (Moreno-Ventas et al., 1997). The 
annual cycle can be divided into two main periods: the first, from December to April, and the second, from 
June to October. The transitions between the two periods occur in May and November. 

 Using a collection of Sea Surface Temperature (SST) images obtained by the 
NOAA-AVHRR satellite from January 1994 to December 1996 in the Bay of 
Biscay and based on a statistical ordination of the monthly mean SST images, 
Moreno-Ventas et al. (1997) showed that the annual cycle can be divided into two 
main periods. In the first, December to April, the isotherms in the Bay of Biscay 
follow the general eastern North Atlantic pattern, characterised by a meridional 
temperature gradient. In the second, from June to October, the Bay of Biscay is 
isolated from its oceanic surroundings and develops an independent pattern in the 
distribution of isotherms. The transitions between both periods occur in May and 
November (Fig. 24.6). 
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 Koutsikopoulos and Le Cann (1996) have summarized the hydrographic fea-
tures in the Bay of Biscay for each season. Inspired by their schematic representa-
tion, a sketch has been produced with the main features of the hydrography and 
circulation in the area, with emphasis on the shelf and upper ocean layers (Fig. 
24.7). At the surface and particularly over the shelf, wind forcing, heating, rainfall 
and river runoff modify the water characteristics and impose high variability (spa-
tial, seasonal and inter-annual). 

 

Figure 24.7   Schematic illustration of Bay of Biscay circulation summarized by Koutsikopoulos and Le 
Cann (1996) modified by OSPAR 2000. 

 In winter, (Fig. 24.8A) the continental shelf off the main rivers - Loire, Gironde 
and Adour- is marked by cold, low salinity waters. Thermal inversions are often 
observed over the shelf in the vicinity of the estuaries sustained by the haline 
stratification. This is also the season when the warm, high salinity, poleward slope 
current presents its clearest surface signal and its northernmost extent. The contri-
bution of river runoff will be diluted in the whole water column, lowering salinity 
and temperature over the inner shelf and helping to sustain a cross-shore gradient 
between shelf water and the slope current. 
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(A) 

(B) 

Figure 24.8   Mean features of Bay of Biscay SST in winter (A) and summer (B). Strong Poleward 
Current (warm feature marked with white line) and cold water over the inner slope on the Armorican 
shelf (North France) in winter and strong warming in the inner Bay of Biscay and cold signal due to 
upwelling in the western Cantabrian Shelf and in the north part of the Bay of Biscay Ushant front in 
summer are presented. Mesoscale activity is noted in both periods. Satellite images were received by 
the NERC Dundee Satellite Receiving Station and processed by Peter Miller at the Plymouth Marine 
Laboratory Remote Sensing Group (www.npm.ac.uk/rsdas/). 
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 During the winter months, the flow over the deep basin is generally towards the 
east with a mean velocity between 1.5 and 2 cm s-1 converging into a poleward flow 
over the continental slope with a mean velocity of 5 cm s-1 (van Aken, 2002). Most 
of the drifters crossing the shelf break from the slope region towards the continen-
tal shelf do so between the middle of November and the beginning of April (van 
Aken, 2002). He also reported that the most energetic eddies were also found in 
winter, confirming that eddies are preferentially generated in the slope region in 
winter and dissipate later in the year in the bay interior as proposed by Pingree 
and Le Cann (1990, 1992a and b) and Paillet et al. (1999). 
 In spring the low salinity waters cover a great part of the continental shelf de-
pending on the river runoff and on the wind regime. The seasonal thermocline 
appears in April in the outer shelf and reaches the coastal area in May. Below the 
thermocline, a cold pool (11°C) appears off the French coast, extending from the 
southern Brittany area to the latitude of the Gironde estuary, centred over the 100 
m depth contour. The pool is observed throughout the year and shows weak tem-
perature variations (less than 1°C). Although river runoff adds to the thermal 
stratification, its importance is reduced throughout spring and summer. 
 In summer and early autumn (Fig. 24.8B) coastal upwelling appears off the 
Iberian Peninsula in late spring and reaches its maximum expression in summer, 
when it also occurs in the southeastern Bay of Biscay over the shelf off the Landes 
coast. Interactions of tidal currents with bottom topography are responsible for the 
formation of seasonal thermal fronts in the Bay of Biscay, such as the Ushant front 
off western Brittany. Several other mixed areas occur along the French coast, 
generally in the vicinity of islands. Along the Armorican and Celtic slopes, frontal 
zones are induced by internal waves. 
 The surface currents over the deep basin vary between southward and south-
eastward, with a mean scalar velocity of 1.7 cm s-1, while over the continental slope 
the flow is equatorward with a mean velocity of 1.5 cm s-1 (van Aken, 2002). 
 With the changes in atmospheric forcing, upwelling ceases and late autumn is 
marked by the appearance at the surface of the poleward slope current signal off 
west Iberia. 

3.2 Slope current 

 As has been mentioned when talking about the seasonal pattern, a warm, saline 
intrusion has been recurrently observed during winter off the western Iberian 
coast, trapped within 50 km of the shelf edge, flowing poleward with speeds of 20–
30 cm s-1, the transport increasing in the flow direction (Frouin et al., 1990; Haynes 
and Barton, 1990). Intermittently, it reaches the northern Spanish coast margin 
(Pingree and Le Cann, 1990) around the Christmas period, which led Pingree and 
Le Cann, (1992b) to name it “Navidad “ (Fig. 24.8A). 
 According to Huthnance (1984), the slope current is primarily non-wind driven. 
The meridional density gradient, observed in the upper 200–300 m of the NE At-
lantic (Pollard and Pu, 1985) is the result of the poleward cooling of the ocean 
surface. It is balanced by an eastward flow of light water, which in turn causes a 
height difference between shelf waters and deep sea. A cross-slope density gradi-
ent develops and a geostrophically balanced poleward flow is thus generated. In 
the absence of any additional forcing, the poleward flow can only decay off those 
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boundaries, as is the case on the northern coast of the Iberian Peninsula. Winter 
westerlies pile up water at the Iberian margin and reinforce the slope current at 
the southern Bay of Biscay. In that case, the slope current develops a surface ex-
pression and achieves its greatest velocities. It is present over the upper slope and 
eventually invades the outer shelf. During this period the slope current tends to act 
as a boundary preventing upper layer exchanges between the shelf and the deep 
sea. This exchange, however, is not totally blocked, since current instabilities 
caused by interactions with topography may result in the generation of eddies 
(OSPAR, 2000). 
 Serpette et al. (in press) described the slope current at the upper and lower part 
of the ENACW and found an alternation between poleward and equatorward 
directions: at the lower part, the current is poleward over the northern slopes of 
the Bay of Biscay and tends to be equatorward over the Armorican and northern 
Spanish slopes. They link this fact with the eastward penetration of waters over the 
abyssal plain near 46°N (Pingree, 1993; van Aken, 2002; Reid, 1994; McCartney 
and Mauritzen, 2001). This westward flow over the northern Spanish Slopes was 
postulated by Schopp (1993) and attributed to positive windstress curl forcing 
(Isemer and Hasse, 1987), which drives a southward Sverdrup flow component 
over the Bay of Biscay abyssal plain producing a westward flow over the Spanish 
slopes. Current meter measurements obtained during the European SEFOS pro-
ject in the central part of the southern Bay of Biscay slope (Díaz del Rio et al., 
1996) show this alternation of flows with more a southward component in winter 
1995 and an intensification of the eastward slope current in autumn 1995 and win-
ter 1996, mainly in the upper part of the ENACW (Fig. 24.9). 
 Surface drifters released near the shelf edge on the western Iberian coast during 
the French ARCANE project tended to remain trapped in this region in winter. 
Nevertheless, the flow may have a branch around Galicia Bank as suggested by the 
float tracks (Huthnance et al., 2002). The surface temperature field, obtained from 
remote-sensed images, often shows a much broader (hundreds of kilometres) 
northward extension of warm water, probably affected by winds (García-Soto et 
al., 2002). 
 Winter temperature along the Spanish northern slope can be used to examine 
the inter-annual variability of the Poleward Current (Pingree, 1994). Some at-
tempts to relate it to climate forces as NAO and Ekman transport have been 
made. Garcia-Soto et al. (2002) did not find a clear relationship between winter 
NAO (previous November-December) and SST for the time series they analysed 
(1967–2000), but when they limited the years to those of a marked satellite-
observed Poleward Current, they found that SST values at 4° and 8°W were tightly 
associated with negative values of the November-December NAO index. They 
attributed this relationship to the decreasing wind speeds in the negative phase of 
NAO and associated decrease in latent and sensible heat fluxes (Cayan, 1992a, b). 
Cabanas et al. (2003) found a correlation between the November-December Ek-
man transport at 43°N, 11°W and the December SST in NW Iberia (42°N, 9°W). 
Correlation reduces over time (November or January) and distance into the Bay of 
Biscay (7°W using December or 4°W using January SST values). The previous 
December maximum Ekman transport coincides with years of strong Poleward 
Current during the 1990s (Garcia-Soto et al., 2002), but in previous decades the 
coincidence is only occasional. Planque et al. (2003) also show that there is no 
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significant relationship between the winter NAO index and SST, wind or river 
runoff during the last century and a half. 

 

Figure 24.9   Velocity vectors (cm 5′) at 75, 180 and 450 m depth in the Central Cantabrian Sea (Díaz 
del Río et al., 1996). The data series have been smoothed by a Godin filter to eliminate high frequency 
noise. Low frequency oscillations have been obtained by applying a Godin A24A24A25 filter. 

 Garcia-Soto et al. (2002) showed pulses of warm water in the winter of 1990 
extending northwards along the shelfbreak/slopes from the Subtropical front 
(35°N) to near the polar front. The surface pulses had a more pronounced north-
wards advance along the shelfbreak in the Armorican and Celtic shelves. In the 
Cantabrian region, where the shelf is oriented E-W, water spreads over it. 

3.3 Mesoscale features (off-shore) 

As the winter Poleward Current enters the Bay of Biscay around Cape Finisterre, 
warm water moves eastward along the Cantabrian continental shelf and slope. 
Some flow continues its poleward advance across the Landes Plateau and the 
continental slope of Cape Ferret canyon (see Fig. 24.8A). Where topography 
changes abruptly, as in Cape Ortegal, Cape Ferret canyon and Goban Spur, the 
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slope water is injected into the oceanic region to form anticyclonic eddies that 
contain a core of slope water (Pingree and Le Cann, 1989, 1990). These slope wa-
ter oceanic eddies (or “swoddies”) contain surface warm water and their move-
ments have been followed using infrared and color satellite images (Pingree and 
Le Cann, 1992a; Bardey et al., 1999 Garcia-Soto et al., 2002;) and floats (van Aken, 
2002; Huthnance et al., 2002). 
 Serpette et al. (in press) described slope current and eddies at two levels of the 
NACW. They suggest that another possible mechanism for the westward current 
in the southern Bay of Biscay may be the collective effects of anticyclonic eddies, 
which are more persistent in this area. In the vicinity of the slope they may drive 
the observed equatorial flow. The change in the flow direction will cause slope-
ocean exchange, a key process for biogeochemical studies (Huthnance et al., 2002). 
 Van Aken (2002), on the mesoscale motion over the abyssal plain, reported a 
2:1 dominance of the number of anticyclonic eddies over cyclonic ones, character-
istic of the European ocean margin. Garcia-Soto et al. (2002) presented a statistical 
report of summer swoddy-like eddies in the southern Bay of Biscay (south of 
46°N) and found them during either years of strong or weak Poleward Current, but 
eddies at 4°W appear to be confined to the first case and eddies west of 6°W to 
years without a clear slope current, perhaps indicating swoddy production only 
from near Cape Ortegal. 

3.4 Shelf Seas 

3.4.1 Cantabrian Sea shelf 
 The Cantabrian shelf has marked thermal zoning, from a cold western part 
where oceanic influence is greater, towards the inner part where continental influ-
ence is stronger. The intensity and frequency of upwelling events decreases east-
ward as temperature and stratification increase. Hydrographic variables follow the 
seasonality previously described. The main features are: 

Seasonal cycle. Temperature follows the expected seasonal warming and cooling 
pattern, which determines a seasonal process of stratification and mixing of the 
water column. The stratification period occurs between May and October in a 
layer of about 50 m depth from the neritic part to beyond the shelf-break. Between 
November and April the water column remains mixed. During spring and summer 
low salinity values are found in the surface due to continental runoff and advection 
from eastern low salinity waters. In late autumn and winter, the salinity pattern is 
governed by the influx of salty water associated with the Poleward Current. As in 
other temperate latitudes nitrates show the highest values in winter throughout the 
whole water column and the lowest values at the surface during the stratified pe-
riod (Lavín et al., 1998). 
 The seasonal cycle in sea surface temperatures varies from the western Can-
tabrian Sea towards the east. In the west, near A Coruña, the cycle has a small 
temperature range from summer to winter, as upwelling cools water in summer. 
The range between summer and winter SST was reported as being around 4°C in 
A coruña (Valdés et al., 1991), increasing in the inner part of the Bay where there 
is more influence from the land (Valencia et al., 2004) and where temperatures are 
higher in summer and lower in winter than in the surrounding area. Near the sur-
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face (10 m), monthly mean temperatures at the shelf break off Santander (43° 
42’N, 3° 47’W) during the 1990s indicate a typical summer (August) maximum and 
a late winter (February-March) minimum. The amplitude of the cycle, based on an 
annual and semi-annual harmonic, is around 8.5°C (between 12.8 and 21.3°C). 
Deeper in the water column, the maximum occurs later in the year and has a re-
duced amplitude (Cabanas et al., 2003). The time series of temperature, salinity 
and nitrates from 1992 to 2003 in the whole water column at the central shelf of the 
Santander standard section (43° 34.5’N, 3° 47’W) are shown in Fig. 24.10. 

 

Figure 24.10   Seasonal and interannual variations in temperature from 1991 to 2003 (A), salinity from 
1991 to 2003 (B) and nitrates from 1993 to 2003 (C) over the shelf off Santander (43° 34.5’N, 3° 47’W, 
southern Bay of Biscay). 
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Western incursions. The hydrographic properties of the southern Bay of Biscay 
upper water layer are eventually influenced by intrusions of Atlantic water ad-
vected from the west of the Iberian Peninsula. These intrusions of warm and saltier 
water of subtropical origin are more intense in winter, when wind conditions are 
more favorable, but during other seasons spring events have also previously been 
reported over the western part of the Cantabrian shelf with relatively high nitrate 
concentrations (Bode et al., 1990; Lavín et al., 2001). These features influence the 
planktonic community as well as the fish larval distribution during spring, a key 
period for eggs and larval development and survival in the western Cantabrian 
Sea, an important nursery area. 

Fresh water advections. The large runoff from the French rivers not only condi-
tions the saline distribution on the French shelf, but also affects the eastern Can-
tabrian Sea (Lavín et al., 1998; Gil et al., 2002; Valencia et al., 2003). These fresh 
water advections produce significant variations in the seasonal cycle along the 
Cantabrian Sea in late spring and summer. They have been described as areas of 
accumulation of eggs and larvae of some pelagic and demersal fish in the inner Bay 
of Biscay (Sánchez and Gil, 2000). 

Upwelling. Northeasterly winds between Cape Finisterre and Ortegal and east-
erly winds in the Cantabrian shelf produce upwelling in the Cantabrian shelf 
mainly in spring and summer. Topography enhances the effect. Upwelling intensity 
decreases from Cape Finisterre where the more intense effect is found, towards 
Cape Ortegal and Cape Peñas where it is detected to a lesser extent. As the up-
welled water is cooler than the surrounding surface water, it is easily detectable in 
images of sea surface temperature (see UPW in Fig. 24.8B). 
 Upwelling events have been reported in the western part of the southern Bay of 
Biscay (Molina, 1972; Fraga 1981, Botas et al., 1990; Lavín et al., 1998; Moreno-
Ventas et al., 1997) and small effects have also been reported in the inner part 
(Borja et al., 1996). This process is considered to be an important mechanism of 
fertilization of the photic layer (Fernández and Bode, 1991; Gil et al., 2002). 
 Upwelling is the main nutrient supply during the period of water column strati-
fication. The intensity and duration of the upwelling period is known to vary from 
year to year but there is poor information on other sources of variability, such as 
the nutrient load of the upwelled waters. Tréger et al. (1979) gave a late winter 
nutrient distribution for the Bay of Biscay sub-surface water masses and found that 
subtropical ENACW has a relatively low nutrient concentration and in contrast 
subpolar mode waters were richer. ENACWt has the lowest nutrient levels reflect-
ing its formation in the nutrient-poor waters of the subtropical gyre (Pollard and 
Pu, 1985, Perez et al, 1993, Castro et al, 1998). González et al. (2003) reported 
upwelling during 1991 and 1992 from water of southern origin with high salinity 
(>35.80) and low nutrients (5 μM NO3) associated with a strong poleward current, 
and during 1995 and 1996 when salinity was low and nitrate values were as high as 
12 μM NO3. In this latter case water was of northern origin. These values are in the 
same range as those that Valdés et al. (1991) reported for an annual cycle in A 
Coruña during 1988 and Lavín et al. (1998) at a neritic station (St-4) off Santander. 
Fig. 24.10C shows nitrate concentrations detected at St-4 off Santander (43° 
34.5’N, 3° 47’W) during the 1994–2002 time series (Lavín et al., 2003). 
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Mesoscale and submesoscale filaments and eddies. Gil et al. (2002) reported a 
hydrographic condition in spring over the Cantabrian shelf. An incipient wind 
forced a coastal upwelling event that exhibited offshore filaments, rings and even-
tually quasi-geostrophically isolated, semi-closed mesoscale eddies. Some of these 
structures concentrated phyto-, zoo- and ichthyoplanktonic material within them. 
Residual currents have been pointed out as a major source of the westward dis-
placement of the mesoscale eddies, producing a net westward transport of plank-
tonic patches through the southern Bay of Biscay in spring and summer. 
Formation of eddies over the continental shelf produces ageostrophic vertical 
forcing, which provides nutrients to the upper layers and seems to have a positive 
effect on the abundance and distribution of recruits (Sánchez and Gil, 2000; 
Sánchez et al., 2001). They also reported the favorable effect of the anticyclonic 
eddies in westward transport of larvae inside the nuclei, close to or over the conti-
nental shelf. 

3.4.2 French Continental shelf 

Tides. The tides in the Bay of Biscay are semidiurnal. The amplitudes increase 
from the shelf (1.3 m) to the shore (1.6–1.7 m). Instantaneous tidal current strength 
is partly related to the topography and width of the continental shelf. Thus, in the 
southern part of the bay (south of 45°N) these currents are quite weak, less than 
~15 cm s-1 (Le Cann, 1990). Over the Armorican shelf, instantaneous tidal currents 
are stronger (~30 cm s-1) with several maximum local values in the vicinity of is-
lands (>50 cm s-1). 
 At the shelf break, when the water column is vertically stratified, tides generate 
internal waves that propagate both on- and off-shelf from about 5° to 9°W. They 
appear to be responsible for significant mixing and upwelling of nutrients over the 
shelf break. 

Wind-induced currents and upwelling. The NW wind induces SW-S surface cur-
rents over the French shelf. The SW winds invert the circulation towards the NW 
and produce local cross shelf set-ups with little vertical integrated flow. Over the 
Armorican shelf and the northern part of the Aquitaine shelf, the currents gener-
ated are typically ~10 cm s-1 and locally 20–30 cm s-1. In the southeastern part of the 
bay, the situation is more complex: the circulation over the slope should affect this 
area because of the narrowness of the continental shelf. 
 In spring and summer the prevailing NW winds (see Fig. 24.2) induce an off-
shore transport in the surface Ekman layer and upwelling along the coasts is 
evenly observed (Pingree, 1984; Froidefond et al., 1996; Puillat et al., 2003). Up-
welling is not generated under the same wind direction on either side of the Loire 
estuary because of the coastline orientations: northerly winds in the southern part 
and west to northwesterlies along the Brittany coast. Jégou and Lazure (1995) 
showed that vertical movements induced by upwelling-favorable winds are 
stronger when tidal currents are weak. 

Seasonal cycle. In winter the water column is generally homogeneous. The inner 
shelf is marked by a cold strip, primarily linked to the presence of freshwater from 
the Loire, Gironde and Adour estuaries in the surface layer. Downwelling-
favorable winds and high turbulence levels confine low salinity waters (< 35) into a 
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strip about 50 km wide on the inner shelf and prevent stratification. Near the bot-
tom, low-salinity water spreading hardly varies, reaching about the same extent 
each year. 
 Thermal stratification occurs from May until mid-September in a layer ~30–50 
m thick. Maximum temperatures are reached in August, the mean SST is roughly 
~2°C higher near 45°N than at 47°N (along the 200 m isobath) and the thermocline 
appears less marked in the north (Vincent and Kurc, 1969; Koutsikopoulos and Le 
Cann, 1996). This north-south difference can be partially explained by the occur-
rence of greater tidal mixing in the north, but also by less solar radiation and the 
influence of stronger winds on an extended area of shallow water. Thermal fronts 
can be observed over the continental shelf off western Brittany and along the 
French coast in the vicinity of islands. They are due to interactions between the 
topography and tidal currents (Pingree et al., 1982; Mariette and Le Cann, 1985) 
whereas along the northern Armorican slope they mainly result from mixing in-
duced by internal tides propagating across the shelf-break (e.g. Pingree et al., 1982; 
Mazé et al., 1986; Le Tareau and Mazé, 1993; Pingree and New, 1995; Druon et al., 
2001). 

 

Figure 24.11   Average monthly surface salinity calculated by Mars 3D model for 15 years. 

 From late winter to summer, the haline stratification is strong due to high river 
runoff and relatively low vertical mixing. In May and June, low salinity water (< 
35) can extend offshore beyond the 100 m isobath due to prevailing upwelling-
favorable winds which may drive river plumes offshore. 
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 In autumn, the haline stratification decreases because of low river discharge and 
wind-induced vertical mixing. North of 46°N, surface salinity increases by up to 1 
inshore of the 100 m-isobath from spring to the end of summer (Puillat et al., 
2004). This seasonal evolution agrees with salinity measurements made on the 
inner shelf (Lazure et al., in press). They show a general decrease from north to 
south along the coast in summer, which may be linked to northwesterly wind con-
ditions, favorable for driving surface water to the SW of the bay. Average monthly 
surface salinity calculated by Mars 3D model for 15 years is shown in Fig. 24.11. 

Cold pool. Below the thermocline, a cold water mass called the “Bourrelet froid” 
(Vincent and Kurc, 1969) is isolated on the middle part of the shelf. This cold pool 
is nearly homogeneous (11–12°C) from ~40–50 m to the bottom. It is present 
throughout a large part of the year when water is stratified with weak temperature 
variations (less than 1°C). 
 Puillat et al. (2004) have shown the inter-annual variability of this structure, 
both in extent and temperature. For instance, in 1999 the cold pool was larger and 
colder (< 0.4°C) compared with the 1998 situation. In 1999, its extent had more 
than doubled on a NW-SE axis and the vertical thermal gradient was also greater 
than in 1998. This variability may be linked to the wind effect: September 1998’s 
wind event induced significant upwelling and probably increased vertical mixing, 
thus reducing thermal stratification, whereas in 1999 the wind was not upwelling-
favorable. 

River plumes fluctuations and lower salinity lenses. In winter and spring, the main 
mesoscale structures are river plumes. The behavior of Loire and Gironde plumes 
has been described by a 3-D model of the Atlantic shelf, first for winter and spring, 
then over a period of several years (1990 to 1996) under realistic forcing (Lazure 
and Jegou, 1998). Maximum runoff and SW/downwelling-favorable winds usually 
occur from winter to spring and decreased runoff and NW/upwelling-favorable 
winds from spring to autumn. Thus in winter, plumes usually spread northwards 
and along the shore and vertical stratification is weak and almost non-existent on 
the shelf. 
 In spring, when river discharges are reduced and when prevailing winds are 
from the NW, the northward spreading of plumes may be stopped. In that case, 
plumes may be driven offshore or southwards in a 30 m surface layer and a strong 
stratification may develop on the shelf. This path change usually occurs in late 
March or early April. The low-salinity strip along the shore seldom builds up 
again, and the shelf circulation of water masses becomes mainly wind-driven. 
 The greatest offshore spreading of low-salinity waters on the shelf occurred in 
years of very large river discharges and strong upwelling-favorable winds, such as 
in spring 1994 and 1995. In those years, the Loire and Gironde plumes were con-
nected and low-salinity waters influenced a large part of the shelf. On the other 
hand, the plumes still spread northwards along the coast in spring 1993 and low-
salinity waters reached the western part of Brittany. The mid and outer shelf re-
mained unaffected by the Loire and Gironde influences in spring that year. This 
situation corresponds to runoffs close to the average and long periods of weak 
wind stress. Thus, low-salinity waters are mainly driven by density gradients. 
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Figure 24.12   (A) Formation and fate of low salinity lenses from Loire and Gironde in spring 1998 from 
Mars 3D model and (B) map of salinity distribution during the Modycot cruise (April 2001) with an 
example of low salinity. 
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 Offshore, parts of river plumes can sometimes be detached and isolated from 
the main plume structure to become independent mesoscale low salinity lenses 
with lower salinity in their core compared to the surrounding water. Such patterns 
have been revealed in spring and summer in model results and observed in hydro-
logical measurements (Froidefond et al., 1996; Uriarte et al., 2001; Puillat et al., 
2004) on the shelf. These lenses are 50–80 km wide and ~30 m thick and occur 
during westerly to northerly wind events. The low-salinity lenses observed during 
five cruises in 1998 and 1999 by Puillat et al. (2004) show variability in diameter, 
shape, mean depth and intensity. The formation and fate of low-salinity lenses 
from the Loire and Gironde in spring 1998 from the Mars 3D model are shown in 
Fig. 24.12A and a map of salinity distribution during the Modycot cruise (April 
2001) with an example of low-salinity lenses is shown in Fig. 24.12B. Lenses seen in 
spring have a lower minimum salinity of 33–34 in the core and a higher gradient. 
 Low salinity lenses are expected to behave like retention systems for larvae and 
eggs. Thus, high numbers of anchovy eggs have sometimes been found in isolated 
lower-salinity lenses far from the coast in the southern Bay of Biscay and along the 
Cantabrian coast (Motos et al., 1996; Sánchez and Gil, 2000; Sánchez et al., 2001). 
These low water patterns have a French shelf origin and affect the configuration of 
water masses by locally increasing the stratification of the upper layers. 
 Fresh water inputs can induce significant density currents of ~10 cm. s-1 in model 
simulations (Lazure and Jégou, 1998). These density currents generally flow 
northwards in the surface layer because of the Earth’s rotation but they are fre-
quently affected by wind-induced circulation (Jégou and Lazure, 1995; Lazure and 
Jégou, 1998; Froidefond et al., 1998; Hermida et al., 1998). 

4. Biology of the pelagic ecosystem 

Biological cycles, population dynamics and coupling of ecological responses of 
plankton species and communities to physical forcing have been studied in the Bay 
of Biscay in the frame of wider interdisciplinary research programmes directed at 
understanding classical topics such as the conditions for the recruitment of living 
marine resources, the balances of matter and biogeochemical cycles, and the adap-
tation of marine ecosystems to global change. These programmes usually involve 
plankton-dedicated surveys which include a grid of stations covering the spatial 
occurrence of a given process (e.g. the spawning area of a given species). The grid 
is then sampled at such time intervals (hours, day or days) as to allow the observa-
tion of plankton dynamics (e.g. changes in abundance and biomass) and the identi-
fication of patterns in the plankton response under defined physical and biological 
conditions. Nevertheless, these studies are not homogeneous in terms of sampling 
strategy and seasonality, thus limiting comparisons among different regions and 
surveys. 
 Recently, monitoring programmes based on routine observations of ocean 
properties and biological communities were established in the Bay of Biscay and 
its environs. These include the transects off Santander, Gijón, Cudillero and A 
Coruña (N. Spain), Plymouth (S. England), the CPR routes (which cross the entire 
Bay of Biscay), and ships of opportunity (e.g. the Ferrybox project, which started a 
pilot experience in the Bay of Biscay). The temporal resolution of these projects 
allows us to study and resolve plankton dynamics, seasonal cycles, inter-annual 
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variability and mid-term trends, and they also allow for making easy comparisons 
among areas. The main variables measured in time series programmes include 
structural parameters such as abundance, biomass, species composition, body size 
and also physiological rates such as production, respiration and consumption. 
 Not all the regions in the Bay of Biscay were sampled and studied equally. Bal-
ances of matter and biogeochemical cycles were investigated in detail in the area of 
Galicia where upwelling processes are stronger and govern pelagic production 
(Bode and Fernández, 1992; Casas et al.,1997; Serret et al., 1999; Teira et al., 2003; 
Varela et al., 2003; Bode et al., 2004, etc.), whereas in the central Cantabrian Sea 
and inner Bay of Biscay most of the fisheries and marine research institutions 
prioritized their research aims towards understanding the plankton dynamics in 
relation to living marine resources, recruitment processes and interannual variabil-
ity. The results presented in this review are focussed on these latter topics. 

4.1. Phytoplankton dynamics and regional variability 

In general we have gained a good knowledge of the main biological processes and 
driving forces that govern the cycles and variability of plankton populations in the 
Bay of Biscay (Varela, 1996; Poulet et al., 1996; Valdés et al., 2000; Valdés and 
Lavín 2002). 
 Like the entire northeastern Atlantic, this region undergoes a seasonal climatic 
cycle, which strongly affects the pelagic ecosystem through three interrelated forc-
ing factors over the year: sunlight exposure, heat exchange with the atmosphere 
input and mechanical forcing on the surface due to wind. The effect of these forces 
produces a regular pattern in hydrographic conditions characterized by winter 
mixing of waters, followed by summer stratification. Phytoplankton blooms occur 
during the transition between the two periods. In addition, productivity and plank-
ton growth in the shelf seas of the Bay of Biscay are influenced by river discharges 
and freshwater advection and other mesoscale and submesoscale features. 
 Monthly composites of SeaWIFS satellite images (Fig 24.13) reveal the main 
spatial and temporal patterns of fluorescence (as a proxy for chlorophyll, see for 
example Gohin, 2002). Even after correction for turbidity, high values of chloro-
phyll can be observed over the wide French continental shelf most of the year 
round (particularly in late winter) and even over the narrower Spanish continental 
shelf we can observe several peaks of plankton growth during the year. In contrast, 
the oceanic waters in the Bay of Biscay basin show an oligotrophic state with a 
single peak of biomass in spring. 
 The onset of the spring bloom occurs with remarkable regularity in March on 
the southern coast when seasonal re-stratification starts and consequently the 
mixed layer becomes shallower than the critical depth in which phytoplankton 
growth exceeds mortality and respiration according to Sverdrup´s classical mecha-
nism; by March-early April the spring bloom covers the entire Bay of Biscay (Fig. 
24.14). From May onwards, chlorophyll drops sharply, and the lowest values are 
observed in summer when water column stratification prevents nutrient supply to 
photic layers. In this season new production is often related to mesoscale processes 
associated with topographical features. The autumn bloom is quite variable in 
timing and intensity, and restricted to coastal areas generally inwards of the 75 m 
isobath. During winter months and in the coastal areas inwards of the 100 m iso-
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bath, chlorophyll estimates remain relatively high (Fig. 24.13), presumably due to 
turbid plumes related to runoff and river discharges (Gohin et al., 2003). A succes-
sion of phytoplankton assemblages in relation to hydrography in the southern Bay 
of Biscay was studied by Valdés et al. (1991), Fernandez and Bode (1994), Varela 
(1996), Casas et al (1997) and others, who noted the prevalence of diatoms in 
spring, whereas flagellates were dominant during summer stratification. 

 

Figure 24.13   SeaWIFS composite images of the Bay of Biscay: January, April, August and November 
1999. 

 

Figure 24.14   Upwelling signature in Cape Peñas observed by remote sensing (SeaWIFS, 7–18 June 
2000). Color scale as in Fig. 24.13. 
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 Nevertheless, this main scheme is far from being unchanging and uniform. As 
explained in the previous section, episodic mesoscale and submesocale events are 
common in the Bay of Biscay, introducing a high variability in the ecosystem’s 
productivity from year to year. Most important features enhancing primary pro-
duction are coastal upwelling, coastal runoff and river plumes, seasonal currents 
and internal waves and tidal fronts. 
 Coastal upwelling events occur mainly on the Spanish continental margin. 
These are produced by NE winds prevailing from late May to September. Upwell-
ing events are highly variable in intensity and frequency from year to year, but in 
general they are more common and intense to the west of Cape Peñas and act as a 
mechanism generating spatial variability between the western and eastern parts of 
the Cantabrian Sea and between the coastal mixed waters and the neighboring 
oceanic stratified areas. When upwelling is particularly intense, surface signs of 
upwelling are observed first on the northern coast of Galicia, then off Asturias, 
and later to the east off Cantabria, and can be observed and studied by remote 
sensing (Revilla et al., 2002). Fig. 24.14 shows a SeaWIFS sequence of an upwelling 
event centred on Cape Peñas. This was a typical short-lived event (June 7–18, 
2000) and covered ~1500 km2. Upwelled waters are usually advected offshore 
forming filaments that extend westward following the 200 m isobaths and trans-
porting biological material towards oceanic waters. The appearance of upwelling 
pulses during the summer is important in the formation of a permanent and deep 
stratified surface layer, enhancing phytoplankton growth (Estrada, 1984; Botas et 
al., 1990; Tenore et al., 1995). Under conditions of moderate upwelling, the inner-
most coastal 25 km are about 10 times more productive than offshore waters and 
the upwelling centres about 20 times more productive than offshore waters (Bode 
et al., 1996; Teira et al., 2003; Varela et al., 2003). On the French continental mar-
gin, mainly in summer, weak upwelling events are induced along South Brittany 
and the Landes coastline by northerly winds and their intensity seems to be closely 
related to anchovy recruitment (Borja et al., 1996). 
 Filaments and fronts associated with high salinity water of subtropical origin 
(Eastern North Atlantic Central Water, ENACWt, also called Navidad current) 
are important along the coast of the southern Bay of Biscay. During winter and 
spring, this current gives rise to a convergence front, which is localized in the 
boundary zone between the coastal water and the oceanic water. The effects on 
phytoplankton (distribution, standing stock, growth rates, species composition and 
functioning) were described by Botas et al. (1988), Fernández et al. (1993), Varela 
(1996), Varela et al. (1995, 1998). When saline intrusion is weak, the development 
of fronts and the formation of a seasonal thermocline are enhanced and phyto-
plankton blooms occur. Intense saline intrusion causes strong vertical mixing, 
preventing phytoplankton growth during spring. 
 The Gironde, Loire and, to a lesser extent, the Vilaine and Adour rivers provide 
large volumes of fresh water (which are turbid but rich in nutrients from the 
mainland) at the end of the winter. This results in the formation of dilution plumes 
at the surface of coastal waters, which drive significant northward currents over the 
inner Armorican shelf. Because the tidal currents along the Atlantic coast are 
much weaker than in the English Channel, these plumes can extend over several 
hundred kilometres in length, becoming progressively diffuse. Because of the 
continual input of nutrients they provide, these river plumes maintain a very large 
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amount of new phytoplankton production along the coastal fringe, and sometimes 
even to the edge of the continental shelf. Due to the haline stratification that main-
tains the phytoplankton cells in a very thin layer of water, phytoplankton produc-
tion can start very early in the year. An anticyclone regime, frequent in the region 
during winter (January to March), may be favorable to triggering this production. 
Studies have shown that these winter blooms linked to plumes from large rivers 
are relatively short, because they are quickly limited by lack of phosphorus due to 
the high N/P ratios of river waters, which are highly unbalanced in favor of nitro-
gen. A lower volume of river runoff and a much narrower shelf off the Iberian 
Peninsula act in tandem to make buoyant plumes much less persistent over the 
Cantabrian coasts than over the Armorican shelf (Prego and Vergara, 1998). 

 

Figure 24.15   (A) Temperature and salinity profiles in a transect over the Armorican shelf in June 
2000. (B) Fluorescence signal (arbitrary units) in the same transect. 
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 At the Armorican shelf break when the water column is vertically stratified in 
summer, tides generate internal waves that propagate both on- and off-shelf from 
about 5° W to 9° W. Such internal waves appear to be responsible for significant 
mixing and upwelling of nutrients and occur with remarkable regularity, starting in 
June or July at the shelf-break, where they have their maximum intensity, and thus 
their greatest impact on primary production. Biological signs of this tidal front 
include an increase in fluorescence values (Fig. 24.15), zooplanktonic biomass, and 
eggs and larvae of pelagic fishes, e.g. sardine, mackerel and horse-mackerel (Lago 
de Lanzós et al., 1997). The abundant, sustainable new production makes this 100-
km wide fringe overhanging the continental shelf break, an oasis in the open sea 
and it is used by pelagic species as spawning grounds to nourish future larvae (Ar-
bault and Boutin, 1968; Lago de Lanzós et al., 1997). 

4.2. Zooplankton dynamics and regional variability 

The high variability in time and space of zooplankton populations in the Bay of 
Biscay and their complex relationship with environmental factors severely limits 
our understanding of ecosystem functioning. Time series programmes established 
in the late 1980s (Valdés et al., 2002) together with the implementation of new 
technologies have allowed us a deeper insight into zooplankton dynamics. New 
findings are promising and we are now starting to understand how the zooplankton 
adapt to environmental factors, how species respond to local or to broad-scale 
perturbations and how to distinguish regional patterns from local anomalies. 

4.2.1 Main patterns and regional dynamics of zooplankton 
 Zooplankton in the Bay of Biscay is very rich in terms of taxonomic groups and 
species. The most important group by specific richness, persistence, abundance and 
ecological significance is that of copepods, which account for 60% and 85% of 
total zooplankton abundance in coastal and oceanic areas respectively off the 
north coast of Spain. Copepods are present all the year round whereas other 
holoplankton and meroplankton groups have a marked seasonal distribution 
(D’Elbee and Castel, 1991; Poulet, 1996; Valdés and Alvarez-Ossorio, 1996; 
Valdés and Moral, 1998). 
 Time series studies carried out on the north coast of Spain show that the annual 
cycle of abundance and biomass of zooplankton presents one main peak in spring 
corresponding to, but lagging behind, the pulse of phytoplanktonic production. 
Other less regular peaks may be observed in summer and autumn depending on 
the oceanographic conditions (upwelling, wind turbulence, etc.) (Bode et al., 
1998). Winter is well defined with the lowest values. The oceanic areas present a 
pattern of oligotrophic areas with slight variations in values of abundance and 
biomass throughout the annual cycle and a single period, which generally coincides 
with April, when communities develop and reach annual peaks. 
 An interesting example of a regional pattern of plankton variability in response 
to environmental conditions was observed in the southern Bay of Biscay. Fig. 24.16 
shows the regional pattern of surface (10 m depth) temperature and the zooplank-
ton biomass at shelf sampling stations off Santander, Cudillero and A Coruña from 
1991–2002. Sea surface temperature in Santander follows a regular seasonal cycle 
of heating and cooling, with maximum values around 21°C in August. This pattern 
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is also observed in Cudillero, but what was also noted here was the effect of the 
upwelling events that happened in the neighboring Cape Peñas, causing small 
decreases in temperature during the summer months. Maximum values were 
reached in August with temperatures close to 20°C. In A Coruña the seasonal 
cycle of sea surface temperature is amply modified by the strong effect of the up-
welling in the west Iberia, which starts in late spring and extends until late summer. 
Maximum values rarely surpass 17°C. 

 

Figure 24.16   Zooplankton biomass patterns in the time series 1991–2002 at the mid-shelf sampling 
stations in the transects off Santander, Cudillero and A Coruña. The continuous line represents zoo-
plankton biomass and the dotted line stands for temperature. (Llope et al., 2003, modified by Valdés). 

 Zooplankton biomass also shows a cyclical seasonal pattern with maximum 
values usually in spring when the heating of the water column starts. The regional 
pattern of the zooplankton biomass shows higher production on the Galician coast 
where for several months it surpasses 30 mg DW m-3 and on many occasions the 
biomass is doubled (Fig. 24.16). A significant portion of this production is linked to 
the frequency and intensity of summer upwelling (Bode et al., 1998). In Cudillero 
the biomass is lower than in A Coruña and although in some months it accounts 
for 30 mg DW m-3, it never reaches 60 mgDW m-3. Santander has the lowest values 
of the three locations and only on some occasions does biomass reach 30 mgDW 
m-3. In Santander the thermal regime determines a strong thermohaline stratifica-
tion that limits the supply of nutrients to the photic layers and once the nutrients 
are consumed, production drops. It is clear that the thermal regime of the water 
column (heating of surface water, upwelling events, stratification of water column) 
strongly determines the abundance of zooplankton in the Cantabrian Sea and in 
Galicia and creates a well-defined regional pattern. 
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 Regarding the whole Bay of Biscay, since 1992 mesozooplankton abundance 
and biomass has been studied in large surveys covering the whole north Spanish 
coast and Bay of Biscay in spring (mid March-mid May) during the spawning sea-
son of the main pelagic commercial species. In general terms, biomass distribution 
of mesozooplankton (200–2000 μm) shows the same patterns as those described for 
phytoplankton. Zooplankton reach maximum abundances and biomass (values of 
~70 mgDW m-3, Fig. 24.17) soon after the phytoplankton spring bloom, when high 
values are regularly observed over the whole continental shelf of both margins of 
the Bay of Biscay. Once the spring bloom relaxes, zooplankton also decrease in 
number and biomass showing a more patchy distribution with some hot spots 
coinciding with upwelling regions and freshwater plumes from big rivers (Fig. 
24.17). Oceanic and oligotrophic waters of the Bay of Biscay basin have very low 
abundances most of the time. In consequence these poor waters in the middle of 
the Bay of Biscay do not support spawning or nurseries of the main pelagic species. 
Fig. 24.18 shows the total abundances of eggs and larvae of sardine, mackerel and 
horse mackerel along a N-S Bay of Biscay transect from the coast of Brest (N Bay 
of Biscay) to A Coruña (S Bay of Biscay) during the spawning season of the above 
species. It can be seen that significant numbers were obtained only at the sampling 
stations located over the shelf at both extremes of the transect, whereas in the 
deep waters in the middle of the transect abundances were ten times lower. 

 

Figure 24.17   Spatial distribution of mesozooplankton biomass in the Bay of Biscay in June (1995) and 
March (2001). 
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Figure 24.18   Sardine, mackerel and horse mackerel eggs and larvae abundance along a transect cross-
ing the entire Bay of Biscay form Brest (N) to A Coruña (S). Sampling stations regularly spaced; st-1= 
continental shelf off Brest, st-13= continental shelf off A Coruña. 

4.2.2 Seasonal cycles and year-to-year variability of key species 
 Seasonal cycle and year-to-year variability of Acartia spp. and Calanus helgo-
landicus in the Bay of Biscay and Celtic Sea was studied by Valdés et al. (2001) 
using data from two sampling stations off Santander (N. Spain), L4 station off 
Plymouth (S. England) and the CPR routes in Biscay and Celtic Sea. Mean 
monthly abundances (1992–1999) of Acartia spp. (Fig. 24.19) show a gradual lati-
tudinal pattern in seasonality of the Acartia population. The growth season starts 
earlier in the southern regions (February-March on the shelf and oceanic waters 
off Santander) than in northern regions (May on the shelf off Plymouth). The 
annual cycle observed from CPR data shows that seasonality in the Bay of Biscay 
is similar to that observed at the oceanic station off Santander, and that the annual 
cycle at the Celtic Sea follows the temporal pattern observed at L4 off Plymouth. 
The growth season off Santander extends from February to July, and population 
decreases after August in the Bay of Biscay. In the Celtic Sea and Plymouth, Acar-
tia shows a first peak in May and a second one in August-September, then popula-
tion decreases in November. The magnitude of absolute abundances is similar in 
Santander and Plymouth, CPR values, however, are much lower. 
 The growth season of C. helgolandicus also shows a latitudinal pattern in its 
seasonality (Fig. 24.19). A spring peak occurs earlier (March-April) in Santander 
and the Bay of Biscay than in the Celtic Sea and Plymouth (May). At the inner 
station off Santander the growth season lasts for 3 months (March-May), whereas 
at the outer station and in the Bay of Biscay the growth season is more limited in 
time. The Celtic Sea and Plymouth show two different peaks, one in spring (May), 
and a second in late summer-autumn (August-September). The highest abun-
dances were found over the shelf off Santander. Oceanic waters off Santander and 
Plymouth show similar values and CPR values are much lower. These findings 
suggest a synchronicity at a regional scale in the biological cycles of these species. 
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Figure 24.19   Mean monthly abundance (1992–1999) of Acartia spp. (upper panel) and Calanus helgo-
landicus (lower panel) over the shelf off Santander (dark grey ■), an oceanic station off Santander 
(white ◆), open ocean in the Bay of Biscay (light grey ✱, from CPR), Celtic Sea (light grey ▲, from 
CPR) and over the shelf off Plymouth (black). The left axis represents abundance off Santander and 
Plymouth, the right axis abundance from CPR results in the Bay of Biscay and Celtic Sea (Valdés et al., 
2001). 

 Good records on the spatial distribution (coastal, shelf and oceanic stations off 
Santander) and year-to-year variability (Jun-1991/Nov-2000) of mesozooplankton 
groups and species are available from the time series project carried out on the 
north coast of Spain. As explained previously, A. clausi populations in the south-
ern Bay of Biscay develop in the first half of the year. They exhibit coastal prefer-
ences and reach maximum abundances at the station located in the inner shelf 
(Fig. 24.20), showing a remarkable year-to-year variability, with years 1994, 1997 
and 2000 above the mean expected values and 1995, 1998 and 1999 with values 
lower than expected. Statistical trends on cumulative anomalies show an inter-
annual cycle of a three year period: every third year abundance peaks to a maxi-
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mum followed by a decay and a recovery in the next two years before peaking 
again in the third. 

 

Figure 24.20   Year-to-year variability of A. clausi (upper panel) and Temora stylifera (lower panel) at 
the coastal, shelf and oceanic stations off Santander during the time series 1992–2000. 

Temora stylifera populations reach maximum values in August and the growth 
season lasts for almost the whole of the second half of the year (Fig. 24.20). Its 
presence in the Bay of Biscay has been reported recently and related to the in-
crease in temperature due to climatic variations. The year-to-year variability of 
this species shows a shift in its seasonality as the annual peak now occurs one 
month earlier than it used to ten years ago. This pattern was observed in the three 
stations studied (Fig. 24.20). The progression of this species towards northern 
waters was reported up to Helgoland (Halsband-Lenk et al., 2003). Both facts, 
shifts in seasonality and northern displacement, reveal a regional pattern that 
makes of T. stylifera a target species for understanding the effects of climatic vari-
ability on plankton populations (Villate et al., 1997). 

4.3. Carbon uptake, grazing and the pelagic food web 

Photosynthetic activity of natural assemblages of phytoplankton in the three frac-
tions of pico, nano and microphytoplankton (0.2–2, 2–20 and >20 μm respectively) 
have been studied in surface waters of the Spanish continental shelf by 14C uptake 
measurements in in situ incubation periods of several hours. The results show that 
maximum rates of incorporation of 14C are obtained during the spring and winter 
blooms when nutrients are available in the photic layer (Fig. 24.21A). Production 
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during the spring blooms is driven by nano and microphytoplankton, whereas 
during the oligotrophic state in summer and in the winter blooms, the incorpora-
tion of 14C is mainly supported by picophytoplankton (not shown). This seasonal 
alternation in production rates from nano-microphytoplankton in spring to pico-
phytoplankton in summer, when nutrients are depleted in surface waters and mi-
crobial processes promote regenerated production through the smaller cells, have 
also been described in other temperate seas (Smetacek et al., 1984; Legendre and 
Gosselin, 1989; Legendre and Le Févre, 1991; Legendre and Rassoulzadegan, 
1995) and it is probably true for other regions of the Bay of Biscay. 

 

Figure 24.21   (A) Uptake of 14C by the natural community of phytoplankton off Santander and abun-
dance of nano and microphytoplankton. (B) Grazing of zooplankton (fraction 250–500 μm) and abun-
dance of nano and microphytoplankton. 

 The study of the trophic relationships in pelagic ecosystems is complicated by 
the large variability in diet of most species, which leads to unstructured food webs 
(Isaacs, 1973). Preferences in mesozooplankton feeding habits were studied in 
shelf waters off Santander using natural assemblages of mesozooplankton and 
natural assemblages of phytoplankton. The results suggest that the most abundant 
fractions of mesozooplankton (200–500 and 500–1000 μm) graze mainly on nano 
and microphytoplankton cells (Fig. 24.21B). Grazing values of the larger fraction 
of mesozooplankton (>1000 μm) showed neither a clear relationship with nano-
microphytoplankton nor with picophytoplankton, suggesting feeding habits are not 
based exclusively on primary producers. 
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 A different approach to the study of plankton feeding habits was followed by 
Bode et al. (2003a, b and in press) in shelf waters off Galicia (NW boundary of the 
Bay of Biscay). These authors studied the gains of stable isotopes of C (13C) and N 
(15N) through the trophic chain from plankton to sardines and dolphins. Fig. 
24.22A shows isotopic enrichment as the individual size of organisms increases 
from plankton (four size classes from 20 to 2000 μm) to dolphins. The gain in 15N 
by the different classes of plankton suggests that as plankton size increases, organ-
isms feed on more complex diets composed of a mixture of phytoplankton, detritus 
and microplankton, which is in agreement with the above findings. 

 

Figure 24.22   (A) Variation of natural abundance of 15N with the individual size of plankton (four size-
classes from 20 to 2000 μm), sardines and common dolphin. (B) Reconstruction of trophic pathways 
linking plankton and sardine components in the northern Iberian shelf ecosystem from 13C and 15N 
abundance values. Each component is located according to average values of isotopic abundance. Thick 
arrows indicate the most probable links, dashed arrows indicate less probable links (from Bode et al., 
2003b). 
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 But the determination of natural abundance of stable C and N isotopes also 
provided a way to quantify the main exploitation patterns of plankton by sardines 
and to reconstruct the pathways of the pelagic food web (Bode et al., 2003a, b). A 
change in the diet of sardines after the first year of life was inferred from the de-
crease in 15N (and also 13C) abundance in sardines ≥ 18 cm in length (Fig. 24.22A). 
Such a change implies the increasing consumption of plankton of low trophic posi-
tion in the food web as sardines grow and as their filtering apparatus develops, 
suggesting an opportunistic feeding behavior as adults. 
 The reconstructed food web taking into account isotopic signatures included at 
least three trophic steps between phytoplankton and sardines, while direct con-
sumption of large amounts of phytoplankton seemed unlikely (Fig. 24.22B). Such a 
result was also found in other clupeids from upwelling areas (Monteiro et al., 
1991). Nevertheless, differences in 13C and 15N enrichment between plankton and 
sardine suggest that adult sardines obtain most of their muscle protein from zoo-
plankton while phytoplankton would provide reserve materials. 
 In addition to the pathways it is also important to quantify the transfer of matter 
at each trophic level. According to data from grazing experiments, the copepods 
and other mesozooplankters (200–2000 μm) off Santander remove less than 1% of 
phytoplankton standing stock per day. These values are in agreement with other 
data from the Bay of Biscay (Barquero, 1995) and from other temperate seas 
(Calbet, 2001), indicating that most of the production in the shelf waters of the Bay 
of Biscay is not transferred directly into the pelagic food web but moved towards 
the sediment where the organic matter is incorporated in the benthic food webs or 
remineralized (Fortier et al., 1994). This has strong implications for supporting the 
main demersal fisheries in the Bay of Biscay. 

5. Biology of fishes and main fisheries 

5.1. Pelagic fishes 

 Pelagic fishes belong to Nekton, i.e. those animals capable of swimming to such 
a degree that they can overcome many ocean currents. This allows them to move 
great distances within a day and they are adapted to the demands of continual 
swimming, with fusiform shapes and an efficient circulatory system (Helfman et 
al., 1997). The term ‘pelagic fishes’ is used here as a synonym of epipelagic fishes, 
i.e. those fishes that swim in the upper 200 m of coastal and open-sea areas. 
 The geographical location of the Bay of Biscay favors a diversity of pelagic 
ichthyofauna where species characteristic of cold North Atlantic waters such as 
herring (Clupea harengus) share the area with those from more temperate sub-
tropical waters such as chub mackerel (Scomber japonicus). The phenomenon of 
global warming seems to have led to an increase in the presence of temperate 
water fish species in the Bay of Biscay (e.g., among pelagic fishes Megalops atlanti-
cus, Seriola rivoliana) over the last twenty years (Quéro et al., 1998; Stebbing et al., 
2002). From an ecological point of view and also in relation to fishing activity, 
pelagic fishes can be divided into three large groups: small-sized pelagics, middle-
sized pelagics and large migrators (Bas, 1995). 
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5.1.1 Small-sized pelagic fishes 
 Small pelagic fishes are distinguished by their low trophic level, feeding on 
phytoplankton and zooplankton typically in upwelling and surrounding areas. 
Growth is fast, reproduction early and lifespan short, giving rise to the formation 
of very large populations (Bas, 1995). The population dynamics of these species 
are dominated by the strength of the generation born each year (recruitment). The 
most representative species of this group in the Bay of Biscay are: anchovy (En-
graulis encrasicolus) and sardine (Sardina pilchardus). Another characteristic 
species is sprat (Sprattus sprattus). 

Anchovy: Anchovy in the Bay of Biscay may grow to >20 cm and rarely lives 
beyond three years of age. It forms large schools located at between 5 and 15 me-
tres above the bottom during the day (Massé, 1996). It is a serial spawner (several 
spawns per year) and reproduces in spring. The spawning area stretches to the 
south of 47°N latitude and to the east of 5°W longitude. Most spawning takes place 
over the continental shelf in areas under the influence of the river plumes of the 
Gironde, Adour and Cantabrian rivers (Fig. 24.23) (Motos et al., 1996). As spring 
and summer progress the anchovy migrates from the interior of the Bay of Biscay 
towards the north along the French coast and towards the east through the Can-
tabrian Sea. It spends the autumn in these areas and in winter migrates in the 
opposite direction towards the southeast of the Bay of Biscay (Prouzet et al., 
1994). It has a high and very variable natural mortality. Mesoscale processes in 
relation to the vertical structure of the water column (stratification, upwelling and 
river plume extent) appear to have a great influence on the survival of larvae (Al-
lain et al., 2001). In the northeast Atlantic the largest and most stable anchovy 
population seems to be that of the Bay of Biscay (Uriarte et al., 1996). 

 

Figure 24.23   Spawning grounds of anchovy in the Bay of Biscay (from Motos et al., 1996). 
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Sardine: Sardine in the Bay of Biscay can reach up to 25 cm in length and more 
than ten years of age. It forms large schools usually close to the coast and up to 
around 50 m depth from the sea surface. It is a serial spawner. In general, the 
spawning peak appears in spring, although there is a second peak in autumn (Solá 
et al., 1992). These two peaks may correspond to the existence of sympatric (or 
parapatric) spring and autumn sardines (Wyatt and Porteiro, 2002), although no 
conclusive evidence has been found. The concept of metapopulation for the sar-
dine resident in the Bay of Biscay may help to explain the significant variations in 
abundance which have taken place, especially in the southeast of the region in the 
last decade (Carrera and Porteiro, 2003). The decrease in sardine recruitment has 
been related to global warming (Lavín et al., 1997; Cabanas and Porteiro, 1998; 
Guisande et al., 2001; Valdés and Lavín, 2002; Wyatt and Porteiro, 2002) and this 
hypothesis is currently under investigation. 

5.1.2 Middle-sized pelagic fishes 
 Middle-sized pelagic fishes are characterized by a greater plasticity in the food 
spectrum than that of the small pelagic fishes. They are closely tied to areas of high 
productivity but the relationship is looser and less direct than that of the small 
pelagic fishes (Bas, 1995). The diet is mainly made up of large copepods and meso-
zooplankton. They have greater mobility and make longer migrations, both hori-
zontally and vertically, than the small pelagic fishes. They also have a longer 
lifespan and populations are made up of several age groups. All of these character-
istics favor stability in the abundance of these species (Bas, 1995). 
 This category mainly includes species from the Scombridae and Carangidae 
families. In the Bay of Biscay, the most important are mackerel (Scomber scom-
brus) and horse mackerel (Trachurus trachurus). Also characteristic are other 
species more common to temperate and subtropical waters, such as chub mackerel 
(S. japonicus), Mediterranean horse mackerel (T. mediterraneus) and blue jack 
mackerel (T. picturatus). Other families with species in this category are Mugilidae 
and Belonidae. 

Mackerel: Distributed throughout the northeast Atlantic-Mediterranean Sea and 
in the northwest Atlantic, mackerel is an active migrator in schools, which are 
sometimes of very great density. It is a serial spawner whose spawning area ex-
tends throughout the west of the British Isles, the Bay of Biscay and the North Sea. 
Mackerel spawns at the beginning of spring, and once spawning is over at the end 
of spring, it makes a food migration along the west of the British Isles to the north 
of the North Sea. From September to December mackerel is found in the Norwe-
gian Sea and the north of the North Sea. During winter, the mackerel migrates 
southward once more towards spawning grounds down through waters to the west 
of the British Isles (Uriarte et al., 2001). This migratory behavior seems to be asso-
ciated with waters of the slope current (SEC) (Reid, 2001). Migration is the cause 
of the seasonality seen in the mackerel fishery of the Bay of Biscay (Villamor et 
al., 1997). Northeast Atlantic mackerel is considered to be a single management 
unit or stock, in which three spawning components are distinguished (south, west 
and North Sea) (ICES, 2004a). 

Horse mackerel: It is a carangid with a distribution from the coasts of Cape 
Verde up to the north of the North Sea, as well as the Mediterranean. Its behavior 
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is more demersal than that of mackerel or other pelagic species. It is a serial 
spawner whose spawning area stretches from the British Isles towards the south 
throughout its area of distribution. In the Bay of Biscay spawning takes place 
mainly in spring and the beginning of summer. It is a long-lived fish, which can 
reach up to 40 years of age (Abaunza et al., 2003). It makes spawning and feeding 
migrations, but these are less evident than in the case of mackerel. Three stocks 
are currently recognized in the northeast Atlantic: Southern stock, North Sea stock 
and Western stock. Recently it has been considered that the Bay of Biscay horse 
mackerel should be included within the Western stock, which extends from Galicia 
northwards throughout the western European coast (ICES, 2004a). 

5.1.3 Large migratory pelagic fishes 
 These are large in size and strong swimmers, which enables them to perform 
long migrations. In general, the small and middle-sized pelagic fishes make up 
their primary food source, which places them at the highest levels of the trophic 
chain. Some families of the sub-order Scombridae (tuna-like fishes) and sharks 
from the Carchariniforms and Lamniforms typically belong to this group. Tuna-
like fishes are serial spawners whose spawning area is usually located in tropical 
and subtropical waters. In tropical areas food is relatively scarce and so tuna fishes 
have to actively search for food patches. This means that their life is nomadic, 
based on continuous long displacements (Helfman et al., 1997). In the Bay of Bis-
cay the most characteristic species are albacore (Thunnus alalunga) and bluefin 
tuna (Thunnus thynnus). Other tuna and tuna-like fishes such as bigeye (Thunnus 
obesus), Atlantic bonito (Sarda sarda), skipjack tuna (Euthynnus pelamis) and 
swordfish (Xiphias gladius) may also be present. 

Tuna: The presence of bluefin and albacore in the Bay of Biscay is seasonal. 
They normally appear at the beginning of summer and disappear at the beginning 
of autumn, following a trophic migration in search of food. In the case of bluefin, 
they are usually young (Cort, 1990). Abiotic variables such as surface temperature 
and overall climatic and oceanographic indices play an important role in their 
distribution and migratory behavior (ICCAT, 2003). Three albacore stocks are 
currently considered, and the albacore from the Bay of Biscay belongs to the 
North Atlantic stock. Bluefin is regarded as having two stocks and the Bay of 
Biscay belongs to the East Atlantic stock (ICCAT, 2003). 

Sharks: These large predatory fishes have internal fertilization and females either 
lay eggs or nourish embryos internally for several months before giving birth 
(Helfman et al., 1997). The type of reproduction, in which the offspring is limited, 
makes their populations very vulnerable to fishing pressure. In the Bay of Biscay 
the epipelagic sharks: blue shark (Prionace glauca), shortfin mako (Isurus oxyr-
rinchus) and porbeagle (Lamna nasus) are common. They predate on a wide range 
of pelagic and demersal fishes. The largest shark in the Bay of Biscay is the bask-
ing shark (Cetorhinus maximus), with a length of more than 9 m. It is also charac-
terized by its planktonic feeding (Quéro, 1984). 
5.1.4 The main pelagic fisheries 
 The pelagic species dealt with here form the basis of important fisheries in the 
Bay of Biscay (see Fig. 24.24), which represent an important source of income for 
local economies and sustain a considerable number of jobs. Small pelagic fishes are 
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generally caught by purse seiners and pelagic trawlers. A wide variety of gears are 
used to catch middle-sized pelagic fishes, including the two previously described, 
the hand-line and the bottom trawl. Large pelagic fishes are also caught using 
surface hooks, currican and live-bait. Stocks of the pelagic species related to the 
Bay of Biscay are close to over-exploitation if not over-exploited (ICCAT, 2003; 
ICES, 2004a). Most of them are subject to active management policies to limit 
fishing effort and total catches by means of TACs and quotas. The variability in-
herent in the abundance of these species, migratory movements and seasonality 
make their management difficult. A typical case is anchovy, for which it is difficult 
to make reliable predictions of abundance in the short and medium term due to its 
short lifespan and high natural mortality. Spain and France are the main countries 
involved in the pelagic fisheries of the Bay of Biscay, although recently other 
European Union countries, such us The Netherlands and Denmark have also 
developed interests in resources such as mackerel and horse mackerel. 

 

Figure 24.24   Catches of pelagic fishes in the Bay of Biscay (ICES Subarea VIII) from 1984 to 2001 
(Source: ICES, 2004). (Mackerel: dashed line; Horse Mackerel: thin line with squares; Anchovy: thick 
line; Sardine: thin line with circles). 

5.2. Demersal and benthic fishes 

Demersal and benthic fishes live on or near the bottom. Most of them are long-
lived species (more than 10 years) with a lower growth rate compared to small-
sized pelagic fishes. They are mainly suprabenthic plankton feeders or predators 
mostly feeding on benthos and fishes. They are characterized by their diversity 
with nearly 200 demersal and benthic fish species recorded in this area, 100 of 
which are of commercial interest. 
 In the Bay of Biscay, many species reach their limits of distribution. Some spe-
cies characteristic of cold waters such as whiting (Merlangius merlangius) or dab 
(Limanda limanda) reach their southern limits and other species from temperate 
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waters, such as meagre (Argyrosomus regius), various sargo breams (Diplodus 
spp), Senegalese sole (Solea senegalensis) or wedge sole (Dicologoglossa cuneata) 
reach their northern limits. 

5.2.1 Main key species 

Hake: European hake (Merluccius merluccius) is both commercially and ecologi-
cally one of the most important species in the Bay of Biscay. Hake spawns in win-
ter, with the adults concentrating in canyons and rocky grounds of the shelf break 
area. The drift of larvae from spawning sites to the nursery areas has been associ-
ated with the physical characteristics of the region, and particularly with the cur-
rent regime during the spring. Hake recruitment processes lead to well-defined 
patches of juveniles in autumn (SESITS, 2000; Sánchez et al., 2001). The size and 
location of the patches show that the Bay of Biscay appears to be the main nursery 
area of hake (Fig. 24.25). Areas of high concentration of hake recruits have been 
located between 80 to 200 m depth and over predominantly muddy bottoms. In the 
Cantabrian Sea these concentrations vary in density according to the strength of 
the year class, although they remain relatively stable in size and spatial location 
and depend on larval retention and transport from the spawning areas in anti-
cyclonic eddies (Sánchez and Gil, 2000). Consequently, the strength of recruitment 
is dependent on an optimal environmental window that controls this feature 
(Sánchez et al., 2003). Over the Grande Vasière area, the recruitment processes 
depend on the readjustment of fluxes from the north (cold waters) and warm and 
fresh waters from river discharges (Sánchez et al., 2001). After recruitment, hakes 
juveniles are dispersed on the shelf and there is a tendency for adults to live in the 
deep waters of the shelf break (Sánchez and Gil, 2000; Poulard, 2001), where they 
find their main preys, blue whiting, horse-mackerel and crustaceans (Guichet, 
1995; Velasco and Olaso, 1998). Population limits are uncertain but two hake 
stocks (Northern and Southern) are recognized in the East Atlantic area with the 
boundary in the Bay of Biscay inner corner. 

Megrim: Two species of megrims, four-spot megrim (Lepidorhombus boscii) and 
megrim (L. whiffiagonis) live in the Bay of Biscay. The four-spot megrim shows a 
preference for southern regions while the megrim is mainly associated with north-
ern waters, the Bay of Biscay being the overlapping area of the distribution of both 
species (Fig. 24.26). A degree of specialization can be observed in the two species’ 
habitats (Aubin-Ottenheimer, 1986; Sánchez et al., 1998) probably due to their 
different feeding systems, with L. whiffiagonis (more ichthyophagous) occupying 
shallower waters (100 to 300) and L. boscii (crustacean feeder) living in muddy 
and deeper grounds (200 to 600 m). Both species of megrims disappear at the 
mouth of the most important rivers, probably associated with the occurrence of 
continental run-off, which acts mainly by modifying the composition of the 
grounds on which megrim depend for food, and creating grounds which are more 
appropriate for other flatfish, such as Solea spp. or Dicologoglossa cuneata, 
adapted to estuarine conditions (Sánchez et al., 2001). 
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Figure 24.25   Main nurseries of European hake in the Bay of Biscay in autumn 1997. Data from stan-
dardized bottom trawl surveys carried out during the SESITS international project (SESITS, 2000). 

 The more abundant species in the French area of the Bay of Biscay is L. 
whiffiagonis but its distribution is more restricted to the external shelf that those 
observed in the Celtic Sea (Fig. 24.26). No evidence of geographical migrations 
was found in either species of megrims, although a bathymetric expansion occurs 
with age: juveniles are more stenobathic and live in deeper waters than adults 
(Sánchez et al., 1998). 

 

Figure 24.26   Spatial distribution of biomass of four-spot megrim (Lepidorhombus boscii) and megrim 
(L. whiffiagonis) in the Bay of Biscay in autumn 1998. Data from standardized bottom trawl surveys 
carried out during the SESITS international project (SESITS, 2000). 
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Anglerfish: Two species of Anglerfish (Lophius piscatorius and L. budegassa) are 
widely distributed along the European coast and are recorded from the Barents 
Sea to the Mediterranean and into the Black Sea. They are bottom-living species, 
morphologically similar but distinguished by the color of the peritoneum (L. pisca-
torius white, L. budegassa black). The two species are now of major commercial 
importance, but our understanding of their basic biology is far from complete. In 
the Bay of Biscay they have been recorded from shallow inshore waters to depths 
of 800 m (L. piscatorius) and even more than 1000 m (L. budegassa) (Dardignac, 
1988; Azevedo and Pereda, 1994). Large specimens of both species are mostly 
found in deep waters. In contrast, juvenile anglerfish are distributed both in deep 
and shallow waters and discrete nursery areas have not been identified. Compared 
to many other groundfish, anglerfish are particularly late to mature with sexual 
maturity being attained from around 10 years old for black anglerfish and 7 years 
old for white anglerfish (Quincoces et al, 1998; Duarte et al., 2001). The ovaries are 
peculiar. Eggs are released in a buoyant gelatinous ribbon, which floats in the 
surface layers and can reach more than 10 metres. Localization of spawning 
grounds are not known in the Bay of Biscay but some indications suggest that 
anglerfish may spawn in deep waters (Duarte et al., 2001; Hislop et al., 2001). 
Anglerfish are mostly ichthyophagous, with bib (Trisopterus luscus), horse mack-
erel, flatfish, blue whiting and cephalopods as main preys. 

Norway lobster: This species (Nephrops norvegicus) is distributed from Iceland 
to Portugal and the Mediterranean between 5 and 800 m depth. Its general biology 
has been reviewed by Chapman (1980). Nephrops are sedentary and rather com-
mon on muddy grounds, in which they dig their burrows where they spend most of 
their time. Nephrops distribution, therefore, is limited by the extent of suitable 
muddy ground. In the Bay of Biscay, three populations are distinguished, one on 
the French shelf and two in the Cantabrian Sea. In common with other crusta-
ceans, the growth of the Norway lobster consists of a succession of moults continu-
ing throughout its life (Farmer, 1973). Females spawn from April to August and 
carry eggs under their tails (“berried” females) until they hatch about 7 months 
later. The larvae develop in the plankton for one month before settling to the 
seabed. When berried, females rarely come out of the burrow, and are therefore 
naturally protected from trawlers. Nephrops are mainly nocturnal and feed on 
detritus, crustaceans and worms. 

Sole: Sole (Solea solea) is a common benthic species in the central part of the Bay 
of Biscay between 0 and 100 m depth on sandy and muddy grounds. They mainly 
hunt for food at night and feed on small bivalves, annelids and small crustaceans. 
Results from tagging and genetic studies confirm that sole in the northern Bay of 
Biscay must be considered an homogeneous population (Koutsikopoulos et al., 
1995). Its life history is marked by transport and migration processes. Spawning 
takes place in winter in two main areas located between 30 and 70 m depth but 
juveniles are concentrated in shallow and muddy estuarine areas. The distance 
between spawning grounds and the nursery areas varies from 40 to 80 km. There is 
also an inshore migration in spring and an offshore one in early winter, in phase 
with the seasonal change in water temperature in the coastal zone (Koutsikopoulos 
et al., 1995). Different factors influence recruitment but river flow seems to be 
important in governing the abundance of young sole: in spring fluvial discharges 
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have a positive effect on the water of the area, which is covered by high densities 
of young juveniles and the recruitment of the Bay of Biscay sole stock depends 
partly on the influence of river plumes on nursery grounds. (Le Pape et al., 2003). 

5.3 Diversity and distribution 

The Bay of Biscay area forms the subtropical/boreal transition zone of the eastern 
Atlantic, where typical temperate-water species from the south occur together with 
those of northern origin and, consequently, high biodiversity indices exist in com-
parison with adjacent areas (Quéro et al., 1989; Sánchez et al., 2002). In addition, 
the topographical complexity and wide range of substrates on its continental shelf 
result in many different types of habitat. It is also the winter and spring spawning 
area for some species, such as hake, megrims, red-sea bream, mackerel, horse 
mackerel and anchovy, and the feeding area for others, e.g. tuna. 
 The bathymetric differences in species distribution show a progressive decrease 
in mean fish species richness with depth, as described by Sánchez (1993) in the 
Cantabrian Sea. This pattern is reasonably stable in the Bay of Biscay. The decline 
in the number of fish species with depth is probably brought about by the higher 
productivity of the coastal waters, in contrast with the inverse phenomena appear-
ing in invertebrates (Olaso, 1990), which prefer deeper water and muddy sub-
strates due to their predominantly detritivorous feeding habits. In general terms, 
fish diversity in the Bay of Biscay increases towards the extreme depth strata (shal-
lowest and deepest). This is due to the major homogeneity of grounds located in 
the medium and external shelf (in relation to the coastal or break shelf) and the 
impact of the low selective trawl fishery (Sánchez and Serrano, 2003). 
 The groundfish species assemblages on the Bay of Biscay continental shelf are 
spatially organized mainly according to depth, latitude, longitude and substrate 
type (Sánchez, 1993; Souissi et al., 2001; Sánchez and Serrano, 2003). The relative 
stability of the demersal fish communities throughout the last decade contrasts 
with the strong variability of some mesoscale hydrodynamic features (upwellings, 
lower salinity water lenses and cold pool, Puillat et al., 2003) encountered on the 
French continental shelf (Poulard et al., 2003). Also, the narrowest surface of the 
Cantabrian Sea shelf produces strong environmental gradients over a short dis-
tance. From Canonical Correspondence Analysis (CCA), depth is the most influ-
ential and stable factor determining the assemblages observed (Sánchez, 1993; 
Sánchez and Serrano, 2003) and five main groups were described: coastal, inner-
shelf, middle-shelf, outer-shelf and shelf-break (Fig. 24.27). The most discrimina-
tory were the coastal group and the deepest strata groups (outer-shelf and shelf-
break), situated at the extremes of the environmental gradients analysed. On the 
other hand, in the middle segments of these gradients, the inner-shelf and middle-
shelf groups displayed reduced dispersion, with a position closer to the centroid of 
the biplot. This centroid is occupied by ubiquitous species of a wide optimal envi-
ronmental range that corresponds to the top predators (hake, anglerfish and con-
ger eel) that live in the area. Although the spatial pattern of fish communities 
remains stable, decadal changes in the structure of these communities have been 
described and related to climate change and fishing effects (Blanchard et al., 2002). 
Within these communities in particular, the relative abundances of species that are 
at their latitudinal limit of geographical distribution exhibit changes concommitant 
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with a mean temperature increase of 1.5°C: the tropical species show increasing 
trends in abundance, whereas the boreal ones are decreasing (Poulard et al., 2003). 
Fishing on these communities alters species interactions, leading to increasing 
variability of the total production of the ground fish communities (Blanchard, 
2001). 

 

Figure 24.27   Canonical Correspondence Analysis (CCA) biplot of species vs. variables of the Can-
tabrian Sea from data of the 1993 bottom trawl survey. Environmental variables analysed are depth, 
bottom temperature, bottom salinity, longitude and geographical sectors (FE: Finisterre-Estaca; EP: 
Estaca-Peñas; PA: Peñas-Ajo and AB: Ajo-Bidasoa). Adapted from Sánchez and Serrano, 2003. 

 The influence of continental waters in the French shelf of the Bay of Biscay 
benefits species with estuarine dependencies, which are absent in the Spanish area 
(e.g. Dicologoglossa cuneata). Species whose recruitment is highly dependent on 
larval drift processes, such as hake or megrims, show strong links with hydro-
graphic structures of retention and transport, independently of whether they have 
cyclonic (cold and fresh) or anticyclonic (warm and saltier) characteristics in rela-
tion to the general pattern of the surrounding waters (Sánchez et al., 2001). 

5.3.1 The main demersal fisheries in the Bay of Biscay 
 Demersal resources of the Bay of Biscay are characterized by their diversity and 
contain more than 100 demersal species, including fish, cephalopods and crusta-
ceans. Many of these are target species landed each year by a very large variety of 
fleets from France, Portugal and Spain, but also from some other nations (e.g. 
Belgium and The Netherlands). The French fleet is composed of about 2 500 ves-
sels, two thirds of them being less than 12 m long. An important part of these ves-
sels (around 70%) prosecute their activity inside the 12 nautical mile limit. In the 
coastal area, demersal resources are exploited using a large range of fishing gears, 
including trawls and dredges, gillnets and trammels, line, traps, etc. Trawling is 
predominant in the offshore zone (Léauté, 1998). The northern Spanish demersal 
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fleet is composed of about 5 000 vessels, of which 187 are trawlers, 256 longliners 
184 gillnetters and the rest (more than 4 000) make up small artisanal fisheries. 
 The fishery of large crustaceans involves a relatively small number of vessels 
(predominantly French) dedicated to working with crustacean traps. The finfish 
and Nephrops fisheries involve the largest number of vessels, which may include 
some of those vessels participating in the pelagic fisheries. 
 About 230 French trawlers are currently involved in the Nephrops fishery of the 
Bay of Biscay. Small hake are an important by-catch of this fishery. A mixed trawl 
fishery, mostly made up of Spanish vessels, targets hake with anglerfish and me-
grim as by-catches. In shallower waters, another trawl fishery (mostly French) 
exploits sole, hake, anglerfish, cuttlefish (Sepia officinalis) and squid (Loligo spp.) 
with other demersal species as by-catch: Nephrops, megrims, gurnards, red-
mullets, bib, pollack, etc. The distribution of hake nurseries in the northern part of 
the Bay of Biscay coincides with the Nephrops fishing grounds and a major conflict 
of interest exists over the effect of the trawl fishery for Nephrops on juvenile hake 
and subsequently on the abundance of adults. 
 Also used extensively in the Bay of Biscay are fixed gears. Spanish offshore long 
liners target hake, while in coastal waters French vessels exploit different species 
such as whiting or sea bass. A French gillnet and trammel fishery for sole started in 
the mid 1980s and then expanded dramatically. Hake is also a target species for 
gillnetters, most of which originate from Spain. In the Cantabrian Sea, hake is 
taken in mixed trawl fisheries, with blue whiting (Micromesistius poutassou), 
mackerel, horse mackerel, megrims, anglerfishes and Nephrops as important com-
ponents of catches. 
 Some Belgian and Dutch beam trawlers fish for sole in the French Bay of Biscay 
and form a readily identifiable group with characteristics different from other 
trawlers. 
 Single-species assessment approaches have been used historically for their man-
agement and a TAC system has been implemented by EU for some of them: hake, 
sole, Nephrops, megrim, anglerfish. These species account for a large part of the 
total landings (about 50% of the total French landings). Each of those species that 
are not under TAC regulation represent only a few hundred tonnes annually, 
except for some whose captures exceed 1 000 t (ling, sea bass, skates, crabs, conger, 
cuttlefish, pollack, bib, etc.). As in the case of pelagic species the majority of 
demersal and benthic resources in the Bay of Biscay are either fully exploited or 
overexploited and are subject to active management regulations (ICES 2004). 

5.4. Ecosystem trophodynamics on the shelf 

The high species diversity of the Bay of Biscay and the strong dependencies among 
them due to feeding habits implies the necessity to define the main existing inter-
actions. In particularly, the presence of numerous multispecific fisheries focussing 
on the benthic and demersal species (trawlers, gillnetters, etc.) means that the 
present management scheme, based on monospecific stock units, is very unrealistic 
and hardly applicable. Trophodynamic models (mass-balance) attempt to param-
eterize the energy flows that link the different trophic groups characterising each 
ecosystem. This new approach can be a valuable tool for understanding ecosystem 
functioning, and for the design of ecosystem-scale adaptive management experi-
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ments. It may also be possible to simulate the consequences of certain manage-
ment measures, such as effort reduction or closed areas, on the ecosystem. 

5.4.1 Foodweb interactions 
 In the Bay of Biscay ecosystem, most of the biomass and production are con-
tained within the pelagic domain. The main flow is determined by the interaction 
between phytoplankton, mesozooplankton, planktophagous fish and tuna. Never-
theless, feeding pressure on phytoplankton is low, which means that a large per-
centage of the primary production passes to detritus. Studies in the area indicate 
that a high percentage of the primary production is exported to the bottom as 
particulate organic matter (OSPAR, 2000). The impact of copepods (main zoo-
plankton group in biomass) on the phytoplankton bloom is negligible (Barquero et 
al., 1998) and the detritus constitutes one of the main energy flow inputs in the 
system. Consequently, detritivorous species are an important component of the 
ecosystem and suspension feeders (e.g. suprabenthic zooplankton, shrimps) and 
deposit feeders (polychaetes, echinoderms, gastropods, hermit crabs) constitute a 
high percentage of the biomass to the detriment of pelagic plankton (Sánchez and 
Olaso, 2004). In particular, the high availability of suprabenthic zooplankton in the 
system, accessible to both middle-sized pelagic fish (mackerel and horse mackerel) 
and to small demersal fish (blue whiting, Gadiculus argenteus, Capros aper), means 
that this whole group of fish has high biomass and consumption values compared 
to the small pelagic fish at a lower trophic level (anchovy and sardine), which only 
have access to the pelagic plankton. 
 In order to compare the relative role of the pelagic, demersal and benthic sub-
systems, Fig. 24.28 presents the major biomass flows for the southern Bay of Bis-
cay ecosystem (Cantabrian Sea). The groups represented by small plankton and 
benthic invertebrate filter feeders and detritivores are in trophic level II. Part of 
their production passes to the large plankton, benthic and suprabenthic inverte-
brates, and small pelagic fish (level III). The planktophagous fish of medium size, 
together with the elasmobranch, benthic cephalopods and benthic fish are in level 
IV. The highest level, close to level V, corresponds to apex pelagic fish (albacore 
and bluefin), squid, and large demersal (hake) and benthic fish (anglerfish). 
 The number of links among all the trophic groups in the area is important and 
governs the high complexity of internal flows. Strong relationships exist among the 
three domains due to key groups, which transfer the flow from primary production 
to the upper trophic levels. Groups linking the pelagic and demersal domains 
through vertical migration are the suprabenthic zooplankton, horse mackerel and 
squid. The demersal domain connects with the mesozooplankton at low levels 
through the suprabenthic zooplankton eaten by a multitude of small demersal fish 
and blue whiting, and constitutes the main demersal flow. Species linking the ben-
thic and demersal domains are the large demersal fish and dogfish group (mainly 
Scyliorhinus canicula), since their diets include a large quantity of benthic organ-
isms. 
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Figure 24.28   Main trophic interactions in the Cantabrian Sea, 1994. The boxes (size roughly propor-
tional to biomass) are arranged on the y-axis by trophic level, and to some degree on a pelagic to 
benthic scale on the x-axis. Main flows are expressed in t km-2 yr-1 and the biomass of each trophic group 
in t km-2. Minor flows, respiration, catch and all backflows to the detritus are omitted. Adapted from 
Sánchez and Olaso, 2004. 

 High values of niche overlapping (competition for the same preys) appear 
among fish from the low trophic level both in the pelagic (sardine and anchovy - 
98%) and in the demersal domain (blue whiting and small demersal fish - 96%). 
The two top predators from the demersal and benthic domain, large hake and 
anglerfish, also have a high dietary overlap (82%) mainly because both show a 
high consumption of blue whiting, which constitutes one of the main species in 
biomass close to the bottom (Sánchez and Olaso, 2004). There is also, a low level 
of niche overlap between large hake and small hake (31%). This is due to their 
different diets, large hake mainly base their diet on blue whiting, whereas small 
hake prey on horse mackerel, small demersal fish and shrimps. Blue whiting in-
habit deeper waters than small hake (Sánchez, 1993), and therefore the co-
existence of hakes with large size differences is rare on the bottom and explains 
the low level of cannibalism observed in the hake of the Bay of Biscay (Olaso, 
1990; Velasco and Olaso 1998). In the benthic domain, the marked presence of 
invertebrate detritivores and shrimps in the lower trophic levels produces a strong 
overlapping of diets among the benthic cephalopods, rays and benthic fish. 

6. Changes and risks to the Bay of Biscay Marine Ecosystem 

6.1 Hydrography trends, climate indices and biological processes 

Cabanas et al. (2003) showed that a notable shift in the winds has occurred during 
the last two decades, resulting in a reduction in the spring-summer upwelling off 
the northwest of the Iberian Peninsula. The annual mean of the summer (April-
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September) upwelling index decreased from approximately 400 m3 s-1 km-1 in the 
1970s to around 200 m3 s-1 km-1 through the 1980s and 1990s. 
 On a large scale, it has been demonstrated that the North Atlantic Oscillation 
(NAO), the dominant mode of atmospheric inter-annual variability in the North 
Atlantic sector, can be related to inter-annual variability in wind, precipitation and 
SST fields in the eastern North Atlantic (Hurrel, 1995). Planque et al. (2003), in a 
time series going back 150 years, found a significant but weak relationship between 
NAO and SST in the Bay of Biscay, although during the 1990s there is no signifi-
cant correlation. This may be due to the fact that the Bay of Biscay lies between 
two regions with different wind and precipitation responses to NAO (Pérez et al., 
2000). 
 Koutsikopoulos et al. (1998) determined from Meteo-France SST data a mean 
increase of 1.4°C in the surface waters of the southeast Bay of Biscay for the pe-
riod 1972–1993 (0.6°C per decade), which was slightly higher in winter than in 
summer. This trend was also reported for shorter periods. Over the last century, 
COADS records analysed by Planque et al. (2003) show an increase in the mean 
annual SST of 1.03°C. The analysis of the monthly increase from COADS data 
indicates that this warming is more pronounced during the winter season (Decem-
ber through to March), with 1.21°C in 100 years, than in summer, which is in 
agreement with Koutsikopoulos et al. (1998). Planque et al (2003) also reported 
changes in the wind pattern and rain, i.e. an increase in wind speed in all seasons, 
but most significantly in the winter period. On average, annual mean wind speed 
has decreased in the southern Bay of Biscay but has increased in the northern part. 
The decrease in wind mixing is in part responsible for the warming of the south-
eastern part of the bay. 
 Variations in the flow of ENACW towards the southeast of the bay may be 
responsible for this change. Observations carried out during the 1990s in a section 
off Santander by González-Pola and Lavín (2003) has suggested that an increase in 
heat content stored in the water column was greater in the 200–300 m layer. This 
water mass changes around 0.035°C y-1 mostly due to the isopycnal deepening 
(González-Pola et al., 2003). In this layer ENACW responds quickly to clima-
tological forcing (Pérez et al., 2000). González-Pola et al. (2003) also reported 
increases in temperature of 0.02±0.01°C y-1 in the MOW from 1994 to 2003 in the 
southern Bay of Biscay, a change which occurs along the isopycnal surfaces. 
 Cabanas et al. (2003) reported a long-term trend in sea level, varying from 2.02 
mm yr–1 in Santander (southeastern bay) to 1.45 mm yr–1 in A Coruña (southwest-
ern), but estimates over recent decades are greater than for the whole period 
(1945–1999). 
 The time series of environmental variables that characterises atmospheric and 
oceanic variability, such as the North Atlantic Oscillation (NAO) index, the oce-
anic transport given by differences in Potential Energy Anomaly (PEA) (Curry 
and McCartney, 2001), the position of the Gulf Stream Index (GSI) (Taylor and 
Stephens, 1998) and local variables, such as air and sea surface temperature, pre-
cipitation, wind, mean sea level and Ekman transport in the southwestern and 
southeastern Bay of Biscay were analysed by Lavín et al. (2002) using Principal 
Component Analysis. Periods of different hydro-climatic conditions have been 
characterized as well as strong shifts. The first component, the thermal one, pre-
sents low values at the beginning and some shifts may be found during the 1966–
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2000 period, in agreement with the results presented by Planque et al (2003) and 
Southward et al. (1995). 
 PCA has also been related to variations in catches of two pelagic fishes: horse 
mackerel (coastal) and albacore (oceanic). In this context, horse mackerel re-
cruitment is correlated with the thermal/upwelling first component (r=0.78) (see 
Fig 24.29). Finally, a Multiple Regression analysis was carried out for both pelagic 
fishes, which showed that Sea Surface Temperature (SST), Upwelling index and 2-
year lag NAO index explained 67% of horse mackerel recruitment variance and 
the PEA and the NAO indices explained 47% of the variance in age 3 albacore 
catches. 

 

Figure 24.29   Time series of annual mean Sea Surface Temperature in the southwestern (43°N 11°W) 
and southeastern (45°N 3°W) Bay of Biscay from COADS, and horse mackerel recruitment since 1985 
(from Lavín et al., 2002). 

 These changes related to global warming tend to operate slowly but have severe 
long-term consequences for the ecology of the ecosystem. They can affect: i) the 
behavior of species (e.g. changes in migratory routes), ii) their recruitment (due to 
changes in the environmental conditions in the spawning and/or recruitment areas) 
and iii) the spatial distribution of species (since more meridional species can ex-
pand their area of distribution). In fact, this increase in temperature is likely to be 
responsible for the appearance of tropical fish species in the southeast shelf of the 
Bay of Biscay. Several tropical species have been caught throughout the Bay of 
Biscay and its vicinities (Quéro et al., 1997, 1998; Stebbing et al., 2002), where a 
trend of temperature increase has been noticed. The first records of tropical fish 
species in this area were made in the south of Portugal in 1963 and in the Bay of 
Biscay in 1968 for Cyttopsis roseus, and 1970 for Zenopsis conchifer and 1980 for 
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Sphoeroides pachygaster (Figure 24.30) (Quéro et al., 1997, 1998) among other 
species. 

 

Figure 24.30   Distribution of two tropical fish species (Zenopsis conchifer and Cynopsis roseus) along 
the Atlantic coast (based on commercial catches, Quéro et al., 1998) 

 Southward and Boalch (1994) and Southward et al. (1995) suggest that if the 
predicted global warming results in increases in temperature of the order of 2°C, 
then there will be considerable changes in marine communities producing latitu-
dinal shifts in species distribution of the order of 200–400 miles, especially for 
mobile animals such as fish. The subtropical copepod Temora stylifera has also 
shown a significant increasing presence during the last 15 years in the Bay of Bis-
cay (Villate et al., 1997). Sessile intertidal organisms such as limpets and barnacles 
have also been reported to show changes in their spatial distribution towards 
northern areas (Southward et al., 1995). 
 Other biological effects caused by global warming are related to water column 
stratification, which will develop earlier in the year, experience a higher degree of 
stratification and remain stratified for a longer period of time. This effect has been 
noted in the Bay of Biscay. Lavín et al. (1998), and Valdés and Moral (1998) have 
related this higher degree of water-column stratification to a less intense exchange 
of nutrients with the surface layers, which in the end means a reinforcement of the 
microbial loop, a decrease in mesozooplankton biomass, a drop in the number of 
species per unit of volume, and a shift of the classic trophic chain to a less efficient 
one. 

6.2 Impact of fisheries on the ecosystem 

The fisheries, which have been operating for centuries in the Bay of Biscay, have 
become more industrialized over the last 50 years, with catches reaching about 90 
000 and 200 000 tonnes per year for France and Spain respectively. Trawlers oper-
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ate on the muddy bottoms of the shelf, whereas long-liners operate mainly at the 
bottom of the shelf-break and gill nets are used on rocky grounds near the coast 
and shelf-break. There are also seasonal pelagic fisheries for anchovy (purse 
seine), mackerel (hand line, trawlers, purse seine) and tunas (troll and bait boats) 
during their migrations in spring and summer. 
 Bay of Biscay fisheries have had a strong impact on the bottom communities 
and have induced changes in their structure. This impact has been mainly direct 
(fishing mortality on target species and bycatch) and indirect by means of modifi-
cations to the habitat through erosion of the sediment and damage to the benthos 
by different elements of the gears. 
 The discards that constitute more than the 20% of the total of catches in the 
Bay of Biscay also impact indirectly causing changes to the biological interactions. 
One of the main consequences of the fishing pressure on the structure of the com-
munities is that it benefits species with high growth rates and wide distribution, 
whereas the more specialized and those with low growth rates are eliminated, 
resulting in a simplification of the communities. Associated with it comes an in-
crease in the values of dominance and a fall in the biodiversity, both of which have 
been reported in the fish communities of the Cantabrian Sea (Sánchez, 1993). 
 In the pelagic domain, planktivorous fish of small and medium size are captured 
by the purse seine, and bait and troll (surface hook) boats catch tuna exclusively. 
In the demersal domain, large piscivorous fish, such as hake and other large 
demersal fish, are captured by the selective bottom longline. In the benthic do-
main, the less selective bottom trawl catch a great variety of organisms and pro-
duce a high level of discards. Gillnets exploit certain predators from the demersal 
as well as the benthic domain. Using the Leontief matrix routine and following the 
subsequent development described by Ulanowicz and Puccia (1990), the negative 
trophic impact of trawling on the different groups of the system is high and much 
stronger than for other gears (Sánchez and Olaso, 2004). Longlining produces the 
least negative trophic impact on the ecosystem because it only catches predators. 
All fishing gears, except the purse seine, impact negatively on piscivorous fish and 
elasmobranchs. 
 Scavenger fauna and sea birds have found a source of food from discards. It is 
estimated that 20% of the food of sea birds in the North Sea is obtained from 
discards (Camphuysen et al., 1995). On the other hand, Olaso et al. (2002) demon-
strated that the abundance of sparids and the portunid crabs increases significantly 
after baiting the sea bed of a trawling beach with discards, as well as increasing the 
feeding intensity of skates, dogfish and Trachinus draco. These are groups at me-
dium trophic levels, since species belonging to higher trophic levels require moving 
living prey and the species from lower levels are basically filter feeders or detri-
tivores. The importance of discards as food in the ecosystem is low with respect to 
detritus, primary producers or other low trophic levels, and makes up 0.07% of the 
total food intake in the Cantabrian Sea (Sánchez and Olaso, 2004). 
 The level of fisheries impact in the Cantabrian Sea is comparable to the most 
intensively exploited temperate shelf ecosystems in the world. The high PPR (Pri-
mary Production Required) value corroborates the fact that most commercially 
important shelf stocks in the area are either fully exploited or overexploited, and 
landings are expected to decrease with the current fishing pressure. From 1983 to 
1993, the mean trophic level of Cantabrian Sea demersal fisheries declined from 
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4.1 to 3.7. This is reflected in a gradual transition of landings from long-lived, high 
trophic level piscivorous groundfish (hake, anglerfish, megrim) towards lower 
trophic level planktivorous fish (blue whiting, horse mackerel). Since 1993 there 
has been no further decrease and the fisheries may have reached their lowest his-
torical trophic level limit. The depressed abundance and productivity of top preda-
tors impedes the recovery of trophic levels in the catch (Sánchez and Olaso, 2004). 

6.3. Risks derived from shipping and oil transport activities 

Other main human activities that cause environmental degradation in the Bay of 
Biscay are shipping and oil transport. The Bay of Biscay is located on the main 
route of supertankers transporting oil from the Middle East and Africa to EU 
harbors. More than 70% of the total oil consumed in the EU is moved by shipping 
through the Finisterre pass directly towards the English Channel and then to the 
final destination in different European harbors. In recent years several oil spills 
have occurred in the Bay of Biscay (Fig. 24.31), for example 5 supertankers carry-
ing more than 50 000 t have wrecked since 1976, and the last 3 in an interval of just 
a decade (1992, Aegean Sea; 1999, Erika; 2002, Prestige), which has made this 
region the most severely affected by this kind of accident in the world. 

 

Figure 24.31   Main oil spill events in the Bay of Biscay and its vicinities since 1970 with indication of 
the tanker’s name and year of the spill. 
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 Two carriers were wrecked in the tidal estuary of A Coruña when approaching 
the harbor, the Urkiola in 1976 and the Aegean Sea in 1992. These carriers spilt 
30000 and 80 000 t of oil respectively in an enclosed bay of less than 50 m depth. 
Several research institutions monitored the effects of the oil spills on the ecosys-
tem. A temporal reduction of the infauna (turbellaria and harpacticoida copepods) 
and macroinfauna (amphipods, echinoderms, molluscs) and a simultaneous dra-
matic increase of opportunist nematodes and polychaetes was observed (Giere, 
1979; Parra and López-Jamar, 1997) which coincided with the period of higher 
concentrations of hydrocarbons in the sediments. The black tide extended out 
towards the NE carried by the dominant current, but the extension of the tide was 
nevertheless quite limited spatially. The beaches most highly exposed to hydrody-
namism suffered the greatest impact. The interstitial system of the beach was dam-
aged by the spill, accumulating hydrocarbons up to very deep levels in areas of 
coarse sand (140 cm). Although the immediate effects of the contamination were 
very serious, the abundance and diversity of the meiofauna recovered after three 
years. 
 Evaluation of ecosystem effects and monitoring of ecosystem recovery were 
more complex in the case of the tankers Erika (South of Brittany in 1999) and 
Prestige (west of Galicia in 2002). Both were wrecked offshore and the fuel (50 000 
and ~60 000 t respectively) was dispersed by the dominant currents in a wide re-
gion inside the Bay of Biscay, affecting beaches, cliffs, fishing grounds, marine 
protected areas, etc. 
 More than 40 000 t of fuel were removed from the sea and beaches after the 
Prestige spill, but another 10 000 t were dispersed along the coast or deposited on 
the bottom. Experts and resources were mobilized in order to do a surveillance of 
the entire north Spanish coast, waters and marine sediments on the shelf. Investi-
gations on the effects of this oil spill are still ongoing and unfortunately we cannot 
present conclusive results here. Shellfish and demersal fisheries were closed in 
Galicia and some other regions in the north of Spain for several months and eco-
nomic losses were enormous. One year after the spill, some traces of fuel still re-
main in sediments and a few of the rocky and pebble beaches most highly exposed 
to hydrodynamism that suffered the greatest impact remain patchy with fuel. The 
mortality of marine birds was high but fortunately communities seem to be recov-
ering well. We did not find any impact of fuel on plankton abundance, seasonality 
or species composition and no evidence of oil transfer through the food web was 
observed. Catches of pelagic fishes during 2003 in the Bay of Biscay were close to 
average (with the exception of anchovy in spring), and the same occurred with 
tuna and albacore. These last data suggest that the impact of this event on the 
marine pelagial was less than presumed at the beginning of the crisis. 
 Oil spills are a real risk in the Bay of Biscay. The events monitored during re-
cent years can be used as a basis for comparison and for a better understanding of 
ecosystem response to these perturbations, as well as for preparing adequate ac-
tion plans (Carballeira, 2003). Combining and coordinating the efforts of both 
Spanish and French experts and resources to preserve the quality of our environ-
ment is a challenge for both oceanographic communities. 
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7. Concluding remarks 

As shown in the present review, descriptive aspects of the oceanography and ecol-
ogy of the Bay of Biscay, both on the French and Spanish continental margins, 
have been extensively studied and it is possible to recognize general patterns in 
annual cycles of hydrography, planktonic communities, and in the distribution of 
demersal and pelagic fish populations. In spite of the effort devoted to the descrip-
tion of the marine communities, difficulties in explaining why some species extend 
and contract their spatial distribution and how their abundances increase and 
decrease are generally recognized. This is due to the complexity of relationships 
among abiotic and biotic properties of the ecosystem, which are subjected to dif-
ferent sources of variability (both natural and anthropogenic). 
 It is also evident that all the pressing environmental problems caused by man’s 
activities and the complexity of ecosystem interactions add a high degree of uncer-
tainty to the proper management of living marine resources and uses of coastal 
areas, which makes it imperative that the future of their management has a more 
solid basis of scientific knowledge. Accordingly, OSPAR (2000) has recommended 
to the appropriate authorities a list of actions including the foundation of Marine 
Protected Areas for the protection and conservation of biological biodiversity in 
this region. Regarding this, it must be noted that no marine reserve exists in the 
Bay of Biscay (except in coastal and estuarine areas) whereas on the French and 
Spanish Mediterranean coasts there are more than 15 different marine protected 
areas. This is a simple comparison but quite thought-provoking. 
 Research possibilities of oceanographic and ecological development in the Bay 
of Biscay are high. There is a large number of laboratories in France and Spain 
working in these areas - Brest, Lorient, Nantes, La Rochelle, Arcachon, Biarritz, 
Guipuzcoa, Vizcaya, Santander, Gijón and A Coruña belonging to IFREMER, 
IEO, AZTI and also some Universities, Maritime Museums and Associations. 
There is an international colloquium of the Bay of Biscay every two years, in which 
new research developments are presented. A good number of collaborations be-
tween France and Spain have been developed over the last two decades, some 
funded by the European Union, others funded by local or national institutions and 
under international institutions such as ICES, ICCAT, and GOOS. In spite of 
these facilities, more integration of disciplines is needed to provide comprehensive 
answers to the central issues of holistic ecosystem management. The existing lack 
of knowledge reveals the great need for more studies on ecosystem functioning in 
the Bay of Biscay. Ocean observation programmes on adequate spatial and time 
scales supported by governmental agencies should be encouraged. Fortunately, 
some international proposals have recently been developed to forward these aims. 
There is also a need for improved forecasting of the human impact on the ecosys-
tem. Searching for changing trends based on key species, and monitoring the pres-
ervation state of selected areas should also be major priorities. 
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1. Introduction—the physical and sediment environment. 

The Celtic seas comprise the English Channel, the Celtic Sea and the Irish Sea, the 
shelf west of Ireland and north to the Malin shelf and the Hebrides shelf west of 
Scotland (Fig. 25.1a). The region is bounded to the southwest and west by a shelf 
edge at a typical depth of 200 metres, running northward from the northern Bay of 
Biscay, to the southwest approaches of the English Channel, west of Ireland, along 
the Northwest Scottish coast, and turning to the east into the northern North Sea. 
Coastal regions open to the shelf edge occur off the west coast of Scotland (the 
Malin and Hebrides shelves), west of Ireland, and the Celtic Sea southwest of the 
English Channel. Along with the adjacent North Sea, this part of the world’s 
coastal oceans have been studied extensively, and used to develop much of our 
basic understanding of the physics of shelf sea environments, and the links be-
tween the physical environment and the biochemistry and sediment dynamics. 
Much of the early work in this area was conducted in the context of a rapidly de-
veloping fisheries industry through the 20th Century. Latterly oceanographic re-
search has been carried out in response to the demands placed on the Celtic Seas 
by the high population densities of Northwest Europe, with often incompatible 
pressures on the environment arising from fishing, the use of the coastal seas to 
carry away and dilute industrial and urban wastes, offshore hydrocarbon extraction 
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and (more recently) the development of offshore renewable energy sources, and 
the leisure activities of the large population. The research questions associated 
with these conflicting demands have often led to an inherent need for oceano-
graphic work to be cross-disciplinary. 
 Mean flows within the Celtic Sea are typically 0.005–0.015 m s-1 (Thompson and 
Pugh, 1986), while a density-driven jet drives water northward through St. Georges 
Channel at an average of 0.13 m s-1, with maximum speeds reaching almost 0.3 m s-1 
(Horsburgh et al., 1998). Flow through the Irish Sea and the North Channel has 
complex depth and lateral variability, but results in an observed net northward flux 
through the North Channel of 0.08×106 m3 s-1 (Knight and Howarth, 1999). A resi-
dence time for water in the Irish Sea has been calculated to be about 1 year (Knight 
and Howarth, 1999). Closer to the coasts mean flows become dominated by the 
circulation associated with the freshwater-driven horizontal density gradients. A 
south-westward coastal buoyancy current is thought to flow along the east Irish 
coast during autumn through to early spring, as a result of a narrow coastal band of 
low salinity water. The mean flow becomes affected by a cyclonic gyre circulation 
during late spring and summer (Horsburgh et al., 2000), as thermal stratification 
develops over a deep region of the western Irish Sea. A freshwater-driven coastal 
current also flows along the coast of NW Scotland with speeds of about 5 km day-1 
(Hill et al., 1997). Mean flows at the shelf edge are dominated by a continuous 
northward flow of slope water, with speeds of typically 0.2 m s-1 (Souza et al., 2001). 
 Over most of the region currents are dominated by the tides (Fig. 25.1b). On the 
Malin shelf the dominant M2 barotropic tidal amplitude is typically 0.1–0.2 m s-1, 
with internal tidal currents of similar size. In the Celtic Sea the M2 tidal amplitude 
ranges from 0.4 m s-1 near the shelf edge, again with significant internal tidal cur-
rents superimposed, to 1 m s-1 within St. Georges Channel and around the Ushant 
peninsular of NW France. Tidal wave co-oscillation within the English Channel and 
Irish Sea results in M2 current amplitudes of 1–1.5 m s-1. The dissipation of tidal 
energy within the English Channel and Irish Sea is very high, with both damping the 
energy of the tidal wave so much that a degenerate amphidromic system is set up. 
 The pattern of tidal currents is a key factor in determining the seasonal struc-
ture of the overlying water column, to the extent that much of the physical 
oceanographic structure of the region is dominated by the effects of tidal stirring 
(Simpson, 1998). In the deeper regions with weaker tidal currents, such as the 
Celtic Sea, tidal stirring in summer is not able to redistribute the surface heat in-
put. As a result the water column becomes stratified, with a warm, wind-mixed 
surface layer separated from a cold, tidally-mixed bottom layer by a thermocline 
(e.g. Simpson and Bowers, 1984). Seasonally these areas start the year vertically 
mixed, as a result of convective heat losses. Around the vernal equinox, with solar 
elevation increasing, the net heat flux switches to warm the sea surface. Initially 
the tidal mixing is still able to keep redistributing the heat. Eventually the increas-
ing solar elevation results in a net heat supply to the sea surface that overcomes 
the ability of the tidal stirring to maintain vertical homogeneity, and the water 
column stratifies. Vertical homogeneity returns in autumn via a combination of 
convective overturning, and tidal and wind mixing. Within regions of stronger tidal 
currents, and/or shallower depth (e.g. the Irish Sea), tidal stirring is always able to 
overcome the rate of solar heating and the water column remains mixed through-
out the year, though with a seasonally-varying temperature. 
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 A summer satellite image of sea surface temperature illustrates this physical 
partitioning of the shelf seas in response to the competition between tidal stirring 
and surface heating (Fig. 25.1d). The shelf sea tidal mixing fronts clearly separate 
seasonally stratified (warm) and permanently mixed (cool) regions. An indication 
of the strength of the control that tidal mixing has on the regional oceanography is 
that the persistent structures seen in the satellite image can be described solely by 
a consideration of the energetics of tidal mixing and surface heating, leading to the 
successful prediction that the shelf sea fronts should follow contours of a critical 
value of depth/(tidal current amplitude)3 (Simpson and Hunter, 1974; Simpson and 
Sharples, 1994). Both observational and modelling work has shown that the frontal 
positions oscillate, typically by about 2 – 4 km, in response to the spring-neap 
modulation of tidal currents (Simpson and Bowers, 1981; Sharples and Simpson, 
1996). Similar frontal features are formed around islands within stratified regions 
of shelf seas, as the tidal flow is accelerated around the flanks (Simpson et al., 
1982). 
 The marked control exerted by tidal stirring on much of the environment of the 
Celtic Seas is almost unique in the world’s coastal oceans. Similar analyses have 
been carried out, for instance, off Georges Bank (Loder et al., 1992), in Long Is-
land Sound (Bowman et al., 1981), and in Cook Strait, New Zealand (Bowman et 
al., 1983). Of all these examples, the Celtic Seas probably demonstrate the greatest 
influence of tidal mixing, with processes such as wind-driven mixing and mean 
flows modifying to only a small extent the predictions of the simple heating-stirring 
model of Simpson and Hunter, 1974. Arguably the seasonally consistent, largely 
predictable patterns of shelf sea environments in the Celtic Seas makes them ideal 
regions for the design of cross-disciplinary process studies. 
 In many areas close to the coast the tidal currents compete with the lateral input 
of freshwater buoyancy to determine the water column structure. On the Malin 
shelf this leads to a departure of the position of the Islay front away from the pre-
diction of Simpson and Hunter, 1974, (Hill and Simpson, 1989). In the eastern Irish 
Sea (Liverpool Bay), the semi-diurnal tidal cycle causes stratification of the water 
column during each ebb tide, while the spring-neap modulation of tidal mixing 
leads to the development of more lasting mean stratification at neap tides (Simp-
son et al., 1990; Sharples and Simpson, 1995). 
 Water column structure at the Malin and Celtic Sea shelf edges is significantly 
affected by strong mixing associated with internal tidal wave dissipation (Sherwin, 
1981; Pingree et al., 1982). Regions of cooler water lying along the shelf edge of the 
Celtic Sea are often clearly visible in satellite SST imagery, caused by the breaking 
of the internal tidal wave and energetic mixing by internal solitons. 
 Away from regions of coastal erosion and fluvial inputs, the seabed sediments 
of the Celtic seas have their origins during the last glacial period. Sediment type 
reflects the distribution of tidal stress (Fig. 25.1c), with the coarsest sediments 
(gravel/sand) associated with the strongest tidal currents in St. Georges Channel, 
the central Irish Sea, the English Channel, and off northwest France. In the weaker 
tidal regions of the Celtic Sea and on the Malin shelf the seabed is made up of 
mud/sand, and mud over the shelf edge. Reworking of these sediments, and the 
generation/movement of large bedforms, occurs in response to tidal flows (particu-
larly during spring tides) and the superposition of storm waves. A large deposi-
tional centre lies in the western Irish Sea, where the deeper water and weaker tidal 
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currents have allowed the accumulation of about 33 metres of holocene mud. Sea-
bed bedforms have been observed at the shelf edge and slope consistent with the 
peaks in observed slope current speeds (Kenyon, 1986). Also at the shelf edge, 
stresses due to the internal tide and internal waves have also been observed to play 
a role in sediment resuspension and transport (Heathershaw et al., 1987), suggest-
ing that the shelf edge is a region of bedload parting. 

 

 

Figure 25.1    
 (a) Bathymetry of the Celtic seas.  
 (b) Numerical model prediction of the M2 tidal current amplitude. 
 (c) Bottom sediment type. 
 (d) A composite sea surface temperature image for June 1997. 
Data in (a) and (b) were supplied by Sarah Wakelin, Proudman Oceanographic Laboratory, UK. 
Sediment distribution in (c) after OSPAR Commission 2000. Image (d) courtesy of Peter Miller, Re-
mote Sensing Group, Plymouth Marine Laboratory, UK. 

 Resuspension and shoreward transport of coastal sediments by wave action has 
received particular attention in the Irish Sea during investigations of transport 
pathways for radioisotopes released from the Sellafield nuclear power and reproc-
essing plant in Northwest England (e.g. Cook et al., 1997; MacKenzie et al., 1998). 
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Remote sensing using the AVHRR sensor has been used successfully to investi-
gate the time scales of sediment resuspension variability over the Irish Sea, indicat-
ing a strong seasonal cycle (maximum suspended sediments in January/February) 
and a small but significant spring-neap cycle (maximum concentrations during 
spring tides) (Bowers et al., 1998). 

2. The Open Shelf. 

In the open shelf seas autotrophic phytoplanton represent the base of the food 
chain for both pelagic and benthic heterotrophs. Mixing processes in the water 
column, driven largely by bottom tidal flow and by surface wind and convection, 
determine the light environment for photosynthetic organisms (Fig. 25.2). Apart 
from seasonal changes in solar irradiance, the key parameters are depth of the 
surface mixed layer, h, which for well mixed water is also the depth of the water 
column, and the diffuse attenuation for photosynthetically active radiation, k. 
Values for k are proportional to loads of particulate (sediment, coccoliths and 
organic matter including phytoplankton) and dissolved (mainly organic matter) 
materials in the water. In general light availability is proportional to (kh)-1 (Pingree 
et al., 1986; Gowen et al., 1995), and when a critical value of (kh)-1 is reached there 
is net growth of the phytoplankton. For waters that become stratified in the sum-
mer (Fig. 25.2a), the onset of the spring diatom bloom generally corresponds to the 
time of the establishment of the seasonal thermocline when both the depth of the 
mixed layer and the load of particulate material derived from tidal suspension of 
bottom sediments are significantly reduced. Conversely, in the autumn, phyto-
plankton growth suddenly becomes light limited when the seasonal thermocline is 
eroded (Pingree et al., 1976). A small autumn bloom of phytoplankton is some-
times seen just prior to the vertical homogenisation of the water column (Fig. 
25.2a), as the deepening thermocline entrains bottom water nutrients into the 
surface layer. For mixed waters (Fig. 25.2b) the timing of the onset of the spring 
bloom depends largely on the depth and turbidity of the water, and is generally 
between late February and mid-May. 
 The nutrient environment for phytoplankton is largely determined by the late 
winter stocks of dissolved nitrate, phosphate and silicate, and by regenerative 
processes in both the water column (e.g. Maguer et al., 1999) and bottom sedi-
ments (e.g. Trimmer et al., 1999) which return essential elements in dissolved or-
ganic or inorganic forms to surface waters. The winter nutrient levels reflect net 
inputs from the ocean, the land (e.g. Gowen et al., 2000) and (to a minor extent) 
the atmosphere. They are generally highest in outer shelf waters, especially in the 
north, as a result of advection from the N Atlantic, and in inshore waters close to 
sources of nutrient-rich fresh water. In summer the surface layer of stratified wa-
ters tends to become nutrient depleted (e.g. Fig. 25.2a), while nutrient concentra-
tions in mixed waters depend on the balance between the assimilation by 
phytoplankton and the rates of replenishment. 
 As nutrients are utilised in the spring and early summer, the nitrate-to-
phosphate ratio falls to values much lower than the Redfield ratio, suggesting that 
phytoplankton become nitrogen limited at this time of year (Pingree et al., 1977, 
Gibson et al., 1997; Jordan and Joint, 1998). This pattern of nutrient depletion may 
be explained by some combination of slower recycling of nitrogen compared to 
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phosphorus, net loss of nitrogen by denitrification (Gibson et al., 1997), and/or net 
gain of phosphorus through mechanisms yet to be identified (Jordan and Joint, 
1998). Forms of regenerated nitrogen utilised by phytoplankton include ammo-
nium and urea derived from animal excretion and the microbial foodweb (Holligan 
et al., 1984b; Le Corre et al., 1993; Maguer et al., 1998). A better understanding of 
the nature and control of regeneration processes in shelf seas is needed for predict-
ing how future changes in external nutrient supply might affect pelagic productiv-
ity. 

 

Figure 25.2    Model representation of the seasonal cycles of phytoplankton biomass in stratifying and 
permanently mixed water columns (Sharples, 1999). In each case the upper panel shows surface (solid 
line) and bottom (dashed line) water temperature, the lower panel shows surface chlorophyll concen-
tration (solid line) and surface concentration of dissolved nitrate (dashed line). 
 (a) A station representative of the central Celtic Sea, with a depth of 120 metres and daily mean tidal 
current speed of 0.2 m s-1. kh-1 = 0.07 during mixed conditions, and approximately 0.3 when the thermo-
cline is developed. A: increasing solar irradiance begins to heat the water column in spring. B: stratifica-
tion begins as tidal and wind mixing are unable to prevent the stabilising effect of the solar heating. C: 
maximum stratification reached in mid summer. D: high surface inorganic nitrogen in the mixed water 
column in winter and early spring. E: the spring bloom of surface biomass begins as soon as the water 
column stratifies, eventually limited by a lack of inorganic nitrogen as the thermocline prevents re-
supply from the deeper water. F: a lack of nitrogen prevents significant growth in the surface water 
during summer, phytoplankton biomass at this time is concentrated deeper in the thermocline. G: 
convective deepening of the thermocline in autumn can bring deep nitrogen into the surface layer, 
allowing an autumn bloom of surface biomass. 
 (b) A station representative of the Irish Sea, with a depth of 80 metres and a daily mean tidal current 
speed of 0.65 m s-1. kh-1 = 0.1. A: increasing solar irradiance begins to heat the water column in spring. B: 
the water column remains vertically homogeneous throughout summer, as the tidal and wind mixing 
prevent stratification developing. C: maximum surface temperature reached in late summer. D: surface 
nitrate remains high throughout the year, as long as re-supply from regeneration in the sediments and 
water column is equivalent to assimilation by phytoplankton. E: growth of phytoplankton is possible in 
summer during high solar irradiance if the phytoplankton critical depth is greater than the depth of the 
water column. 

 In stratified waters changes in nutrient levels below the thermocline during 
summer reflect the balance between gains from regeneration and losses due to 
upward mixing across the thermocline. In areas of relatively high vertical stability 
corresponding to seasonal gyres (Hill, 1993), bottom nutrient concentrations in 
late summer and autumn can exceed by a considerable amount water column 
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values for late winter (Pingree et al, 1976), as a result of the oxidation of organic 
material that sinks through the seasonal thermocline. This sequestration process 
leads to a corresponding drop in dissolved oxygen below the thermocline (Morin et 
al., 1985, Raine and McMahon, 1998). When affected by extreme or episodic mix-
ing events (storms, spring tides etc.) such nutrient reservoirs are potential signifi-
cant sources of nutrients to the surface waters, especially during late summer and 
autumn as the seasonal thermocline weakens. Attempts to derive such fluxes from 
satellite measurements of sea surface temperature (Morin et al., 1993) are valid 
only for relatively deep water regimes in which consistent relationships between 
water temperature and nutrient concentration are maintained. 

 

Figure 25.3   SeaWiFS images for the Celtic Seas, 18 May, 1998, supplied by S. Groom (Plymouth 
Marine Laboratory). 
 a) Chlorophyll image showing the distribution of surface phytoplankton in late spring about one 
month after the onset of stratification in the Celtic Sea.  
 b) Colour composite image showing strong reflectance due to extensive blooms of the coccolitho-
phore E. huxleyi in the western Celtic Sea and to the west of Ireland, and due to suspended sediments in 
the regions of strong tidal mixing in the Irish Sea and the English Channel. Under both conditions 
algorithms for the determination of chlorophyll tend to break down so that the estimates of phyto-
plankton abundance in panel (a) for the high reflectance areas are likely to be in error. 

 Once the physical processes that determine the development of the seasonal 
thermocline across the northwest European shelf had been identified and param-
eterised (Pingree and Griffiths, 1978), it became possible to recognise clear pat-
terns in the distribution and seasonal species succession of phytoplankton (Pingree 
et al., 1976; Pingree et al, 1978, Richardson et al., 1985). Small surface-to-bottom 
differences of water temperature (~0.5oC) in spring were shown to give sufficient 
surface stability for blooms of diatoms to develop, with concentrations of chloro-
phyll a up to 10 mg m-3 (Fasham et al., 1983). During the summer months persistent 
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chlorophyll maxima, with values locally higher than 50 mg m-3, can be found within 
the seasonal thermocline and along tidal fronts at the boundary between nutrient 
limited surface stratified waters and light limited mixed waters (Pingree et al., 
1982). These blooms are dominated by dinoflagellates and, occasionally, cocco-
lithophores. In the surface stratified waters of the open shelf, populations of the 
coccolithophore Emiliania huxleyi are commonly observed in early summer (Fig. 
25.3) before levels of chlorophyll become low (<0.5 mg m-3 chlorophyll a) and 
dominated by picophytoplankton (Joint et al., 1986). By contrast, mixed waters 
lying between the coast and offshore tidal fronts are characterised by persistent 
diatom populations, with the levels of chlorophyll generally in the range 1–2 mg m-3, 
together with variable proportions of other types of phytoplankton dependent on 
the depth, clarity and nutrient status of the water (Pingree et al., 1978; Holligan et 
al., 1984a). 
 Investigations in the western Irish Sea have shown that annual primary produc-
tion and the length of the productive season depends on the stratification regime, 
water turbidity and nutrient inputs from land (Gowen et al., 1995). Similarly, in 
regions that remain well mixed through the year, such as the eastern English 
Channel, the development of phytoplankton populations in spring can be clearly 
linked to hydrodynamic conditions, in particular variations in water column irradi-
ance and nutrient levels (Pingree et al., 1986; Brunet et al., 1996). 
 Growth of phytoplankton along surface tidal fronts and within the seasonal 
thermocline of the Celtic seas (Fig. 25.4) is affected by variations in isopycnal and 
diapycnal mixing and exchange processes related to the strength of tides and wind 
(Loder and Platt, 1985) and in the ability of phytoplankton to adjust physiologi-
cally to varying environmental conditions (Jordan and Joint, 1984; Holligan et al. 
1984b; Videau, 1987; Moore et al., 2003). Cell motility and buoyancy may be criti-
cal in maintaining the position of phytoplankton cells with respect to nutrient and 
light gradients, but their ecological significance remains poorly understood. The 
dynamic nature of such boundary environments has been investigated using nu-
merical models (Sharples and Tett, 1994) and is illustrated by the observations of 
Sharples et al. (2001) who showed that subsurface chlorophyll maxima are eroded 
from below at times of strong tidal mixing. These phytoplankton populations are 
thought to be maintained by growth and accumulation of cells during neap tides, 
making use of nutrients that were mixed upwards during the preceding period of 
stronger mixing at spring tides. 
 One fundamental problem in understanding how the distributions of phyto-
plankton are controlled is a lack of knowledge of their physiology in relation to 
variations in irradiance and nutrient supply. Although this issue has been explored 
with numerical models (Mills et al., 1997; Lizon et al., 1998) it is only with new in 
situ sensors such as the Fast Repetition Rate Fluorometer (FRRF) that fully com-
patible data on cell physiology and water column turbulence can be gathered 
(Moore et al., 2003). In general it appears hydrodynamic gradients are character-
ised by gradients in both species composition and physiological properties. 
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Figure 25.4   (a) temperature (oC) and (b) chlorophyll a (mg m-3) sections made on 6 August, 1980 
between mixed waters off France and across the edge of the continental shelf in the southwest Celtic 
Sea (from Pingree et al, 1982 courtesy of Elsevier, Ltd.). A is the open ocean offshore of the shelf edge, 
B is the open shelf sea, stratified during summer, C is the shelf sea tidal mixing front where stratifica-
tion is broken down by mixing, and D is the permanently mixed, tidally energetic shelf water.  
 (c) Schematic illustration of the environments sampled during the section with A: Internal tidal mixing 
at the shelf edge supplying surface phytoplankton with nutrients. The surface signature of cool, nutri-
ent-rich water and elevated chlorophyll concentrations is often seen in satellite imagery. 
 B: A strongly-stratified shelf sea, with phytoplankton biomass within the thermocline fuelled by weak 
mixing of nutrients from below. 
 C: The shelf sea tidal mixing front, with high phytoplankton biomass at the boundary between the 
light-limited (mixed) water and the nutrient-limited (stratified surface layer) water. 

 Comparative estimates of primary production in NW European shelf seas, 
based on standard methods of 14C assimilation or oxygen production, range be-
tween ~100 and >250 g C m-2 y-1. The lower values are representative of offshore 
areas with low tidal mixing, and the higher ones of inshore areas that receive sig-
nificant inputs from land. However, a lack of consistency in experimental proce-



1012 INTERDISIPLINARY STUDIES IN THE CELTIC SEAS 

dures and poor resolution of measurements means that the relationship between 
physical forcing and rate of primary production cannot be well defined. The appli-
cation of ocean colour remote sensing for determining productivity is still in its 
infancy, largely as a result of the problems of establishing suitable algorithms for 
optically diverse waters (CASE I and II), of difficulties in detecting the subsurface 
chlorophyll maximum, and of limitations of sampling due to clouds. Initial studies 
for the Celtic Sea (Joint and Groom, 2000) are encouraging, and demonstrate how 
synoptic patterns in the estimated distributions of chlorophyll and primary produc-
tivity are strongly related to known physical structures and to occurrences of 
blooms. Similarly physiologically-based in situ methods, such as fast repetition rate 
fluorometry, are providing new information on the growth of sub-surface popula-
tions of phytoplankton (Moore et al., 2003) which cannot be detected by remote 
sensing and are difficult to sample routinely. 
 Relationships between the physicochemical properties of shelf seas and the 
distributions of heterotrophs are generally more complex and less well known than 
for autotrophs. Distinct differences are observed in the trophic structure of plank-
ton communities from mixed, frontal and stratified waters (Fig. 25.5) (Holligan et 
al., 1984a; Le Fevre-Lehoerff et al., 1993; Richardson et al., 1998). In general, 
mixed waters are characterised by a relatively simple food chain based on micro-
phytoplankton and herbivorous zooplankton, whereas picophytoplankton and an 
active microbial foodweb are prominent features of summer stratified shelf waters, 
especially where the oceanic influence is strong. Seasonal changes in the composi-
tion of heterotroph communities (Rodriguez et al., 2000) are consistent with pre-
vailing hydrographic conditions, which influence their growth and reproduction 
both directly (water temperature) and indirectly (food quantity and quality, preda-
tion). 

 

Figure 25.5   Distributions of organic carbon between the main autotrophic and heterotrophic compo-
nents of plankton populations in mixed, frontal and stratified waters of the western English Channel 
(from Holligan et al., 1984a courtesy of Inter-Research) 

 Populations of mesozooplankton and larval fish are also often described as 
typical of offshore (oceanic) or inshore (coastal) waters (e.g. Gowen et al., 1998b). 
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This distinction is indicative of the importance of advection, as well as in situ re-
production and growth, for controlling the distributional patterns for organisms 
with relatively long generation times (weeks to months). Advection determines 
how organisms are dispersed away from their breeding and spawning areas, or how 
they might be entrained within waters favourable for their subsequent develop-
ment. For example, gyral circulation associated with bodies of summer stratified 
water in the western Irish Sea has been shown to retain the planktonic larvae of 
Nephrops above the sediments where the juveniles will later need to settle to be-
come breeding adults. Larvae that enter the water column before this seasonal 
gyral circulation is established risk being transported away from the adult breeding 
grounds by the coastal buoyancy current (White et al., 1988; Dickey-Collas et al, 
1996a; Hill et al., 1996). Interactions between the biota and their environment are 
particularly complex for organisms that migrate vertically (Williams, 1985; Wil-
liams et al., 1994; Dauvin et al., 1998; Tarling et al., 2002) especially in stratified 
waters. Numerical experiments by Hill (1994, 1998) show how different compo-
nents of tidal motion lead to different types of spatial distribution depending on 
the diel rhythm and depth range of migration. 
 The most detailed studies of the relationships between hydrographic parame-
ters, planktonic organisms (including copepods, larval fish, Nephrops larvae) 
(Dickey-Collas et al., 1996a, 1996b, 1997; Gowen et al., 1997, 1998a), and even top 
predators such as seabirds (Durazo et al., 1998), have been carried out in the Irish 
Sea. In a region that includes stratified, mixed and coastal regimes, parameters that 
affect secondary production include length of the productive season, chlorophyll 
standing stock, and surface-to-bottom temperature difference, as well as advection 
of organisms into and out of favourable feeding areas. 
 Comparable studies in the Celtic Sea and English Channel have also shown that 
that the distribution, feeding, trophic interactions, and vertical migration of zoo-
plankton (Williams, 1985; Holligan et al., 1984a; Williams et al., 1994; Laabir et al., 
1998) and larval fish (Grioche and Koubbi, 1997; Acevedo et al., 2002) are related 
to hydrographic conditions and to positions of frontal boundaries. Most observa-
tions have been limited in space or time so that an overall picture of such relation-
ships remains hard to put together (Rodriguez et al., 2000). In particular, there is 
still insufficient information about processes occurring close to frontal boundaries 
(Le Fevre, 1986) and within the seasonal thermocline (Sharples et al, 2001) to 
allow hypotheses about the ecological and biogeochemical significance of persis-
tently high chlorophyll concentrations in these situations during summer to be 
properly tested. For example, little is known about the importance of such bound-
ary conditions for the survival of larval fish, as indicated by the observations of 
Kiorboe et al., (1988) in the North Sea. 
 Relationships between hydrography and the distributions of benthic organisms 
are well established from benthic surveys (e.g. Sanvincente-Anorve et al., 1996; 
Rees et al., 1999; Ellis et al., 2000), and are based in part on the role of tidal mixing 
in determining sediment type, and in part on the way food is supplied to the ben-
thos (Vallet and Dauvin, 2001; Trimmer et al., 1999). In tidally well-mixed waters 
the sediments are generally coarse, and inputs of organic matter maintained 
through the whole productive season. By contrast, in areas of seasonally stratified 
waters (relatively weak tides), the sediments are fine and the food supply appears 
to be relatively low after the spring diatom bloom due to a combination of surface 
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nutrient depletion and active recycling of organic matter within the water column 
through the microbial foodweb. The benthic ecosystem contributes to the regen-
eration of nutrients, but the overall importance and timescale of this process re-
mains uncertain. In this context it is noteworthy that bottom nutrient 
concentrations in the strongly stratified parts of the Celtic Sea are maximal in late 
autumn (Pingree et al., 1976). 
 Various links between hydrography and adult fish have also been noted, includ-
ing the effects of temporal variability in water temperature on recruitment and 
spawning in the Irish Sea (Planque and Fox, 1998; Nash and Geffen, 1999) and of 
spatial variability in plankton production on mackerel spawning in the Celtic Sea 
(Coombs et al., 1990). Overall impacts on fish production are difficult to determine 
but, in a comparative study of the Irish and North Seas, Brander and Dickson 
(1984) concluded that the short production season for the deeper waters of the 
Irish Sea was the main cause of relatively low fish yields. 
 Over timescales longer than the annual cycle plankton populations are also 
influenced by climate and hydrography. The strength of northward moving cur-
rents in the eastern Atlantic Ocean affects the advection of oceanic waters and 
species onto the shelf (Reid et al., 2001). Also correlations between the strength of 
the North Atlantic Oscillation (NAO) and the distributions and abundance of 
plankton have also been demonstrated (Beaugrand et al., 2000, Irgoien et al., 
2000). The precise causes of such relationships, and of cyclic changes in plankton 
abundance as have been described for the western English Channel, remain uncer-
tain, and the form that they take depends on the degree of oceanic influence and 
on more general climatic trends (Southward et al., 1995). 

3. Coastal Waters. 

In the Celtic Seas three distinct types of coastal hydrodynamic regime can be rec-
ognised. In each one inputs of freshwater from land largely determine the position 
and strength of density gradients, which, in turn, affect both the productivity of the 
water column and the distributions of organisms within it. At one extreme in the 
fjords and sea lochs of western Scotland, where the tides are relatively weak and 
the water relatively deep, freshwater provides a source of buoyancy, as well as 
nutrients, which maintains a stratified water column for much of the year. At the 
other, in the eastern English Channel and eastern Irish Sea, strong tidal mixing 
leads to the formation of bands of fresher water of variable width along the coast 
but there is little or no vertical stratification of the water column. Intermediate 
conditions are found around most of the coast of Ireland. 
 Most of the fresh water entering the English Channel comes from French rivers, 
including the Loire on the Atlantic coast, which can influence the distributions of 
salinity and phytoplankton in the western English Channel during periods of 
strong flow in winter and early spring (Pingree et al., 1986). In the eastern English 
Channel, water from the rivers Seine and Somme results in the formation of a zone 
of relatively fresh, turbid water, which flows northeast along the coast towards the 
North Sea. It is bounded offshore by a coastal front marking the transition to salt-
ier water in the central Channel (Dupont et al., 1991; Brylinski et al., 1991, 1996). 
Phytoplankton abundance and primary production are generally highest in shallow 
inshore waters, which are fertilised by rivers, and just offshore from the coastal 
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front where there is a transition to less turbid water (Brunet et al., 1992; Brylinski 
et al., 1996; Gentilhomme and Lizon, 1998). Along the frontal boundary itself 
physical accumulation of phytoplankton has been observed. Small-scale observa-
tions show that the relationship between variability in physical and biological pa-
rameters is complex (Seuront and Lagadeuc, 1998). However, at larger scales the 
abundance of different groups of plankton and the efficiency at which energy is 
transferred from one trophic level to another does appear to be linked to hydrody-
namic conditions (Le Fevre-Lehoerff et al., 1993). 
 Around the south and west coasts of Ireland the clockwise flow of lower salinity 
water forms on its outer boundary the Irish Shelf Front (ISF) (Raine et al., 1990; 
McMahon et al., 1995; Raine and McMahon, 1998). Tides are generally relatively 
small so that the coastal water is often weakly stratified and, in summer, lateral 
and vertical temperature gradients form in response to surface heating. The posi-
tion and structure of the ISF is affected by spatial and temporal variations both in 
the strength of tidal mixing and in wind-induced upwelling (Raine and McMahon, 
1998). The action of different mixing processes on thermal and haline sources of 
buoyancy produces complex physical structures which are readily apparent on 
satellite images of sea surface temperature (Huang et al., 1991) and ocean colour 
(Fig. 25.3). The responses of phytoplankton to ambient physical conditions range 
from variations in the timing of seasonal succession (Roden and Raine, 1994) to 
the formation of transitory blooms of dinoflagellates and other species (Edwards et 
al, 1996; Raine et al., 1993). The appearance and disappearance of such blooms is 
linked with changes in the depth of the seasonal thermocline and associated sub-
surface chlorophyll maximum, and with patterns of wind-driven advection (Ed-
wards et al., 1996). The inshore blooms have significant impacts on water chemistry 
and on other organisms that come into contact with them. Their prediction, how-
ever, requires better understanding of the complex interactions between mean 
hydrographic conditions and mixing due to both tide and wind (Raine and McMa-
hon, 1998). 
 To the west of Scotland surface stratification has a strong influence on phyto-
plankton ecology (Jones et al., 1984; Tett et al., 1986) and, together with knowledge 
about light penetration, can be used to predict the occurrence of the main groups 
of phytoplankton (Jones and Gowen, 1990). The region of freshwater influence 
that has been most intensively studied is the Clyde Sea (Jones et al. 1995). The 
dynamics of water movement in the basin is controlled by freshwater inputs and by 
exchanges with the offshore North Channel. In summer the waters of the Clyde 
Sea become isolated below sill depth by a strong seasonal thermocline and at the 
surface by a well-developed thermohaline front. Exchanges of water and of dis-
solved and particulate matter occur largely in winter. Factors that control the sea-
sonal cycles of phytoplankton and nutrients have been explored with a one 
dimensional box model (Rippeth and Jones, 1997), which shows that nitrogen 
stored in the Clyde during the summer is transferred offshore during winter largely 
as nitrate. Summer isolation of the deep water of the Clyde and other sea lochs 
leads to oxygen depletion of the deep water as organic matter sinks from the sur-
face and becomes oxidised. 
 Further south, along the coast of NW England, interaction between freshwater 
input and the tides results in periodic stratification on semi-diurnal and fortnightly 
time scales (Sharples and Simpson, 1995). However, while such tidal modulation 
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clearly affects the stability of the water, and may also affect residual transport 
mechanisms, there has to date been no concerted effort to link these well-defined 
physical cycles to the biochemistry or sedimentology of the region. An intriguing 
observation of the possible response of primary production to short-term stability 
cycles in this region has been identified (Floodgate et al., 1981). 
 In all coastal regions influenced by freshwater, strong relationships between 
hydrography, plankton growth and water chemistry can be discerned. The general 
nature of biological responses to variations in freshwater inputs varies with the 
relative importance of different physical forcing parameters, and is most predict-
able for semi-enclosed systems such as the Clyde Sea. In areas of strong tidal mix-
ing hydrographic conditions are largely related to the input of freshwater and the 
strength and direction of the wind. By contrast off the south and west coasts of 
Ireland, where tides are variable, there are complex interactions between offshore 
and inshore waters with different thermohaline properties, leading to biological 
responses that are difficult to predict and also likely to be sensitive to climate 
change 

4. The Shelf Edge. 

The edge of the shelf of the Celtic seas is an important boundary, both in terms of 
the physical environment and its control of advection and shelf-ocean transfer. It is 
also a key determinant of the biochemical environment of the shelf edge and much 
of the shelf seas. A moderate slope current and internal tide-driven mixing domi-
nate the physical environment. Also, at these latitudes important physical variabil-
ity is driven by the generally west-to-east passage of weather systems, in particular 
driving strong variations in the surface wind stress. Cross-shelf edge transfers have 
a large contribution from variability in the along-shelf wind stress, typically result-
ing in annual mean flux rates of 0.9 m2 s-1 at the Celtic Sea shelf edge, and 1.2 m2 s-1 
west of Ireland and Scotland (Huthnance, submitted). Wind-driven variability is 
likely to be a key controller of nutrient and carbon fluxes between the shelf sea 
and the NE Atlantic. 
 Two large, detailed, interdisciplinary observational programmes have been 
carried out with a particular focus on physical and biogeochemical processes at the 
shelf edge of the Celtic seas. The Land-Ocean-Interaction-Study Shelf Edge Study 
(LOIS-SES) took place in 1995/96 off the west coast of Scotland. The Ocean Mar-
gin Exchange programmme (OMEX) focused on the southwest approaches to the 
Celtic Sea, including the shelf edge and slope, and took place between 1993 and 
1997. Most of the recent interdiscipinary work associated with these shelf edge 
regions was conducted under one or other of these programmes. The work at the 
Celtic Sea shelf edge and slope conducted during OMEX can be found in a de-
tailed special edition of Deep Sea Research (numbers 14–15, volume 48, 2001). 
 The slope current flowing from Biscay northward to northwest Scotland is ob-
served to be associated with a core of warm, high salinity water, and is thought to 
be driven by a latitudinal density (temperature) gradient in the upper ocean 
(Huthnance, 1986). In the region studied during LOIS-SES current speeds have 
been observed to average at around 0.1–0.2 m s-1 west of Ireland (White and Bow-
yer, 1997), and 0.2 m s-1 west of Scotland (Souza et al., 2001). Off the Malin shelf 
the flow tends to be more energetic and variable, with more influence further on 
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the shelf, during winter. There is evidence of weak down-slope near-bed flows 
generated within the bottom Ekman layer of the current (Souza et al., 2001). 
 At the shelf edge west of Ireland, associated with the front between the shelf 
water and the North Atlantic Water of the slope current, high concentrations of 
surface water DMSP have been observed with elevated chlorophyll concentrations 
(Locarnini et al., 1998). The shelf edge was also a site of elevated DMS flux into 
the atmosphere. One reason for the enhanced chlorophyll concentration is likely 
to be mixing by the breaking of internal waves at the shelf edge. The vertical tur-
bulent diffusivity of this mixing off the Malin shelf has been observed to be of 5 x 
10–4 m2 s-1 (neap tide) and 1.2 x 10–3 m2 s-1 (spring tide) (Inall et al., 2000). 

 

Figure 25.6   Observations of a cascade of dense water off the Malin Shelf in winter 1996. Top: σtt (kg m-3); 
Bottom: Chlorophyll concentration (mg m-3). Adapted from Hill et al., 1998. 

 During the LOIS-SES work observations of shelf edge sediments have shown 
that, despite the seasonality of shelf edge primary production, the total organic and 
inorganic carbon content in the sediments does not change through the year 
(Mitchell et al., 1997). This result is thought to indicate that most phytodetritus is 
consumed by organisms on the sediment surface before the material is buried, 
and/or that the material is further transported down the slope prior to burial. The 
isotopic ratio does have some correspondence with the increase in the supply of 
organic detritus during spring/summer, probably reflecting changes in the origins 
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of the material (i.e. local phytoplankton growth versus land plant detritus). These 
results of Mitchell et al. (1997) suggested a small, rapid burial flux, though the area 
is not seen as a significant depocentre of organic carbon. 
 There are now several indications of off-shelf transport and carbon export in the 
region of the Malin shelf. In summer non-linear internal waves associated with the 
internal tide have been quantified in terms of the mass transport between shelf and 
ocean, with sporadic packets of the waves at the Malin shelf edge observed to 
transport an average of 0.3 m2 s-1 offshore in the lower layer (Inall et al., 2001). 
During winter, surface cooling of the shallower shelf water has been seen to lead to 
dense water cascades of bottom water at the shelf edge to depths of at least 500 
metres on the slope (Hill et al., 1998). These observations clearly showed the ex-
port of chlorophyll to the slope (Fig. 25.6). Combining the observations of Hill et 
al., 1998, Inall et al., 2001, and Souza et al., 2001, it could be suggested that there 
are 3 main processes that can export bottom shelf water to the upper slope. In 
summer both the bottom Ekman layer of the slope current and the transport 
driven by the non-linear internal waves drive offshore flow in the bottom water. In 
winter dense water cascades, along with (and possibly triggered by) the bottom 
Ekman layer of the slope flow provide the off-shelf transport, with internal waves 
absent because of the convective mixing and homogenisation of the water column. 
A 2-dimensional slice model of the physical and biogeochemical environment of 
the LOIS-SES region (Proctor et al., 2003) has shown a near-surface flux of nitrate 
to the shelf from the ocean (65 kmol M m-1 yr-1), and an off-shelf near-bottom flux 
of carbon at the shelf edge (23 kmol C m-1 yr-1). 
 In the OMEX region there is evidence of maximum slope flows occurring in 
autumn/winter (Pingree et al., 1999). Flow speeds tend to be significantly lower 
than in the LOIS-SES region (O(0.05 m s-1)), as a result of the complex shelf edge 
topography and the non-meridional alignment (Huthnance et al., 2001). This 
along-slope flow acts as both a limiter of cross-slope transfer between the shelf and 
the NE Atlantic Ocean, and as a south-to-north advector of water properties (Pin-
gree et al., 1999). Cross-shelf edge exchange is dominated by wind-, tide-, and 
wave-forced currents, with an annual mean transport O(1 m2 s-1) (Huthnance et al., 
2001). Southwest of Ireland the mixing is provided mainly by surface wind and 
waves, while to the northwest of France tidally-driven internal waves become 
increasingly important (Huthnance et al., 2001). As a result of the internal wave 
mixing cool bands of surface water are often clearly visible in satellite sea surface 
temperature images. Earlier work has shown that this mixing can supply useful 
quantities of deeper nutrients to the surface waters, leading to locally enhanced 
chlorophyll biomass at the shelf edge of the Celtic Sea (Pingree and Mardell, 1981) 
(Fig. 25.4 and Fig. 25.7). With the advent of frequent satellite images of sea surface 
chlorophyll concentration, these cool bands of water are now clearly related to 
shelf edge bands of elevated chlorophyll concentration, often observed both at the 
Celtic Sea shelf edge and off the Malin/Hebrides shelf edge. 
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Figure 25.7   From left to right: surface temperature (°C), surface chlorophyll (mg m-3), and surface 
inorganic nitrate (mmol m-3) at the shelf edge of the Celtic Sea. The 200 metre isobath marks the posi-
tion of the shelf edge. After Pingree & Mardell, 1981. Courtesy of the Royal Society, London. 

 Nutrient supply and demand in the OMEX study has been described by Hydes 
et al., 2001. Underway surface nitrate and salinity data collected during winter 
showed three important regimes between the shelf edge and the coastal zone (Fig. 
25.8). Marked discontinuities in the salinity-nitrate relationship indicate the high 
nitrate concentrations at the shelf edge and in waters influenced by coastal run-off 
are not seen in open shelf waters. This has important consequences for the fuelling 
of primary production on the shelf, where winter nutrient concentrations are de-
pendent on local remineralisation processes within the sediments. This highlights 
the difficulty in defining “new” production in systems where apparently new 
growth is fuelled by longer-term regeneration of organic material (e.g. Wollast, 
2003). Pelagic primary production at the Celtic Sea shelf edge has been observed 
as 160 g C m-2 yr-1, with about half of that being new production (Rees et al., 1999; 
Joint et al., 2001). Most of the new production occurs during the spring bloom 
(f∼0.7–0.8). Estimates of production rates and f-ratios made by applying tempera-
ture-nitrate relations to satellite temperature imagery compared well with the 
direct measurements. Joint et al., 2001, estimated that 38% of the pelagic produc-
tion became available to the midwater heterotrophs and the benthos. 
 The fate of organic material reaching the seabed (De Wilde et al., 1998) was 
extensively studied during OMEX. Re-suspension of material, and subsequent 
apparently rapid transport off the slope, is thought to transfer 6 – 9% of shelf edge 
primary production to below the depth of winter mixing, with final deposition 
occurring at the foot of the slope and abyssal ocean (Antia et al., 2001). Well-
developed bottom nepheloid layers have been observed (McCave et al., 2001), 
with some indication of intermediate layers transferring resuspended material 
offshore. Re-suspension of these high-density bottom layers was seen to be forced 
by strong, semi-diurnal tidal currents at the seabed (van Weering et al., 2001). A 
deposition rate of > 44 g m-2 yr-1, comprising about 98% organic carbon, was meas-
ured at the shelf edge. About half of this deposition was mineralised at the sedi-
ment-water interface and below the seabed, driven by oxygen (van Weering et al., 
2001). Heip et al., 2001, observed >50% of the organic material that reached the 
shelf edge seabed to be respired by macrofauna, with intensive reworking of the 
shelf edge sediments. In a model of the Goban Spur shelf break, respiration of 
organic nitrogen was found to occur predominantly in the euphotic zone (42%) 
and in the deeper water (51%), with 7% taking place in the sediments (Soetaert et 
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al., 2001). Over one year the model indicated that half of the required nitrogen was 
supplied by mixing from below the euphotic zone. The results also indicated im-
portant dependence on the meteorological forcing, with real meteorological data 
leading to a 40% increase in carbon production compared to a model forced by 
smooth, climatalogical data. 

 

Figure 25.8   Surface nitrate and salinity measured between the Celtic Sea shelf edge and the UK coast 
during winter of 1994. Line A marks the mixing environment at the shelf edge of the Celtic Sea; line B 
is data collected from the broad shelf region within the Celtic Sea; line C marks data collected close to 
the UK coast where conditions were influenced by the freshwater input to the Bristol Channel. After 
Hydes et al., 2001 Courtesy of Elsevier Ltd. 

 The carbon and nitrogen cycles observed during the OMEX study have been 
summarised by Wollast and Chou, 2001 (Fig. 25.9). About half of the shelf edge 
annual production of 200 g C m-2 was exported from the euphotic zone, with about 
10% reaching the sediment water interface to be respired. They estimated that 30 
g C m-2 yr-1 is exported to the slope and deep ocean, suggesting a flux of 1500 ton-
nes of organic matter deposited in the slope area per km of shelf break. The role of 
vertical mixing in fuelling the shelf break production was highlighted (e.g. Holligan 
et al., 1985). 
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Figure 25.9   Summary flux estimates for the OMEX I study of the Goban Spur shelf edge region, after 
Wollast & Chou, 2001 Courtesy of Elsevier Ltd. Top: Organic carbon cycle in the euphotic zone. Bottom: 
Organic carbon cycle for the northern Gulf of Biscay. 

 The entire shelf edge of the Celtic seas, and reaching further south to the Ibe-
rian peninsula and north to the Norwegian and North Seas, has been studied in the 
context of oceanographic controls on fisheries. The Shelf Edge Fisheries and 
Oceanography Studies (SEFOS) was a major European research effort focussing 
on the life histories, distribution, and migration patterns of several species in rela-
tion to the oceanography of the shelf edge (Reid, 2001). As an example, Western 
mackerel are known to migrate southward along the shelf edge to their spawning 
grounds southwest of Ireland, and then return northward along the same route to 
the northern North Sea (Reid et al., 1997). The trigger for the start of the spawning 
migration is believed to be the winter decrease in water temperature. Schools of 
mackerel actively migrate along the shelf edge in this cold water, while the epi-
sodic introduction of the warmer slope current water onto the shelf temporarily 
halts the migration. Hotspots of mackerel spawning were often associated with the 
more mixed water at the shelf edge, indicating the possibly important efect of the 
enhanced primary production in this region for the feeding of adults and larvae 
(Bez and Rivoirard, 2001). 

5. Discussion and Conclusions 

The environment of the Celtic seas is controlled largely by tidal mixing and advec-
tion, and by seasonal heating and cooling of the water column, with inputs of 
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freshwater also locally important in some coastal areas, and internal tidal mixing 
having increased importance near the shelf edge. Over much of the Celtic Seas the 
physical environment is dominated by a simple competition between tidal mixing 
and surface heating, which in turn controls the seasonality of biochemical cycling. 
The seasonal stratification in the low tidal energy, or deeper water, regimes leads 
to a broadly predictable pattern of spring bloom, followed by a summer sub-
surface biomass maximum, and often ending with a small autumn bloom (Fig. 
25.2a). Separating these seasonally-stratified waters from the permanently (tidally-
energetic) mixed waters, the tidal mixing fronts provide a predictable spatial gra-
dient in physical and associated biochemical properties. This underlying, relatively 
simple, spatial and temporal variability in water column structure has led to the 
Celtic Seas providing important practical models for the parallel understanding of 
primary production, zooplankton distributions, and other higher trophic interac-
tions. It is recognised that many of the observed physical-biological interactions 
are similar to those known to occur in other temperate shelf areas. The North Sea 
(Richardson et al., 1998), Gulf of Maine (Townsend et al., 2001; Townsend and 
Thomas, 2002) and Patagonian shelf (Sabatini et al., 2000) are all areas with strong 
tidal currents that show many similar features in the basic physical environment 
and the corresponding cycles in the biochemistry. 
 The wide range of physical conditions in the Celtic seas leads to great heteroge-
neity in biological and chemical properties. Rates of primary production, nutrient 
regeneration, exchange of materials across the seasonal thermocline and across 
fronts are spatially and temporally variable, and generally not well constrained. 
Many important questions are only just becoming tractable to observation as de-
velopments in technology open up new areas for exploration. An important re-
quirement here is to utilise new developments in biological and chemical 
instrumentation to gather well-resolved spatial (e.g. satellites and towed-vehicles) 
and temporal (i.e. moorings) series of compatible physical-biological-chemical 
information, allowing the patchiness of the biochemistry to be seen within the 
context of the underlying physics. As annual budgets for elements such as carbon 
and nitrogen are still difficult to estimate directly, coupled physical-biological 
models will increasingly be the mainstay of attempts to predict the effects of envi-
ronmental variability and change on ecosystem dynamics and biogeochemical 
fluxes. However, the outputs of such models will still require validation, which is 
only possible through well-coordinated observational programmes bringing to-
gether scientists from different disciplines. An example is the EU-supported 
OMEX programme at the Celtic Sea shelf edge (see Wollast and Chou, 2001), but 
comparable studies using modern technologies have yet to be undertaken for the 
open shelf seas and tidal fronts. 
 A central focus for any new interdisciplinary programme must be the determi-
nation of nutrient fluxes within the water column and sediments, and across inter-
faces such as the water-sediment boundary, the seasonal thermocline, and the shelf 
edge. The existence of inshore, mid-shelf and oceanic nutrient regimes, as illus-
trated in Fig. 25.8, also highlights the importance of vertical processes for deter-
mining nutrient distributions over most of the shelf. In the spring and early 
summer, stocks of winter nutrients are depleted by actively growing phytoplankton 
so that nutrient regeneration becomes increasingly important for fuelling primary 
production. This change is reflected in estimates of the f-ratio for nitrogen assimi-



 JONATHAN SHARPLES AND PATRICK M. HOLLIGAN 1023 

lation, which range from ~0.8 in spring to typically <0.25 in mid-summer (Joint et 
al., 2001). Inorganic nutrient distributions in summer are largely determined by 
vertical processes, including the sinking of particulate organic matter and nutrient 
exchange across the sediment-water interface and the seasonal thermocline. With-
out physically-constrained numerical models (e.g. Pingree and Pennycuick, 1975) 
that accurately simulate vertical gradients in nutrient concentrations (e.g. for the 
water column, Holligan et al., 1984b), realistic nutrient budgets for the range of 
hydrographic regimes across the shelf still cannot be constructed. Another uncer-
tainty for such models is the effect of irradiance on the balance between nitrate 
and regenerated ammonium assimilation by autotrophs (Gentilhomme and Lizon, 
1998; Maguer et al., 1998) especially under conditions of a deep (>40m) surface 
mixed layer. 
 Other important problems for future study include the dynamics of the summer 
chlorophyll maxima associated with the thermocline and surface fronts (Figs. 25.4 
and 25.7), the role of cascading in shelf-ocean exchange (Fig. 25.6), and the im-
pacts of hydrographic conditions (especially in coastal waters) on the occurrence of 
phytoplankton blooms (Fig. 25.3b) and on recruitment within populations of eco-
nomically-important fish and shellfish. Studies of the thermocline in the North Sea 
have indicated that the subsurface chlorophyll maximum fuels pelagic production 
through the summer months (Richardson et al., 2000) and that surface fronts are 
important areas for the growth of larval fish (Kiorboe at al., 1988). Understanding 
how phytoplankton populations within density gradients are maintained requires a 
detailed knowledge of physical turbulence and phytoplankton cell physiology in 
order to quantify both the supply of nutrients, and the behaviour and dispersal of 
cells. The problem is particularly difficult for subsurface populations, which cannot 
be detected by remote sensing and are exposed to internal mixing processes. An-
other major uncertainty is how circulation patterns associated with different types 
of frontal boundary redistribute biological and chemical properties (Bo Pedersen, 
1994). 
 At the shelf edge new work is needed to establish the frequency and scale of 
cascading events. It is not known whether or not previous observations (Fig. 25.8) 
are representative of the whole shelf edge or what their overall contribution is the 
shelf-ocean exchange. Within inshore waters physical-biological interactions are a 
function of local tide, weather and stratification, and the implications that this 
hydrographic variability may have for important biological processes, such as the 
development of red tides and larval survival, are only just beginning to be under-
stood. 
 Interdisciplinary studies are already providing a broad framework for the de-
velopment of new management policies for the living resources of shelf seas (e.g. 
Hill et al., 1997). In the context of climate change, increasing attention is being 
given to the role of the ocean margins in global biogeochemical cycles. Within both 
areas of work progress in understanding the dynamics of coastal and shelf systems, 
and how they might respond to climate change, will depend largely on improving 
our understanding of physical-biological interactions. In the same way that the 
Celtic Seas provided a robust physical framework for the practical and conceptual 
models of the fundamentals of primary production, this knowledge of the physical 
and biological environments now provides the context for addressing more com-
plex multi-disciplinary questions. 
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1. Introduction 

The goal of the present review is to indicate how physical-chemical-biological 
interactions control ecosystem dynamics in waters that range from almost fresh in 
the innermost part of the semi-enclosed Baltic Sea to oceanic salinities in the 
northern part of the North Sea. Along the rim of these seas are found some of the 
most densely populated areas of the world. A total of about 85 million people live 
in the Baltic Sea catchment area, and 184 in that of the North Sea. It is therefore 
no surprise that effects of eutrophication, toxic substances, oil spills and overfish-
ing have significantly perturbed, or even damaged, parts of these coastal seas. 
There are comprehensive assessments of the environmental status of these seas, by 
the Helsinki Commission, Baltic Marine Environment Protection Commission 



1034 THE BALTIC AND NORTH SEAS 

(HELCOM, 2002) and by the OSPAR Commission for the Protection of the Ma-
rine Environment of the North-East Atlantic (OSPAR Commission, 2000). The 
reader is referred to these for thorough reviews on this subject. In the present 
review of physical-chemical-biological interaction processes we will only give a 
short overview of the state of the seas. 
 Sections 2, 3 and 4 give large-scale overviews of the physical oceanography, the 
sediment dynamics and the nutrient fluxes and the geo-chemical environment. This 
is in Section 5 followed by descriptions of the interactive processes of the different 
ecosystem regions found in the Baltic and North Seas. Some environmental prob-
lems are shed light on in Section 6 and concluding remarks are given in Section 7, 
including a short comment on climate variation effects. 

2. The large-scale physical environment 

 

Figure 26.1   Topography of the Baltic and North Seas 

Although the North and Baltic Seas make up an interconnected system (Fig. 26.1), 
they are often treated as 3 units: the North Sea proper; the Skagerak-Kattegat-Belt 
Sea region; and the Baltic Sea. When the words are used without qualification, the 
‘North Sea’ comprises waters between Britain (including the Orkney and Shetland 
islands), continental Europe, and Norway, from the Dover Strait (51°N) to the 
continental shelf-break at 61–62°N. The remaining boundary of this natural North 
Sea lies at the interface between the Baltic outflow in the Kattegat and the more 
saline waters of the Skagerrak. The ‘ERSEM North Sea’ (Baretta-Bekker and 
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Baretta,1997) has its eastern limit at roughly 8°E at the entrance to the Skagerrak, 
and extends only to 61°N. The ‘Greater North Sea’ of the Quality Status Reviews 
(North Sea Task Force, 1993; OSPAR Commission, 2000) includes the (English) 
Channel, the entire Skagerak-Kattegat region, and all waters north of Scotland to 
62°N. Including estuaries and fjords, it has a surface area of about 750 000 km2 and 
a volume of about 94 000 km3. Rivers draining about 850 000 km2

 discharge about 
300 km3 of freshwater annually into this region. The Baltic Sea is commonly con-
sidered as the region inside the Danish Straits but encompass ‘officially’ also Kat-
tegat in the Helsinki Commission. Although the Baltic Sea is smaller, at 377,000 
km2 (415,000 km2 including Kattegat), its rivers drain about 1 650 000 (1 720,000) 
km2 and discharge about 440 (480) km3 yr-1. The volume, including Kattegat, is 
22,000 km3. 

 

Figure 26.2   Baltic and North Seas surface salinity (August). 

 The net freshwater input results in a lower-than-ocean salinity (Fig. 26.2) in the 
region. The gradient of salinity, together with variations in topography (Fig. 26.1) 
and tidal stirring, creates a variety of physical environments in the Baltic and 
North Seas. The reader is referred to Chapter 24 of The Sea, Volume 11 (Rodhe, 
1998) for a thorough discussion of the large-scale physical environment of this 
region. Here follows a summary. 
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2.1. The North Sea 

The North Sea is a shelf sea, widely open towards the North Atlantic to the north, 
and having a comparatively narrow connection to the North Atlantic through the 
English Channel in south-west. The average depth is about 100 m. An outstanding 
feature is the Norwegian Trench with a fjord-like topography. The trench cuts into 
the shelf along the Norwegian coast. A maximum depth of 700 m is found in the 
innermost part of this trench, in the Skagerrak, which leads by way of the Kattegat 
and shallow Belt Sea to the Baltic Sea. 
 A general cyclonic circulation, on the average, renews the water in the North 
Sea on a timescale of the order of one year. Most of the water enters from the 
north and follows the Norwegian Trench in a cyclonic direction. Significant 
amounts of water also enter the North Sea just to the east of Shetland and between 
the Shetland and the Orkeneys (OSPAR Commission, 2000). The average trans-
ports involved are some 2.106 m3s-1. This is large compared to the freshwater input 
(including that to the Baltic Sea), which is only about 2.5.104 m3s-1. In the south 
relatively high-salinity water from the Channel enters the North Sea with an aver-
age (but highly variable) transport of about 0.1.106 m3s-1. The salinity of the North 
Sea is close to 35 PSU, except close to river outlets in the south-eastern North Sea, 
and along the coasts in the northeast, where the outflows from the Baltic Sea and 
large rivers lower the surface salinity to about 25–30 PSU. 

 

Figure 26.3   Schematic of basic physical processes in the North Sea. (Modified from Fig. 24.1 in Rodhe, 
1998). 

 Fig. 26.3 illustrates how the North Sea can be divided into regions classified 
according to which processes dominate to determine the physical environment. 
The central part of the North Sea becomes density stratified due to heating in 
summer and mixes vertically during winter. Along the coasts in the southern and 
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western parts of the North Sea, however, the tides are strong enough to keep the 
water vertically mixed throughout the year except in some river outflow regions. 
 The Norwegian Trench region is stratified by salinity all around the year due to 
the outflow from the Baltic Sea and local rivers. An inflow of high-saline Atlantic 
water along the western slope of the trench renews the underlying water more or 
less continuously in this region. On the contrary, the water in the deepest part of 
the trench (in the Skagerrak) is renewed intermittently with stagnation periods 
lasting for some years in between. A more ore less continuous upwelling and en-
trainment of subsurface water makes the salinity of the outflowing water of Baltic 
origin increase along its path from eastern Skagerrak and outwards along the 
Norwegian coast. 
 Approaching the Baltic-Sea entrance through the Kattegat the surface salinity 
drops to about 15 PSU. Kattegat is strongly stratified. A deep layer, having almost 
oceanic salinity, underlies the low-saline surface layer. The thickness of the surface 
layer is about 15 m. The internal circulation in the Kattegat is of estuarine type. 
This includes entrainment of deep-water into the surface layer implying an increas-
ing surface-layer outflow and a decreasing deep-layer inflow. Being a compara-
tively narrow and shallow connection between the Baltic Sea and the North Sea 
the hydrographic conditions in the Kattegat undergo large changes in concert with 
the ‘breathing’ of the Baltic. 

2.2. The Baltic Sea 

The Baltic Sea has shallow and narrow connections with the North Sea through the 
Danish Straits. The deepest connection is through the Great Belt. It has a sill 
depth of about 18 m. A second connection through the Öresund has a sill depth of 
about 8 m. Both sills are on the Baltic Sea side of the straits. The Baltic Sea con-
sists of a number of basins connected by relatively deep channels. A main division 
within the Baltic Sea separates the Baltic proper in the south from the Gulf of 
Bothnia in the north. Another sub region separated from the Baltic proper is the 
Gulf of Riga. The average depth of the entire Baltic Sea is about 60 m, and typical 
basin depths are in the range 100 to 250 m. 
 The restricted water exchange through the Danish straits implies a long resi-
dence time for the water in the Baltic Sea—about 30 years. This, and a compara-
tively large fresh water supply (about 1.6.104 m3s-1) give the Baltic-Sea a very low 
mean salinity. 
 The exchange of water through the Danish Straits is mainly forced by an alter-
nating atmospheric pressure- and wind-induced sea-level difference between the 
Kattegat and the Baltic Sea. The flow is essentially barotropic at the shallow sills, 
where low-saline outflows alternate with high-saline inflows. Typical flow rates are 
several times the net outflow, which equals the average fresh water supply to the 
Baltic Sea. 
 The Baltic proper is strongly stratified by salinity. A 50 to 70 m deep surface 
layer with no apparent vertical salinity gradient is separated from the weakly 
stratified deep water by a halocline. The surface salinity ranges from 8–9 PSU in 
the south, to 6–7 PSU in the northern part of Baltic proper. This surface layer 
becomes thermally stratified in summer leaving surface layer winter water between 
the thermocline and the halocline. Surface layer cooling opens up for deep-
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reaching wind mixing during winter whereby the upper part of the halocline be-
comes eroded and deep-water mixes into the surface layer as one step in the slow 
estuarine circulation found in the Baltic proper. The inflows of high-saline water 
over the sills form the first step of the estuarine circulation. However, outflowing 
Baltic Sea surface water dilutes the inflowing water to a comparatively low salinity 
before passing the sills. In the first basin inside the sills the deep water has a salin-
ity of about 17 PSU, as an average. Descending into the deeper basins of the Baltic 
proper the salinity decreases even more due to entrainment of surface water along 
the flow. Most inflowing water interleaves just below the surface layer. In that way 
it renews the halocline water and the upper part of the deep water. The water in 
the deepest parts of the basins is renewed by long-lasting extreme inflows, which 
occur with several years interval. Between these inflows the deep water is stagnant 
and eventually becomes anoxic. The frequency of these deep-water inflows has 
decreased in recent decades. This has partly been attributed to the North Atlantic 
Oscillation (NAO) and the related variations in winds and precipitation in the 
region. The low inflow frequency during the last decades seems to be correlated 
with a pronounced positive NAO index during the same period. 
 In the Gulf of Bothnia the surface salinity drops from 6 PSU in the south to 2–3 
PSU in the north. The deep-water salinity is a few PSU higher than that of the 
surface water. Convection processes renew the deep water every year and the 
comparatively good exchange with the Baltic Sea surface water to the south im-
plies a residence time of about 5 years for the water in the Gulf of Bothnia. 
 Sea ice is formed in the Baltic Sea every year. However, the ice extent varies. 
During mild winters, only the northernmost basin and parts of the coastal archi-
pelagos in the more southerly regions are covered by ice. During severe winters 
almost the entire Baltic Sea is covered by ice. During these conditions most salin-
ity-stratified areas outside the Baltic also becomes ice covered. These include the 
Danish straits, the Kattegat and coastal regions in the Skagerrak and along the 
southeastern corner of the North Sea. 

 

Figure 26.4   Schematic of stratification, forcing and basic physical processes in the Baltic Sea. (Modi-
fied from Winsor et al., 2001.) 
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3. Large-scale sediment dynamics 

From a geological perspective, the Baltic Sea is a very young and dynamic region. 
The crustal rebound, currently ranging from nil in the south to 80–90 cm per 100 
years in the northernmost region, is the result of a retreat of a glacier that covered 
the whole region about 15000 years ago (Flodén and Winterhalter, 1981). Due to 
this postglacial uplift, glacial and postglacial clays deposited hundreds to thousands 
of years ago are eroded from shallow areas (< 80 m). This eroded material is then 
deposited in the deepest parts of the basins together with recently produced or-
ganic matter from the overlying water column. This mixture of materials with very 
different ages, make it difficult to use traditional dating techniques of sediment 
cores in mass balance calculations (Jonsson et al., 1990; Blomqvist and Larsson, 
1994). However, the deeper basins in the Baltic proper as well as many enclosed 
coastal basins have been anoxic and devoid of benthic macrofauna during many 
decades in the last century. Without perturbation, annually laminated sediments 
occur and these can be dated more easily. From such studies, Jonsson and Carman 
(1984) calculated a 1.7 fold increase in sediment organic matter, which in turn is 
related to an enhanced primary production, due to eutrophication during the last 
decades. The drastic expansion of the area covered by laminated sediments since 
the 1940’s, that well mimics the expansion of anoxia, is illustrated in Fig. 26.5 

 

Figure 26.5   The expansion of laminated sediments in the Baltic Sea during the 20th century (Modified 
from Jonsson et al., 1990). 

 During the recent Ice Age, Scandinavian and Scottish mountain glaciers spread 
over the North Sea, sculpturing the topography and leaving elevations such as the 
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Dogger-Fisher Bank and depressions like the Oyster Ground, the submerged part 
of the Elbe valley, Devil’s Hole, Fladen Ground and the Norwegian Trench. After 
the retreat of the ice there has been a subsidence of the crust in the southern part 
of the North Sea. This still continuing subsidence is today a threat to the vast low-
land region bordering to the North Sea in the south. 
 The glaciers left much sediment. Cliff erosion, especially severe in eastern Eng-
land, and river inputs continue to add material to the North Sea. All this is con-
tinuously reworked by wind waves and tidal currents, resulting in a predominantly 
sandy bed over much of the North Sea, with gravel banks and shifting sandbanks in 
shallower waters, and finer-grained sediments accumulating in the depressions. 
The general cyclonic water movements implies that most of the fine-grained mate-
rial supplied to the North Sea finds its final deposition in the deep parts of the 
Norwegian Trench, particularly in the Skagerrak (Eisma and Kalf, 1987). With this 
transport of fine-grained material also follows different particle-bound substances, 
metals and other, indicated by high concentrations in the sediments. 

4. Large-scale nutrient fluxes and geo-chemical environment 

4.1. The North Sea 

The primary production of the North Sea is supported by a northern inflow of 
nutrient-rich water from the Atlantic Ocean and by anthropogenic nutrients added 
mainly to the southern part. Because most parts of the North Sea are shallow and 
generally well oxygenated, relatively little nutrient is lost through burial in sedi-
ments or exported in deep water leaving the region with increased nutrient con-
centration. Winter convection of the seasonally stratified parts of the North Sea 
returns to the upper waters much of those nutrients remineralized in or near the 
seabed (excepting losses due to denitrification). In contrast, winter convection is 
hampered by the salinity stratification in the Norwegian-Trench region. Here 
upwelling and entrainment of North Atlantic water feeds the upper layer with 
nutrients. This is especially important in the Skagerrak where the upwelling is of 
the order of one meter per day. 
 The nutrients considered limiting organic primary production are nitrogen, 
phosphorus and silicon. Although the availability of iron and cobalt may some-
times also be important (see Tett et al., 2003), these metals will not be further 
discussed here. 
 Budgets for nutrient elements should take account of all relevant compounds 
and fluxes, but there may be difficulties in deciding how much refractory particu-
late and dissolved organic nitrogen (PON and DON), and how much particle-
bound phosphorus to include. Such budgets for the North Sea have been con-
structed by several authors, and recently reviewed by Sundermann et al. (2001). 
The situation is unsatisfactory, in that there are large differences between authori-
ties in their budgets, the result of differences in original data and interpretation. 
 For example, in the budget of the OSPAR Commission (2000), the losses of 
nutrient nitrogen in the Norwegian coastal current outflow (5587 kt N yr-1) and to 
the Baltic (136 kt N yr-1) were calculated so as to balance a budget, which included 
a large value (2700 kt N yr-1) for nitrogen fixation in the North Sea. This value, 
based on an old study, now seems implausible. Instead, assuming zero fixation, 
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implies a net input of nutrients into the North Sea from the Atlantic, and perhaps 
also into the North Sea from the Baltic. It is suggested below that the Baltic ex-
ports about 140 kt N yr-1 and 11 kt P yr-1 into the Kattegat (see Fig. 26.7). The aver-
age denitrification flux, of between 0.2 and 0.3 mol NO3

- m-2 yr-1 required by the 
overall loss of 1600 kt N yr-1 in the North Sea, is compatible with modern meas-
urements of sediment fluxes (Tett et al., 2003). Thus, nitrogen inputs from rivers, 
waste pipes, and atmosphere (totalling 1150 kt N yr-1: OSPAR Commission, 2000) 
are insufficient to counterbalance North Sea denitrification, which is about 4 times 
nitrogen fixation in the Baltic (see below). 
 As will be discussed in Section 6, the river inputs to the North Sea are largely of 
anthropogenic nutrients. However, despite systematic monitoring of river nutrient 
loads, the removal of nutrients in estuaries - often places of rapid denitrification 
and complex interactions between phosphate and particles - brings about a some-
what uncertain reduction in discharge. For example, the OSPAR Commission 
(2000) estimate that only about 700 kt N yr-1 and 26 kt P yr-1 reaches the ‘Greater 
North Sea’ through estuaries into which rivers bring 1400 kt N yr-1 and 75 kt P yr-1. 
 Table 26.1 proposes a balanced budget for N and P in the North Sea that as-
sumes zero denitrification and includes estimates of Baltic exports given in this 
chapter. With the possible exception of direct inputs, which may contain labile 
DOM (dissolved organic mater) and POM (particulate organic matter), the inputs 
are assumed to be predominantly DAIN (dissolved available inorganic nitrogen) 
and DIP (dissolved inorganic phosphorus). Losses to the sediment, resulting in 
denitrification, are mainly PON, particulate organic nitrogen, (on the grounds that 
denitrification largely uses nitrate produced in sediment pore water by oxidation of 
ammonia, itself resulting from mineralization). The deduced exports into the 
depths of the Norwegian Trench, and in the Norwegian Coastal Current, may 
include POM and refractory DON. Loss of particle-bound phosphate may also be 
included. 
 The values given in Table 26.1 should be considered highly approximate. In 
addition to the sources of inaccuracy already mentioned, the estimates for ocean 
boundary fluxes take little account of what may be large interannual variations in 
water flows, or may be biased by observations made in particular years. Neverthe-
less, the table does suggest that (given a typical water residence time of 1 year in 
the North Sea) each atom of nutrient-N and -P cycles 2–3 times through biomass 
on their way from sources to sinks. Local nitrogen inputs, mainly anthropogenic, 
are about a quarter of the total (and a much larger proportion in the southern 
parts of the North Sea. Local phosphorus inputs are less important, partly because 
of the role of estuaries in limiting exported concentrations. 
 Atomic ratios of N:P are close to the Redfield 16:1 over much of the North Sea 
in winter (Radach and Gekeler, 1996) and in the external inputs. These winter and 
imported nutrients are largely inorganic. Although plankton optimally construct 
their biomass at Redfield, cell-quota models of micro-organism growth suggest 
that N rather than P is limiting while supply ratios of N:P are less than 30:1 (Tett et 
al., 2003) and this confirms the opinion of those authors who assume or conclude 
that primary production in the North Sea is more likely to be limited by nitrogen 
than by any other nutrient. In some parts of the southern North Sea, nitrogen 
enrichment has brought about winter or supply ratios of N:P exceeding 30:1, and 
arguments that P are limiting here are more convincing. The silica content of water 



1042 THE BALTIC AND NORTH SEAS 

from the northern Atlantic is relatively low, and the winter (atomic) ratio of N:Si 
in the northern North Sea exceeds 2:1. Silicon exhaustion by the spring bloom may 
play a part in controlling the annual succession of phytoplankters from diatoms to 
flagellates and dinoflagellates. Lower winter DAIN in the central North Sea brings 
the ratio below 1.5:1, but it is increased again in coastal waters by the anthropo-
genic enrichment with nitrogen (whereas silicon discharge tends to be decreased in 
human-influenced rivers - see Billen et al., 1991). In these waters, the depletion of 
silica relative to nitrogen by spring diatom growth may encourage growth of the 
colonial alga Phaeocystis. 

TABLE 26.1: 
Proposed N and P budgets for the North Sea. Production is that for the ‘ERSEM 

North Sea’; some of the fluxes include inputs to or losses from the Skagerrak-
Kattegat region. Note considerable uncertainties in most values. 

 kt N yr-1 kt P yr-1 Source of values (notes) 

internal turnover 11530 1596 based on production, at C:N:P of Redfield 

GAINS (from)    

Atlantic inflow 3179 528 
net water flow of 37 000 km3 yr-1 at 6 _M DAIN, 
0.45 _M DIP 

Baltic 140 11 from this chapter 
Channel 300 33 Brockmann et al., 1990 
External inputs total 3619 572 (atomic N:P = 14:1) 
as percent turnover 31% 36%  
Estuaries net 700 26 OSPAR Commission, 2000 
Direct 100 13 OSPAR Commission, 2000 
Atmosphere 350  OSPAR Commission, 2000 
Local inputs total 1150 39 (atomic N:P = 65:1) 
as percent turnover 10% 2%  
LOSSES (to)    
Denitrification -1600  Seitzinger and Giblin, 1996 
Norwegian Trench and 
sediment burial 

-3169 -611 to balance budget 

Losses total 4769 611 (atomic N:P = 17:1) 
as percent turnover 41% 38%  
TOTALS 0 0  

 

 According to North Sea Task Force (1993), “the average annual primary pro-
duction of the North Sea is probably in the range 150–250 g C m-2 yr-1.” However, 
the estimate is imprecise “because of difficulties with methods and definitions, and 
because of variability between areas and seasons.” There have been no surveys of 
primary production in the whole North Sea during an annual cycle, but the south-
ern and central North Sea was systematically sampled during 1988–89 (Joint and 
Pomroy, 1993), giving a range of annual primary production from 79 g C m-2 yr-1 in 
the turbid and strongly stirred coastal waters of eastern England by way of 100 - 
119 g C m-2 yr-1 in the offshore seasonally stratified waters to 261 g C m-2 yr-1 in the 
coastal waters west of Jutland. The mean for the areas south of 55°30’N was just 
under 150 g C m-2 yr-1. 
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Figure 26.6   Simplified diagram of the production and fate of organic matter in the North Sea. The 
earthing symbol shows the main respiratory sinks of organic carbon. NPP is ‘Net Phytoplankton (or, 
Primary) Production’; NMP is ‘Net Microplankton Production’, which takes account of losses by pelagic 
microbial consumers. Standard methods measure more than NPP, or between NPP and NMP, depend-
ing on duration of incubation. At shallow and tidally energetic sites, resuspended POM may be a large 
part of total organic matter in the water column. Labile POM is probably not transported over large 
distances, but its export over the shelf break (and into the Norwegian Trench) may be an important 
sink for adjacent waters. 

 Estimates of production at higher trophic levels are at least equally uncertain 
because of local, regional, seasonal and inter annual variability. North Sea Task 
Force (1993) reported that “the average annual production of copepods in the 
North Sea is 5–20 g C m-2 yr-1, macrobenthos production is about 2.4 g C m-2 yr-1, 
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and fish production is about 1.8 g C m-2 yr-1.” Fig. 26.6 completes the food web 
(albeit in very simplified form: cf. Hardy, 1924). Phytoplankton are shown here as 
part of a microplankton compartment, which also includes the heterotrophic bac-
teria and pelagic protozoa that are the first beneficiaries of primary production. 
Net microplankton primary production (NMP) is lower than net phytoplankton 
primary production (NPP) because of the extra losses of photosynthetically-fixed 
organic carbon in the metabolism of the bacteria and protozoa (see Tett, 1990; Lee 
et al., 2002). A substantial fraction of NMP reaches the seabed, either in sinking 
microplankters or in the faeces of animals, and its mineralisation is responsible for 
sediment oxygen demand (SOD) of 2–20 mmol O2 m

-2 d-1. The main mineralisers 
are the microbiota and meiofauna of the sediment; larger benthic animals, feeding 
on the smaller organisms or on directly sedimented POM, harness only a small 
part of the input. It is becoming increasingly apparent that much of the sedimented 
POM is mineralised not in the consolidated sediment, but in a loosely consolidated 
fluff layer, which may at times be largely resuspended into the water column (e.g. 
Jago et al., 2002, and references therein). 
 Permanent deposition of suspended particulate matter is in the North Sea re-
stricted to some shallow areas in the southeastern part and, above all to the eastern 
part of the Norwegian Trench (the Skagerrak) and to the northern part of the 
Kattegat. In most parts of the North Sea the sedimented organic material becomes 
decomposed instead of buried, whereas the non-organic material is transported to 
the deposition areas. This implies that the organic content of the accumulated 
sediments is fairly low in most parts of the North Sea. 

4.2 The Baltic Sea 

The Baltic Sea is today about as productive as the North Sea, because nutrient 
inputs have increased by 4 and 8 times for nitrogen and phosphorus, compared to a 
century ago (Larsson et al., 1985). The overall primary production is now about 
150 g C m-2 yr-1, with a pronounced south-north gradient from 200 g C m-2 yr-1 in the 
Kattegat/Belt Sea and southern Baltic proper to 50 g C m-2 yr-1 in the Bothnian Sea 
and less than 20 g C m-2 yr-1 in the Bothnian Bay (Wasmund et al., 2001). The in-
crease in productivity has been most pronounced in coastal areas, close to river 
mouths and large point sources of nutrients. Increased overall levels in the off 
shore regions Kattegat, Belt Sea, Baltic proper and Bothnian Sea and the Gulfs of 
Finland and Riga are also evident. Production estimates vary between a factor 1.5–
2, compared to levels found or calculated for the 1950’s or earlier (see Stigebrandt, 
1991; Elmgren, 1989; Wasmund et al., 2001). Agricultural land has been estimated 
to account for about half of the total N load and a fifth of the P load to the Baltic. 
After the independence in 1990, the fertilizer use in Estonia, Latvia and Lithuania 
dropped drastically to levels of the 1950s and the yield of most agricultural prod-
ucts decreased with almost 50%. In spite of these drastic changes, there have been 
almost no changes in nutrient runoff to the Baltic, at least until 1998. Löfgren et al. 
(1999) attribute this to large nutrient pools, still remaining in the previously heav-
ily fertilized soils that will continue to leak nutrients for many decades, before 
substantial decreases in runoff will be seen. Although the riverine input is the 
major source for nutrients, the atmospheric deposition of nitrogen directly over 
the sea could represent about a third of the total input. Only a minor fraction of 
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the phosphorus load is coming through atmospheric deposition. Recent calcula-
tions of nitrogen deposition to the Baltic show a downward trend in deposition for 
the last decade. 
 Nutrient budgets provide estimates of the relative importance of external 
sources, advection to adjacent areas and of internal processes for the maintenance 
of nutrient concentrations in a sea area as shown in Fig. 26.7 for the N and P 
budget of the major Baltic Sea Basins. 

 

Figure 26.7   Nitrogen and phosphorus budgets for 1975–91 of the major basins of the Baltic Sea. Flows 
and changes of pools in the water column are expressed in tons yr-1. (Modified from Wulff et al., 2001). 

 In contrast to the North Sea, there is a net export, from the Baltic proper to 
Kattegat of about 14% and 20% of the load of N and P, to the basins inside the 
Danish straits. The exceeding inputs are either causing an increase in concentra-
tions or a loss via denitrification (N) or an accumulation in bottom sediments (N 
and P). The residence times vary between 2 and 6 years for organic N and between 
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1 and 4 years for DIN and vary between 1.6 to 3.2 years and between 1.9 and 3.2 
years for the DIP and organic P fractions. The residence times for total N and P for 
the entire Baltic (inside the Danish Straits) are 5 and 11 years, respectively. A 
closer inspection of these budgets also shows differences that can be related to 
differences in the relative importance of various biogeochemical processes. The 
northernmost basin (Bothnian Bay) retains a much larger fraction of the external 
P inputs than the southernmost basin (Baltic proper). This has been attributed to 
the efficient P sink in the well oxidized iron rich sediment of the oligotrophic 
Bothnian Bay, while the partly reduced sediments of the more eutrophic Baltic 
proper are less efficient. On the other hand, the N losses occur primarily in the 
Baltic proper while a much larger fraction of the inputs are exported from the 
Bothnian Bay. N losses through denitrification plays a minor role in the northern-
most oligotrophic basin where most organic matter is decomposed aerobically 
while the opposite is true for the Baltic proper (Wulff et al., 2001). 
 These budgets thus yield a system-level principal view on how nutrient concen-
trations and ratios will change in relation to inputs. This is illustrated in Fig. 26.8, 
and consistent with our understanding of key processes (Wulff et al., 2001). With 
increasing inputs, primary production and sedimentation will increase, as are illus-
trated in the three panels, from left to right in the figure. Low sedimentation 
means that a limited amount of organic matter will be decomposed in the sedi-
ments. This means that the sediment surface will remain oxidized and function as 
an efficient P-sink. Most of the organic matter will be decomposed aerobically and 
only a small amount will be buried deeper into the anoxic part of the sediment. 
Thus, denitrification, i.e. anaerobic decomposition of organic matter using nitrate, 
is probable of little importance here. More N, compared to P will then be recycled 
and the primary production will be P-limited. With increasing production and 
sedimentation of organic matter, oxygen consumption in the sediments will in-
crease. If the sediment surface is still oxic, P-adsorption will occur but to a lesser 
extent and more is recycled into the water column. On the other hand, a larger 
fraction of organic matter is buried and decomposed anaerobically. Denitrification 
is probably highly efficient in such an environment where high concentration of 
nitrate from the surface layer, can diffuse over a short distance and supply the 
decomposing bacteria with electron acceptors. Thus, it is likely that the efficiency 
of the P-sink will decrease and the N-sink will increase with increasing organic load 
to the sediment. In such a system, excess P, in comparison to N, will be recycled 
into the water and primary production is likely to be N-limited. In Fig. 26.8, an 
additional N source; N2-fixation by cyanobacteria is favored under such conditions, 
i.e. with high P but low N concentrations in the water. 
 Finally, the load of organic matter has increased to such a degree that the in-
creased decomposition has caused the redoxcline to move into the water column. 
The efficiency of both the P and N sinks of the sediments will decrease drastically. 
In this case, both nutrients will be recycled into the water column, supplying pri-
mary production and accelerating eutrophication. 
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Figure 26.8   A schematic illustration of how the cycles of nitrogen and phosphorus in a shallow marine 
ecosystem will change in response to increase in external loads (left to right). (Modified from Wulff et 
al., 2001). 

 The internal physical transports are consistent with the budgets results. The net 
upwelling of deep water is only a few meters per year. The recirculation of nutri-
ents from the sub-surface layers during winter convection is ineffective due to the 
haline stratification, which obstructs deep reaching convection. The nutrient levels 
in the deep water of the Baltic proper are considerably higher than in the inflowing 
deep water due to remineralization and slow renewal the basin water. Evidence 
are now accumulating that the increase in nutrient levels, as a direct effect due to 
anthropogenic inflows, occurred primarily between 1950–1970. The variations in 
concentration thereafter seem to be regulated to a larger extent by internal bio-
geochemical processes (Rahm et al., 1996; Conley et al., 2002). For instance, the 
release and uptake of phosphate from anoxic and oxidized sediments have, during 
the 1990’s been considerably larger (~3 times) than the external load from land. 
 The Baltic Sea thus presents large gradients in nutrient dynamics and in the 
relative importance of different processes. Before the onset of production in spring 
the surface N:P ratio is 40–60 in the northernmost part of the Gulf of Bothnia, 
whereas it is typically 2–4 in offshore basins of the Baltic proper. There variations 
are to a large extent attributed to internal processes rather than variation in the 
ratio of the external load (Wulff et al., 1990). Compared to the Redfield 16/1 N/P 
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ratio for plankton uptake, the ratios indicate phosphorus limitation in the Both-
nian Bay and N limitation in the Baltic proper. The disappearance of DIN after the 
phytoplankton spring bloom while there are still DIP in the surface water of the 
Baltic proper, creates an competitive advantage for cyanobacteria over other 
phytoplankton groups by their ability to fix atmospheric nitrogen. Cyanobacterial 
bloom are indeed a conspicuous feature of the late summer in the Baltic proper, 
creating foul smelling accumulation when drifting ashore and sometimes even 
toxic (Finni et al., 2001). Cyanobacterial nitrogen fixation also represents a sub-
stantial internal nitrogen source primarily for the Baltic proper, about 400 kt N yr-1, 
corresponding to about half that from anthropogenic sources in the drainage basin 
(Stålnacke et al., 1999; Larsson et al., 2001). 
 The magnitude of cyanobacterial blooms in the Baltic Sea during the last few 
decades has been attributed to enhanced eutrophication increased due to anthro-
pogenic forcing, Kahru et al. (1994). However, the intensity of the accumulation 
events varies inter-annually and climate variations on decadal time scales are 
probably important. For example, cyanobacterial blooms in the Baltic reached a 
very low level in mid 1980’s but increased again in the 1990’s. Particular strong 
bloom events occurred in recent years. The probable cause is still under debate but 
the availability of phosphate at low nitrogen concentration is probably a major 
factor. Blooms were reported in the 19th century and, as sedimentary records 
showed, occurred even earlier, before human activities have begun to load the 
Baltic Sea with nutrients. Cyanobacterial blooms may therefore represent a natu-
ral phenomenon that is modulated by environmental changes and anthropogenic 
activities, Bianchi et al. (2000); Westman et al. (2003). 
 It is interesting to note that, whereas the primary production is of about the 
same magnitude in the Baltic and North Seas, the large-scale cycling of nutrients 
differ completely. The horizontal advection of nutrients is of first order importance 
for the production in the North Sea whereas the cycling between the deep basin 
water and the surface layer accounts for the largest fluxes in the Baltic Sea. 
  Areas with frequent low oxygen concentration are found in the south-eastern 
corner of the North Sea, in some fjords along the Norwegian and Swedish coasts in 
the Skagerrak, in the shallow parts of the southern Kattegat, in some Danish fjords 
and bays, in fjords and archipelagos along the rim of Baltic proper and, above all, 
in the deep basins of the Baltic proper. Even if most of the exemplified areas have 
shown periods of anoxia in the past, the anoxic regions have become more wide-
spread and the anoxic periods more frequent due to anthropogenic input of nutri-
ents (Æertebjerg et al., 2003). Anoxic events have profound effects on the cycling 
of N and P as discussed earlier and has eliminated all macroscopic fauna in the 
deeper part of the Baltic proper. The renewals with oxygen rich deep water are 
usually of such short duration that the establishment of a macrobenthic community 
is not possible. On the other hand, eutrophication has caused an increase in ben-
thic biomass on shallower bottoms, Cederwall and Elmgren (1980), so that the 
total biomasses are considerably higher than before eutrophication influenced this 
ecosystem. 
 Different regions of the North Sea and the Baltic Sea feature different ecosys-
tem dynamics mainly as result of differences in physical environment and nutrient 
supply. We will next review the bio-geo-chemical interaction processes in these 
different subregions. 
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5. Dominating interactive processes in different ecosystem regions 

Except at their shallow margins, the ecosystems of the North and Baltic Seas are 
primarily fuelled by the photosynthesis of pelagic micro-algae and cyanobacteria. 
In addition to a supply of nutrients, this primary production also needs enough light 
for the rate of manufacture of organic compounds to exceed the local loss rate. 
During mid-winter, however, the sea surface at these latitudes receives only a few 
percent of midsummer daylight, and this light is spread through a deep or a turbid 
water column. At this time, therefore, decay and mineralization processes dominate 
the water column, phytoplankton production and biomass are low, and nutrient 
levels increase to annual maxima in February. It is this season, when nutrient ele-
ments are predominantly in dissolved inorganic forms, that is mapped in Fig. 26.9. 
 The primary production accelerates in spring when the compensation depth 
exceeds the depth of the surface mixed layer (SML). The compensation depth is 
determined by the intensity of the incoming light and the amount of particles in the 
water column. The SML depends on the strength on the wind, on the salinity strati-
fication, if any, and on the thermal stratification induced by the surface heating. In 
some shallow areas the water column is kept well mixed by bottom stress generated 
turbulence due to strong tidal currents. Different physical environments are en-
countered within the borders of the Baltic and North Seas, and the primary produc-
tion responds in different ways to the seasonal variation of the forcing dependent 
on the local conditions. Four type regions will be discussed in what follows. 
 In northern and central part of the North Sea the salinity stratification is of no 
importance, implying winter convection to the bottom and a layering of the water 
column during the summer season (see Section 5.1). The spring bloom starts when 
the combination of the increased heating and reduced wind mixing forms a shallow 
enough SML. Similar conditions are encountered in the large basins of the Baltic 
Sea (see Section 5.2). An important difference is, however, the halocline at a depth 
of some 40–70 m in the Baltic, which sets the limit for the winter convection in 
those parts where the bottom is found at greater depth. Seasonal variations in the 
vertical fluxes of nutrients have large implications on the primary production in 
this kind of systems. In large parts of the southern and western coastal region of 
the North Sea tidal currents are strong enough to keep the water column vertically 
mixed despite the incoming heat in summer. The dynamics of this kind of regions 
will be discussed in Section 5.3. The last type of region to be discussed is the region 
of the Baltic Sea outflow in the Kattegat, and the continuation as a coastal current 
along the Swedish and Norwegian coasts in the Skagerrak (see Section 5.4). The 
stratification is here basically determined by salinity. Seasonal heating and cooling 
only strengthens or weakens the stratification. Typically the salinity stratification is 
very shallow and the acceleration of the primary production is trigged by incoming 
light. In addition there are regions like fjords, archipelagos, straits, estuaries and 
regions of freshwater influence outside large rivers. These comparatively small-
scale regions will not be discussed in the present review. They are, however, of 
importance to the large-scale dynamics of the Baltic and North Seas since much of 
the input of nutrients and other material become filtered when it passes through 
these areas before entering the open sea. Some of the large archipelago areas in 
the Baltic Sea also act as effective sinks for nutrients from the open sea due to the 
presence of anoxic basins and sediments. 
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(c) 

Figure 26.9   Winter distribution of nitrate, phosphate and silicate in surface (μM) waters of the Baltic 
and North Seas. The Baltic Sea parts of the figures are based on data from the extensive monitoring 
programs of the Baltic (for details see http://data.ecology.su.se/Baltic/), and represent January-February 
averages for 1990–2000. The North Sea parts are redrawn from OSPAR Commission (2000), source: 
Radach and Gekeler, (1997), and represent February averages for 1993–1996. 

 Looking at the region from another point of view we can recognise three main 
spatial gradients that control the ecology of the North and Baltic Seas. The first is 
the gradient from ocean-influenced conditions in the northern North Sea, over 
freshwater-influenced conditions in the southern and eastern parts of the North 
Sea and into the freshwater-dominated conditions in the Baltic. The second, within 
the North Sea, is a northwards increase in depth, which determines the kind of 
dominant zooplankter, in turn influencing abundance and seasonality of phyto-
plankton. The existence of large-scale fjordic features (the Norwegian trench, the 
Baltic Sea itself) complicates this gradient, providing the greatest depths and traps 
for sinking material. The third gradient is the tidal regime, with highest rates of 
tidal energy dissipation in the southern and western parts of the North Sea and 
lowest rates in the east and especially in the Skagerrak-Kattegat channel and Bal-
tic Sea. 
 Superimposed on these gradients are smaller-scale features, especially tidal 
mixing fronts, river plumes, haline fronts, estuarine-type circulations in river out-
lets, and local upwellings. In the remaining parts of this section, we describe some 
ecosystem characteristics in different parts of the North and Baltic Seas, based on 
studies at particular (and, we hope, typical) sites. 
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5.1 The seasonally stratified northern and central North Sea 

A regime of seasonal stratification occupies much of the central and northern 
North Sea. Where tidal stirring is low, local heating brings about thermal stratifica-
tion during April, resulting in a Summer SML that is 40 – 50 m deep in the north 
and 20 – 30 m deep in the central North Sea. Heat loss causes convection during 
autumn, which deepens this layer by eroding the thermocline and entraining deep 
water, until it merges with the bottom mixed layer (BML) at some time between 
October and December. The regime in the north is influenced by advection of 
heat, nutrients and organisms from the Atlantic Ocean. The North Sea has also an 
interior (Huthnance, 1995), in which water resides long enough for biogeochemis-
try and ecosystem properties to be strongly influenced by local factors. This is 
apparent in the minima in the maps of winter nutrient distribution in the North 
Sea (Fig. 26.9), although with slow replacement by water of Atlantic origin, which 
has lost much of its oceanic characteristics. Fronts, and the topographically-steered 
circulation, restrict the diffusion of pollutants and enhanced nutrients into this 
region from coastal waters. 
 The seasonal cycle of phytoplankton abundance may be called ‘classical’ be-
cause it has long featured in textbooks. It involves a spring diatom bloom which 
draws on winter nutrients, followed by a summer period of lower biomass and 
flagellate dominance in the nutrient-depleted SML and often an autumn bloom 
triggered by nutrients entrained into the deepening SML from the thermocline and 
the bottom mixed layer (BML). The spring bloom occurs during April in much of 
the North Sea. In the salinity stratified parts of the eastern North Sea it often starts 
earlier in February-March, and sometimes even in January. The spring bloom 
ceases when limiting winter nutrients have been converted into biomass and when 
grazing by planktonic animals, or sinking, begins to remove the algal biomass. 
After the spring bloom, continued production depends mainly on the local recy-
cling of nutrients within the SML and on an input of new nutrients from vertical 
mixing and upwelling. The key determinants are winter nutrients, which fuel the 
spring bloom and then are largely exported from the SML into deeper water 
(through the sinking of phytoplankton, detritus and the faeces and vertical migra-
tion of zooplankton). Since summer production much depends on recycled nutri-
ents, this part does not count in the total productivity budget (of so-called new 
production). 
 The seasonal cycle of pelagic production in these waters will be discussed in 
relation to two sites (Table 26.2). One site, at about 59°N 01°E and with a water 
depth of 100 – 110 metres, was studied in detail during spring 1976 (the FLEX 
project) and autumn 1998 (the PROVESS project); references are given by Lee et 
al. (2002). A second (CS) site at about 56°N 1°E, in a water depth of about 70 m, 
was studied intensively during the ‘North Sea Programme’ (NSP) in 1988–89; de-
tails and references are given in Charnock et al. (eds., 1994) and by Tett and 
Walne (1995). 
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TABLE 26.2: 
Two sites in the seasonal thermally stratified North Sea 

 northern central  

Project FLEX, PROVESS N CS of NSP  

Latitude (N) 59° 56°  
Longitude (E) 1° 1°  
site depth 110 83 (region: 69) M 
winter NO 10 5 μM 
winter PO3

−

4

- 0.7 0.5 μM 
winter SiO2 5 3 μM 
N:Si 2.0 1.7  
N:P 14 10  
chl max during spring bloom 11 5 mg m-3 
chl max/winter NO3

- 1.1 1.0 mg chl/mmol N 
observed NMP (region) 100 to 125 100 g C m-2 yr-1 
observed NMP at site  115* g C m-2 yr-1 
characteristic copepod Calanus small copepods  

Data for one or more years from 1976 – 1998 (there is no evidence of systematic changes in this re-
gion); for sources see: north – Lee et al. (2002), central –Tett and Walne (1995). 

 According to the classical paradigm, the winter condition of low phytoplankton 
abundance is a result of the thickness of the SML exceeding the ‘critical depth’ at 
which phytoplankton photosynthesis is in balance with immediate losses (Sver-
drup, 1953; Tett, 1990). However, the Sverdrup condition can be satisfied without 
stratification when the depth of mixing is limited by the sea bed, and the water is 
clear. This seems to be the case in the North Sea: at station CS, chlorophyll con-
centration remained at 0.5 mg m-3, or higher, throughout the winter; during the 
FLEX study, chlorophyll was observed to increase, and nitrate to decrease, prior 
to thermal stratification. 
 Nevertheless, the onset of stratification spurs the period of rapid phytoplankton 
growth, which is recognized as the spring bloom. The bloom was short-lived at CS 
in 1989 and indeed only observed as a result of a deployment of a recording 
fluorometer; the peak chlorophyll here was only about 5 mg m-3, corresponding to 
maximum winter nitrate of 5 μM. Chlorophyll reached 12 mg m

-3
 during the FLEX 

study in 1976; the result of higher levels of winter nitrate (10 μM), and the bloom 
lasted for several weeks. In both cases the spring phytoplankton was dominated by 
chain-forming centric diatoms, yet careful examination of floristic data (Mills et al., 
1994) suggests that the diatom peak arose from a more mixed phytoplankton con-
taining phytoflagellates and small cyanobacteria, and returned to this state after 
the bloom was ended. It may be that populations of the smaller organisms were 
held in check by protozoan (especially heterotrophic dinoflagellate) grazing, allow-
ing diatoms to take sole advantage of increasing illumination until the diatom 
bloom was ended by a combination of nutrient limitation, sinking, and increasing 
mesozooplankton grazing. Limitation by exhaustion of dissolved silica is also plau-
sible in the case of the northern North Sea, where winter ratios of N:Si may exceed 
2:1. As their abundance increases, aggregation of diatom chains may increase the 
sinking flux, providing a large input of fresh organic matter to the seabed. 
 Summer chlorophyll concentrations in the SML can be lower than those ob-
served during winter. Although there is relatively little information about floristic 
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composition, it seems likely that small phytoflagellates are the characteristic auto-
trophs. These include cryptomonads, green flagellates, silicoflagellates and smaller 
autotrophic dinoflagellates such as Prorocentrum; coccolithophorid blooms have 
been reported, but Chrysochromulina-like prymnesiophytes may be less common 
here (see Novarino et al., 1997). At the northern site in 1998 small flagellates re-
mained the main component of phytoplankton during the early autumn period of 
increasing chlorophyll. At station CS, however, they were replaced by diatoms. 
During summer the thermocline at station CS sometimes displayed a midwater 
chlorophyll maximum, in which large autotrophic dinoflagellates (especially 
Ceratium spp.) were important. They may be using vertical migration to exploit 
nutrient gradients in the thermocline. Weak vertical mixing in this layer, and occa-
sional entrainment of lower thermocline water as a result of thermocline deepen-
ing after storms, serves to fuel some new production during summer (Sharples and 
Tett, 1994). However, it seems likely that most production at this time is recycled 
through a microbial loop in which ciliates and small zooflagellates graze bacteria 
and small flagellates. 
 Sediment trap measurements during FLEX suggest that sedimentation of spring 
bloom diatoms provides the main organic input to the seabed. However, much of 
this material forms a loose ‘fluff’ layer atop the consolidated sediments, and is 
periodically resuspended into the BML, where a large part of its mineralization 
takes place. The combination of water-column and sea-bed mineralization re-
moves oxygen from the BML which is trapped beneath the thermocline during the 
months of summer and early autumn. By late September, 1998, about 40 mmol O2 
m-3 had been removed from this layer at the northern site, implying the mineraliza-
tion of about 20 g C m-2 since the onset of stratification. Annual mineralization in 
the sediment at CS was estimated as about 50 g C m-2 during the NSP. Wide-area 
surveys give the annual mean macrofaunal biomass as 3.5 g organic weight m-2 
(about 1.4 g C m-2) north of the 100 m depth contour in the North Sea, with deposit 
feeders being the main component (Heip et al., 1992; Künitzer et al., 1992). The 
organic content of the upper sediments found at CS and the north site was about 
1% (of dry weight), or several kilograms of organic carbon per square metre in 
each 1 cm layer of sediment. Comparison with the annual mineralization suggests 
that almost all of this carbon is highly refractory. 
 Despite lower levels of winter nutrients, observed net primary production at CS 
appears to be about the same as that at the northern site, between 100 and 125 g C 
m-2 yr-1. The data for mineralization, and modelling studies, suggests that at least 
20%, and up to 50% of NMP reaches the BML and the seabed in the stratified 
North Sea. Some of the remainder is mineralised in the SML and thermocline, but 
a part that is likely to be 50% or more, passes to mesozooplankton. These animals 
are, typically, copepods, which may however be feeding as much on protozoans as 
on phytoplankters. In the northern North Sea the dominant is the large copepod 
Calanus finmarchicus, together with euphausiids. Calanus appear at CS in summer, 
but form only part of the copepod biomass here; the dominants are the smaller 
forms of the genera Acartia, Centropages, Pseudocalanus and Temora. The small 
copepods probably overwinter locally, only a small proportion surviving until 
spring, and although their intergenerational time is less than that of Calanus, graz-
ing pressure develops slowly during the spring and summer. Protozan grazing of 
flagellates is likely to be supplemented by salps of oceanic origin during late sum-
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mer in the northern North Sea. In the central North Sea this grazing niche is filled 
by (much smaller) appendicularians. 

5.2. Southern and western coastal region of the North Sea 

This sub-area takes in the southern and western boundary waters, which are those 
inside a line approximately following the 40 m depth contour that runs parallel to 
the Scottish and Northumbrian coasts, and then across the southern North Sea 
from Yorkshire in England to Jutland in Denmark. The contour corresponds 
roughly to the transition from tidally stirred to stratified waters predicted by the “h 
u

-3
 model” (h is the depth and u is the amplitude of the tidal current, see discussion 

in Rodhe (1998) and marks the approximate position where thermal fronts occur. 
However, as shown by Fig. 24.6 in Rodhe (1998), the fronts of the North Sea are 
only weakly linked to topography and lie in a broad belt. Inside the frontal belt lie 
waters that are typically shallow, well stirred, and turbid because of suspended 
sediments, coastal erosion, and river discharges, but which can also include ‘re-
gions of freshwater influence’, ROFIs, with intermitted haline stratification, and 
some deeper yet well-mixed holes. These coastal waters are subject to dilution with 
nutrient-rich freshwaters, the greatest enrichment being apparent in the inner 
German Bight. 
 Paradoxically, it is probably the southern parts of the North Sea, which are 
more effectively light-limited despite of the shallow depth, because tidal and wave 
stirring here increases turbidity (Tett and Walne, 1995). 
 The abundance and productivity of phytoplankton in this sub-area can fluctuate 
irregularly between low and high values, depending on water transparency and 
stratification; in some parts and years, phytoplankton growth commences early, 
corresponding to a spring bloom; in other parts or years maximum biomass is not 
reached until summer, if at all. Although diatoms and small phytoflagellates are 
common throughout the productive season, this is also a region in which blooms of 
the colonial prymnesiophyte flagellate Phaeocystis pouchetii are typical of late 
spring, and red tides of dinoflagellates (including the large, heretotrophic, Nocti-
luca scintillans) can occur in summer. There is little doubt that these phenomena 
have been stimulated by human influences; nevertheless, both are likely to be 
natural features of this region. Phaeocystis blooms have been known since the 19th 
century and red tides are the result of dinoflagellate accumulation at frontal con-
vergences. Both these phenomena have been classified as ‘Harmful Algal Blooms’ 
(HABs), but so have occurrences of the toxic dinoflagellates of the genera Alex-
andrium and Dinophysis which do not noticeably discolour the sea but which do 
result in filter-feeding shellfish accumulating sufficient toxin to pose a threat of 
paralytic shellfish poisoning (PSP, caused especially by A. tamarense) or diarheëtic 
shellfish poisoning (DSP, caused by Dinophysis spp.) when humans or seabirds eat 
mussels or oysters. Epidemics of PSP have been known for several centuries along 
the northwestern shore of the North Sea, occurring sporadically and sometimes 
with lethal consequences until these were prevented by regular monitoring of 
shellfish and closure of the fishery. It is possible that the over-wintering cysts of 
Alexandrium accumulate in sediments beneath coastal fronts, or perhaps in estuar-
ies such as that of the river Forth in Scotland, which thus form seedbeds for HABs 
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(Joint et al. 1997). In contrast, Dinophysis is more typical of continental coastal 
waters (Novarino et al., 1997). 
 Given the great variability of plankton biomass in this region, it is not possible 
to show a characteristic seasonal cycle, although these have been compiled for 
particular locations. Observed climatologies (Table 26.3) for ICES boxes (a divi-
sion of the region used by the International Council for Exploration of the Sea) 
can be confusing as they combine locations with different spatial characteristics as 
well as great inter-annual variability. Nevertheless, they are useful for showing the 
greater phytoplankton biomass and primary productivity in this region, together 
with spatial differences within it—especially those that follow from the east-west 
gradient of increasing tidal stirring. 

TABLE 26.3. 
(climatological) productivity in the North Sea inshore of the main tidal mixing front 

(thermally stratified Central North Sea included for comparison). 

 
Central 

North Sea

English coastal 
and western  

Southern Bight 

Eastern Southern 
Bight: Rhine  
ouflow region 

German Bight  
and west  

Jutland coastal  

ICES region  7’ or 7a 3” or 3b 4 5  
mean water depth 67 40 28 23 m 
max chl, spring1 2.5 5 12 10 mg chl m-3 
mean chl, summer2 0.8 1.5 2.5 3.5 mg chl m-3 
observed N(PorM)P 3 100 79 199 261 g C m-2 yr-1  
observed N(PorM)P 4 82 - 254 - g C m-2 yr-1  
1 greatest 83% quantile of monthly values (March-May) given by Moll (1998) 2 average of monthly medians 
(June-August) given by Moll (1998); 3 Joint and Pomroy (1993), 4 Klein and van Burren (1992). 

Although anthropogenically increased nutrients play some part in these generally 
increased levels of phytoplankton abundance and production another part is ex-
plained by hydrographic conditions. We will examine this argument briefly using 
results from the PROVESS south site in Netherlands waters in 1999 and from sites 
sampled by the NSP in 1988–89 (Table 26.4). 
 Near the East Anglian coast of England, at NSP site AB, the water is well 
mixed due to strong tidal streaming, and is very turbid because of SPM, including 
that derived from coastal erosion. The spring bloom, dominated by Phaeocystis, 
did not occur until May in 1989 (Mills et al., 1994) and may indeed have been 
advected from shallower water. Chlorophyll concentration exceeded 4 mg m-3 
during May and June sampling visits, but was less than 2 mg m-3 during the rest of 
the 1988–89 study period, without obvious seasonality. 
 The PROVESS south site (at roughly 52°30’N 4°E) in 20 m water off the Neth-
erlands coast, was studied intensively during April 1999 (Howarth et al., 2002, and 
references therein). u-3/h (see Section 5.2) was about 60 cm2 s-3, yet there was some-
times intermittent haline stratification as the Rhine plume extended further off-
shore. The phytoplankton was mainly diatoms and Phaeocystis colonies. 
Chlorophyll fluctuated rapidly during this period, between 10 and 30 mg m-3 near 
the sea bed and between 2 and 40 mg m-3 near the sea surface. The high mean 
biomass would seem to be a result of the nutrient enrichment of these waters, and 
perhaps also the comparatively low abundance of mesozooplankton and weak 
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impact on large cells and algal colonies. Calculations of the magnitude of various 
processes (Wild-Allen et al., 2002) suggests that most of the biomass fluctuation 
was the result of physical processes—mixing or advection of strong lateral gradi-
ents, and resuspension, vertical mixing and rapid sinking, the balance depending 
on the strength of stratification—rather than the growth of phytoplankton. 

TABLE 26.4. 
Some data for selected sites from the NSP (CS data included for comparison) 

 CS BL BO AB  

Latitude (N)  55°30’ 54°03’ 53°40’ 52°42’  

Longitude (E)  0°55’ 5°40’ 6°10’ 2°25’  

 stratified frontal mixed mixed  
Depth 81 41 25  m 
Intensity of tidal stirring 
(u3/h) 1 

2.7 18 34 137  cm2 s-3 

background diffuse attenua-
tion 2 

0.08 to 0.11 0.32 to 0.23 0.38 to 0.29 0.59 to 0.36 m-1 

near-surface NO3

-, winter 3 5 10 31 12 μM 
near-surface NO3

-, summer 3 0.2 0.7 2.5 0.4 μM 
max. near-surface chloro-

phyll 
5 (spring) 6 (summer) 50 (summer)  mg m-3 

annual N(MorP)P4 115 168 139  g C m-2yr-1 

Data from Tett et al. (1993) and Tett and Walne (1995). 1 ratio of m2 tidal amplitude cubed to water column 
depth; 2 minimum value of diffuse attenuation estimated from subsurface PAR measurements during winter 
and summer cruises; 3 winter is Jan-Feb; summer is Jul-Aug; 4 from Joint and Pomroy (1993). 

 Thus, near-shore waters tend to be highly variable, and do not correspond well 
to the mixed region of what might be called the ‘classical’ paradigm for the distri-
bution of phytoplankton at tidal mixing fronts. Equally, whereas frontal conver-
gences in the frontal band of the North Sea are sometimes associated with high 
biomass in summer, the band is too broad to exhibit the strong biomass enhance-
ment that is characteristic of classical fronts. In the case of the North Sea, a pattern 
emerges only after statistical analysis (Tett and Walne, 1995). Nevertheless, the 
frontal band does exhibit the greatest annual primary production and the greatest 
overall abundance of mesozooplankton. 

5.3. The Skagerrak-Kattegat and the Norwegian coastal current 

The region of the Baltic outflow, i.e. the Danish straits, the Kattegat and the re-
gion of the low-saline current along the Swedish and Norwegian coasts, is charac-
terized by a shallow salinity stratification. This stabilizes the water column 
throughout the year, allowing the illumination conditions for phytoplankton 
growth to occur early, often in late winter while the water is still cold. In the south-
ern Kattegat, for example, the spring bloom occurs in March-April (Richardson 
and Christoffersen, 1991). As an implication the low-saline surface water in the 
coastal current can be completely depleted of nutrients long before the onset of 
the spring bloom in the open-sea areas discussed in Section 5.1, and under pristine 
conditions summer concentrations of chlorophyll would be expected to be low. 
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However, additional nutrients reach the euphotic zone in summer both by way of 
natural processes and from anthropogenic sources. Consequentially, summer chlo-
rophyll concentrations tend to be moderately high, averaging 1- 2 mg m-3, but with 
much variability in some parts. 
 An important feature of this region is that the stratification stays shallow during 
the summer, typically some 10–15 m, whereby the thermal and the haline stratifica-
tion coincide. This is in contrast to what is found in the seasonally stratified parts 
of the North Sea (Section 5.1), where the surface mixing is limited by a thermo-
cline at twice (or more) that depth. Sunlight can thus penetrate into the underlying 
water and give rise to photosynthesis below the mixed surface layer. Especially in 
the Skagerrak, a subsurface chlorophyll maximum is a prominent feature. One 
source of nutrients for this maximum is the intense upwelling of nutrient-rich wa-
ter of Atlantic origin, which is indicated by a doming structure of the stratification. 
Another source is nutrient-enriched water from the southern parts of the North 
Sea, which interleaves with the other water masses. The Kattegat-Skagerrak front 
is also associated with increased phytoplankton and primary production (Richard-
son, 1985), perhaps because of local upwelling. The coastal waters of the Kattegat 
are about twice as productive as the offshore waters (Carstensen et al., 2003), 
probably because of stronger mixing here as well as terrestrial inputs. 
 In modern times, the nutrient content of the surface waters is much increased by 
direct anthropogenic nutrients and in river discharges, and there seems little doubt 
that these have increased the annual totals of primary production from less than 
100 g C m-2 yr-1 during the 1950s to 135–165 g C m-2 yr-1 during 1981–2000 in the 
Kattegat (Rydberg et al., 2003). The spatial variation is large, with much higher 
values in some coastal regions and also in the Belt Sea (195 g C m-2 yr-1). Lowest 
production is found in open Kattegat waters (90 g C m-2 yr-1). For data after 1980 
they also found a co-variation between the annual load of nutrients, especially 
total nitrogen, and the annual mean primary production. Riverine and Baltic con-
tributions are less during summer, and direct atmospheric deposition of nitrogen 
(Asman et al., 1995) may be a particular important factor at this time of year. 
 Winter nutrient concentrations in the Skagerrak and Kattegat vary greatly from 
year to year, as a result, especially, of fluctuations in the balance between North 
Sea and Baltic waters. To this interannual variability is added higher frequency 
variability due to local and expecially atmospheric inputs. Given the existence of 
frontal convergences and midwater phytoplankton maxima, well suited to 
dinoflagellates and flagellates, it is perhaps unsurprising that the Skagerrak-
Kattegat region is subject to irregular blooms of algae which are sometimes harm-
ful and which may be carried in, or may seed, the waters of the Norwegian Coastal 
Current. A well-known example is the1988 bloom of the toxic flagellate Chry-
sochromulina polylepis (Nielsen and Richardson, 1990) and the HABs of Chat-
tonella in 1998, 2000, 2001 and 2002. 

5.4 The Baltic Sea 

The Baltic proper and parts of the Gulf of Bothnia have relatively deep permanent 
salinity stratifications. The surface layer becomes mixed during winter and ther-
mally stratified with a thermocline at 15–25 m during summer. The physical limita-
tions for the primary production are thus similar to those in the central North Sea. 
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For a detailed description of the pelagic community in the Baltic See, see i.e. 
Granéli et al (1990); Kivi et al. (1993); Hagström et al. (2001). Here we will just 
give a brief outline with emphasis on what differs in the Baltic from the North Sea. 
 The diatom/dinoflagellate spring bloom, commencing in March-April in Baltic 
proper and as late as in May in the Bothnian Sea, depletes the pool of DIN in the 
entire water column down to the halocline. However appreciable amount of DIP 
remains in the Baltic proper and Kattegat, demonstrating the N limitation of the 
bloom. In the Bothnian Sea, both N and P are depleted and in the Bothnian Bay, 
no spring bloom occurs since there is no winter accumulation of the limiting P. 
Here, enhanced primary production does not occur until late summer when het-
erotrophic activity has enhanced nutrient release from the large input of organic 
matter that occurs in this region. A conspicuous difference between the Baltic 
region and the North Sea is the absence of zooplankton feeding of the spring 
bloom. In the Baltic, the zooplankton populations are to a large extent recruited 
each spring from resting eggs, hibernating in bottom sediments. The spring bloom 
is thus not well utilized by pelagic herbivores and to a large extent deposited on 
the bottoms, representing the major food input to the benthic fauna. 
 The pelagic communities during summer are characterized by a dominance of 
small organisms, less sedimentation, increased heterotrophic activity and nutrient 
recycling. Production of heterotrophic bacteria feeds the food chain of flagellates, 
ciliates to large zooplankton. The net amount of biomass that is transferred via the 
‘microbial loop’ is actually small since the carbon flow is largely a loop of respira-
tory losses (Hagström et al., 1988). The dependency on available mineral nutrients 
or substrate for regeneration of nutrient is valid not only for phytoplankton but 
also for heterotrophic bacteria as well (Hagström et al., 2001). During summer, 
lack of mineral nutrients and high predation of bacteria causes an accumulation of 
organic carbon (DOC), particularly in the northern more oligotrophic basins. The 
very low concentrations of DIN but still appreciable amount of DIP that remains 
after the spring bloom, particularly in the Gulfs of Riga and Finland and the Baltic 
proper, give nitrogen fixing cyanobacteria a competitive advantage over other 
autotrophs. The reasons why cyanobacterial bloom do not extend into the Kat-
tegat, also with a low N:P ratio, is less clear but higher sulphate concentrations at 
higher salinities, does inhibit the molybdenum assimilation that is essential for 
cyanobacteria (Marino et al., 2003). 
 During autumn, mixing brings up nutrient to the surface and conditions thus 
favour an autumn bloom. This is a regular phenomenon in Kattegat and southern 
Baltic but rarer further north where low light conditions at these high latitudes 
may hinder a bloom if the autumn mixing is late. 

5.5. The filtering by mussels in Öresund as an example of a small-scale interaction 
process with large-scale implications on the ecosystem. 

Benthic suspension-feeders like mussels (Mytilus edulis) can have a dominant 
influence on the flux of nutrients, and thus on the ecosystem as a whole. An inter-
esting example is found in Öresund, where vast areas of the 8-m deep sill are al-
most completely covered by mussels. In an investigation by Haamer and Rodhe 
(2000) it was shown that the mussels at the sill where capable of filtering all water 
passing through this connection between the Baltic and the North Seas (on aver-
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age about 20, 000 m3s-1). The mussels contributed to give a large roughness to the 
seabed. The vigorous turbulence in the flow over the rough sea floor then ensured 
that all water passing over this sill was forced in contact with the mussel bed, 
where it became filtered by the mussels. Effects of this filtering are illustrated in 
Fig. 26.10. 

 

Figure 26.10   Observations of Chl-a concentration along a transect following the water passing over the 
mussel bed at the sill in Öresund (stations T1 to T4) and also as surface water in the deep part of Öre-
sund north of the sill (stations T4 to T6). (Modified from Haamer and Rodhe, 2000.) 

 Following the water over the mussel bed (from T1 to T4 in Fig. 26.10) the ob-
servations indicate the withdrawal of phytoplankton from the water. The passing 
over the bed lasted for about 10 h. The rise in Chl-a content after the passage of 
the sill (stations T4 to T6) indicates the recover of the planctonic biomass over the 
deep parts of Öresund. The travel time for the water was here a day or two. What 
is not shown in the figure is that there is a qualitative change in the biomass to-
wards much smaller species after the passage of the sill (Norén et al., 1999). A very 
marked effect of the filtering by mussels is that the water in the area is extremely 
clear. Therefore, one can find flourishing fields of eelgrass (Zostera marina) down 
to 7 m deep and Laminaria sacclarina down to 14 m in Öresund. The input of 
ammonium from mussel banks due to the metabolism of the mussels is consider-
able. Haamer and Rodhe (2000) estimated the total release of NH4-N to be 0.7 t h-1 
during a situation with northward flow from the sill into Öresund. This indicates an 
input which has a magnitude comparable to the nitrogen demand for the total 
production in Öresund, 1.3 t h-1, calculated using an estimate of the yearly total 
production, 91 g C m2 y-1, by Mattsson (1996). The net export of nitrogen from the 
Baltic has been estimated to about 2.3 t h-1 (20000 t y-1, see Section 4 of the present 
study). These rough estimates indicate that the filtering by mussels in the Danish 
straits constitutes a first order physical-bio-chemical interaction process. Already 
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Kautsky and Wallentinus (1980) pointed upon the importance of the filtering by 
mussels in the Baltic Sea for the nutrient dynamics. 

6. Human exploitation and problems 

Human activities have put pressure on the environment of the Baltic and North 
Seas. Problems related to the intense fishing industry are probably the most seri-
ous ones. These include e.g. fishing over sound biological limits for some important 
target species and seabed disturbances. Input of nutrients has changed conditions 
of the primary production implying quantitative and qualitative changes of the 
biota. Both these classes of problems are probably to a large extent reversible and 
will hopefully in the not to distant future be solved, though they are today severe. 
More serious are probably problems related to input of different hazardous trace 
elements, which can stay in the environment for long times. An assessment of 
human negative effects of different human activities is found in Table 26.5 where 
human pressures are classified according to their seriousness for the North Sea 
environment. Most of these pressures are also put on the Baltic Sea environment, 
with almost the same classification. An important difference between the two seas 
is however related to the difference in time scale for water exchange. The Baltic 
Sea will feel the effects of anthropogenic input of e.g. nutrient a long time after a 
reduction. Here plays also the important buffering effect by the sediments in the 
deep basins an important role. The North Sea, on the other hand, will respond 
“immediately”. The reason being the short time scale for the water exchange and 
also the very limited regions from which sedimented material will return to the 
surface layer on time scales larger the a year. Most of the accumulation of material 
occurs in the deep parts of the Norwegian Trench and that material will probably 
not re-enter into the circulation of water masses in the North Sea. Many changes 
have been observed in North Sea pelagic and benthic communities during the 20th 
century, especially during the final decades. In most cases it has not proven easy to 
identify the causes of these changes, causes that include natural climatic variation 
as well as increased anthropogenic inputs and disturbances due to fishing (Tett and 
Mills, 1991; Kaiser, 1998; OSPAR Commission, 2000). To illustrate these points we 
will briefly consider two of the most heavily human-impacted parts of the North 
Sea. 
 One of these regions is the inner German Bight of the North Sea. As a result of 
anthropogenic enrichment of water from the Elbe and other rivers discharging into 
the Bight (Radach, 1992; Hickel et al., 1993), winter N:Si ratios near the island of 
Helgoland, which were in the range 1–2 in the late 1960s, increased to 4–8 in the 
mid-1990s (Radach et al., 1990). The ratio change was the result of increasing 
DAIN and decreasing silica. Changes in N:P have been more complex, with winter 
values in the range 16–32 in the early 1960s falling into the range 4–16 in the 1970s 
and increasing again to 16–32 in the mid-1980s. 
 According to Hickel et al. (1993), starting in “the early sixties, phosphate con-
centrations rose for about a decade, levelling off to about twice the former concen-
trations for another decade, and then decreasing (since 1982) as a result of 
phosphate-reducing measures. Nitrate concentrations, however, have only in-
creased since 1980/81, following Elbe river flood events. In 1987, three times the 
former concentrations were reached.” 
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TABLE 26.5. 
Priority classes of human pressure on the environment in the North Sea, as shown 

in OSPAR Commission (2000). 

Class* Human pressure  Category 

A  Removal of target species by fisheries  fisheries 
 Inputs of trace organic contaminants (other than oil and PAHs) from 

land 
trace organic  
contaminants 

 Seabed disturbances by fisheries  fisheries 
 Inputs of nutrients from land  nutrients 
 Effects of discards and mortality of non-target species by fisheries  fisheries 
 Input of TBT and other antifouling substances by shipping  trace organic  

contaminants 
B  Input of oil and PAHs by offshore oil and gas industry oil and PAHs 
 Input of oil and PAHs by shipping  oil and PAHs 
 Input of other hazardous substances (other than oil and PAHs) by 

offshore oil and 
 

 gas industry  other hazardous substances 
 Inputs of heavy metals from land  heavy metals 
 Inputs of oil and PAHs from land  oil and PAHs 
 Introduction of non-indigenous species by shipping  biological impacts 
 Input of other hazardous substances (other than oil, PAHs and 

antifouling) by shipping  
other hazardous substances 

 Introduction of cultured specimen, non-indigenous species and 
diseases by mariculture  

biological impacts 

 Inputs of microbiological pollution and organic material from land  biological impacts 
C  Input of litter specific to fisheries  litter and disturbance I 
 Physical disturbance (e.g. seabed, visual, noise, pipelines) by offshore 

oil and 
 

 gas industry  litter and disturbance I 
 Input of litter by shipping  litter and disturbance I 
 Dispersion of substances by dredging and dumping of dredged 

material  
dredging and dumping 

 Dumping of (chemical) ammunition by military activities  dredging and dumping 
 Constructions in the coastal zone (incl. artificial reefs) by engineering 

operations  
engineering operations 

 Input of chemicals (incl. antibiotics) by mariculture  mariculture 
 Mineral extraction (e.g. sand, gravel, maërl) by engineering opera-

tions  
engineering operations 

 Input of nutrients and organic material by mariculture  mariculture 
 Physical disturbance by dredging and dumping of dredged material  dredging and dumping 
 Inputs of radionuclides from land  radionuclides 
D  Physical disturbance (e.g. noise, visual) by shipping  litter and disturbance II 
 Input of litter by recreation  litter and disturbance II 
 Physical disturbance (e.g. seabed, noise, visual) by military activities  litter and disturbance II 
 Physical disturbance (e.g. noise, visual) by recreation  litter and disturbance II 
 Power cables (electromagnetic disturbances) by engineering opera-

tions  
litter and disturbance II 

 Dumping of inert material (e.g. wrecks, bottles)  litter and disturbance II 

*Human pressures are ranked according to their relative impact on the Region II ecosystem, including sustain-
able use. While the Division in the four classes A-D was established firmly, ranking within classes was not 
considered to be significant. Class A = highest impact; Class B = upper intermediate impact; Class C = lower 
intermediate impact; Class D = lowest impact. 
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 The nutrient changes have been associated both with an increase in the total 
stock of phytoplankton (Gillbricht, 1988; Radach et al., 1990; Hickel et al., 1993) 
and (Gillbricht, 1988) with changes in the seasonal succession. 

 

Figure 26.11   Seasonal cycles of phytoplankton components at Helgoland. Redrawn from Gillbricht 
(1988). ‘flagellates’ includes dinoflagellates, and perhaps also some zooflagellates. 

 In the 1960s, diatom abundance peaked in July, followed rapidly by a peak in 
flagellates reaching almost the same biomass (Fig. 26.11). In the early 1980s, dia-
toms peaked in April at nearly three times the old biomass, but the flagellate peak 
remained in August, also reaching nearly 3 times its previous level. The flagellates 
included dinoflagellates, especially species of Ceratium and “small naked forms” 
(Radach et al., 1990). The change has persisted at least until 1994 (Hickel, 1998; 
Barkmann et al., 2002) 
 However, explaining the changes between the 60’s and the 80’s as a sole result 
of nutrient enrichment is open to several objections. Hickel et al. (1993) points out 
that, in the control of phytoplankton growth, “hydrographical factors possibly 
dominate. Additional nutrient input by Elbe river floods did not always result in 
elevated phytoplankton stocks near Helgoland, while extended periods of vertical 
density stratification of the German Bight water caused large plankton blooms.” 
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The phytoplankton at Helgoland may have been participating (Hickel, 1998) in 
long-term changes affecting the North Sea as a whole, and resulting from climate 
change as much as nutrient enrichment (Tett and Mills, 1991; Reid et al., 2001). 
 The second region is that of the Skagerrak and Kattegat. Rosenberg et al. 
(1996) summarise changes as (in some parts): “increased nutrient concentrations, 
increased occurrence of fast-growing filamentous algae in coastal areas affecting 
nursery and feeding conditions for fish, declining bottom water oxygen concentra-
tions with negative effects on benthic fauna, and sediment toxicity to invertebrates 
also causing physiological responses in fish.” These are ascribed to eutrophication 
and anthropogenic toxins. Evidence for eutrophication includes that reported by 
Richardson and Heilmann (1995) and mentioned in section 5.3. A number of 
workers have documented changes in the macrobenthic fauna, the initial and in-
fluential study being that of Pearson et al.(1985). 
 The macrobenthos of the Kattegat had been sampled by C.G.J. Petersen in 
1911–1912. Petersen’s stations were resampled in 1984 by Pearson et al. using 
equipment and techniques similar to those used in the original survey. Pearson et 
al. found that, compared with the situation in 1911–12, biomass had decreased at 
many stations, mostly due to decreases in the populations of the large echinoid 
Echinocardium. Deposit feeders had decreased, and suspension-feeders and carni-
vores had increased in biomass and dominance. The amphiuroid Amphiura fili-
formis had increased at most stations. The possible causes of these changes include 
changed fish predation pressure, direct effects of trawling, climate change, and 
eutrophication, with the latter seeming the most likely cause. 
 Other work includes that of Göranson (2002) who in 1990 revisited Petersen’s 
stations in the Oresund, between the Kattegat and the Baltic, observing changes 
similar to those seen by Pearson et al. and concluding that “Some of these changes 
seem to have taken place during the last decades, parallel with increased nutrient 
load to the coastal waters, with subsequent high sedimentation of organic material 
and oxygen deficiency. High concentrations of different xenobiotics, e.g. organic 
tin compounds, might explain why some species of gastropods are very rare today. 
Trawling or changed hydrographical conditions are not likely to have caused the 
observed great structural changes.” 

7. Concluding remarks 

7.1. Old and new technologies 

Several new technologies can aid study of physical-chemical-biological interactions 
in regions such as the North and Baltic Seas. One of these, ecosystem modelling, 
has been drawn on substantially in this chapter. Another, the continuous in situ 
recording of chemical and biological variables, has made a smaller contribution. 
The third, remote sensing, has so far been only of limited use. In this section we 
will briefly comment on the recent and likely future worth of these technologies 
for studies of our waters. We will conclude by referring to an older technology - 
that of the Continuous Plankton Recorder CPR) - which, despite limitations, still 
can shed much light on long-term and wide-area changes in the North Sea. 
 Franz et al. (1991) summarized earlier physical-biological models, and recent 
3D models of the North Sea have been reviewed by Moll and Radach (2003). They 
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include ECOHAM1 and NORWECOM (Moll, 1998; Skogen and Moll, 2000). 
Models, such as COHERENS (Luyten et al., 1999), capable of high and accurate 
resolution of horizontal variation are essential for the parts of the North Sea influ-
enced by river plumes. Over much of the North Sea, however, vertical structure 
and seasonality are the key elements. These can be well emulated by depth-
resolving 1-D models, such as PROWQM (Lee et al., 2002), which combines ben-
thic resuspension and mineralisation as well as water column microbial processes. 
In some cases, simple 2-layer models have been used succesfully (Tett and Walne, 
1995). ERSEM (Baretta et al., 1995; Baretta-Bekker and Baretta, 1997) is the most 
complete ecosystem model so far implemented for the North Sea. ERSEM has 
been used to examine regional and long-term variability in phytoplankton and 
primary production using a 2-layer compartmentalisation (Pätsch and Radach, 
1997). Recently (Proctor et al., 2003), it been applied with improved horizontal 
and vertical resolution to estimate nutrient fluxes over the entire north-west Euro-
pean continental shelf. When perfected, such modelling should greatly improve the 
reliability of North Sea nutrient budgets, inaccuracies in which were briefly dis-
cussed in section 4.1. 
 Results from some of these studies were drawn on in Section 5. The models not 
only interpolate between sometimes sparse observations but also give unambigu-
ous values of primary production—either of NMP (net microplankton production), 
calculated from the product of microplankton growth rate and biomass in CO-
HERENS and PROWQM) or NPP (net phytoplankton production), from phyto-
plankton growth rate and biomass, in the other models. Microplankton comprises 
phytoplankton and associated pelagic microheterotrophs, and NMP may give a 
better estimate of organic production available to higher trophic levels. 

 

Figure 26.12   Phytoplankton seasonal cycle in the northern North Sea. The diagram shows mean 
chlorophyll concentration, 0–30 m, in ERSEM box 1 - straight line segments connecting monthly 
means, with vertical bars showing 17–83% range, taken from the NOWESP climatology in Moll (1998). 
Also shown (as points) are observations at the PROVESS North Station during 1998, most made by a 
moored recording fluorometer (Lee et al., 2002). The continuous line is a simulation of 1998 with 
PROWQM, in which physical forcing has been improved from that of Lee et al. (2002). 
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 Fig. 26.12 presents chlorophyll concentrations from the ship-derived NOWESP 
climatology of Moll (1998) along with a simulation by PROWQM and moored 
fluorometer data for the PROVESS site in the Northern North Sea (Lee et al., 
20002) discussed in section 5. Deployment of moored fluorometers commenced 
during 1988–89 in the southern and central North Sea (Mills et al., 1994). Subse-
quent offshore deployments, and those of more recently developed moored nutri-
ent analysers, have often been frustrated by instrumental problems as well as the 
ship costs of regular visits to the moorings. However, the next few years should see 
better descriptions of offshore cycles as biological and chemical data from moor-
ings are analysed and new deployments made of more reliable instruments. 
 It might be thought that the costs and difficulties of offshore biological observa-
tions in the North Sea could be evaded by satellite remote sensing, by analogy with 
the use of AVHRR sea surface temperature images to show the position of tidal 
mixing fronts (see Rodhe, 1998). In their satellite colour atlas of the North Sea, 
Holligan et al. (1989) used CZCS (Coastal Zone Colour Scanner) images to show 
the existence of features such as fronts, phytoplankton blooms, and regions of high 
SPM (suspended particulate matter), without, however, being able adequately to 
quantify their content of chlorophyll or SPM. However, the North Sea is a difficult 
place for remote sensing of sea colour. High incidence of cloud cover and low sun 
angle make it difficult to obtain data. The correction of remotely measured radi-
ances for atmospheric attenuation is complicated because the North Sea lies under 
a region of competing air masses, which are themselves influenced by anthropo-
genic processes. Because of its freshwater content and strong tidal stirring, much of 
the southern North Sea exemplifies the most complicated optical water type in 
which dissolved yellow substances (Warnock et al. 1999), SPM, and phytoplankton 
chlorophyll all contribute to the optical signal (Aarup et al., 1990; Doerffer and 
Fischer, 1994; Jorgensen, 1999; Wild-Allen et al., 2002). The results of applying 
global algorithms should thus be viewed with suspicion, and, in our opinion, no 
reliably quantitative, remotely sensed, data are yet available for most North Sea 
pelagic biological conditions. New satellite-born sensors such as SeaWiFs and 
MERIS, as well as the availability of more sea-truth and better (and regionally-
specific) algorithms, may improve this situation. More progress has been made in 
the case of the Baltic (e.g. Kratzer et al., 2003), where SPM concentrations are 
lower. 
 The CPR survey (Brander et al., 2003; Warner and Hays, 1994) uses the 1920’s 
technology of the Hardy Plankton Recorder, towed behind ships of opportunity, 
and filtering water through moving, finely woven, cloth. The CPR takes and pre-
serves smaller zooplankters and larger phytoplankters quite well, and its gauze 
absorbs algal pigments to give a quantifiable ‘green colour’. Although it is often 
difficult to relate CPR results to observations from ships, moorings, or satellites, 
much effort has gone to make the CPR data internally consistent and thus useful 
for monitoring trends over long periods and wide areas. These areas include the 
temperate and subpolar North Atlantic as well as the North Sea, but do not extend 
into the Baltic Sea. 
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7.2. Trends 

The “ocean climate” of the Baltic and North Seas has varied during the last cen-
tury. This includes variations in salinity, temperature and ice cover. However, the 
structure and importance of the variations differ considerably between the two 
seas. The Baltic Sea has a local heat budget and the temperature has no year-to-
year memory. Thus, heat content and sea ice extent respond to the year-to-year 
variations of the climate forcing and these are to a large extent related to the 
NAO. From a sea-ice point of view the Baltic Sea is a part of the northern hemi-
sphere “marginal ice zone”, and the ice extent is thus very sensitive to changes in 
the climate (c.f. Section 2.2). 

 

Figure 26.13   Variation of the Baltic Sea salinity during the 20th century, mean salinity and surface layer 
salinity the southern part of Baltic proper, shown as 5 yr running means (Source: Winsor et.al., 2001, 
2003). 

 In contrast, the water budget of the Baltic Sea is determined by the exchange 
through the Danish straits, which implies a time scale of some 30 years for re-
sponse to variations in the freshwater input. This is illustrated in Fig. 26.13, where 
the variations of the mean salinity are shown together with the variations of the 
surface layer salinity in the Bornholm basin. Note the similarity between the mean 
salinity and the actual salinity in a specific region. This means that the temporal 
variations shown in Fig. 26.13 can be more or less accurately transformed to an in-
out displacement of the horizontal salinity gradient in the Baltic Sea shown in Fig. 
26.2. Transformed in this way, the 1-psu amplitude shown in Fig. 26.13 corresponds 
to a horizontal displacement of the salinity pattern of about half the length of the 
Baltic proper. The biological implications of these variations are not well known, 
but because many marine organisms in the Baltic Sea are stressed by the very low 
salinity, it is likely that they are sensitive to such changes in salinity. 
 The waters in the North Sea, having residence times of a year or so, respond 
much faster to changes in the atmospheric forcing. The most important variations, 
both in temperature, salinity and other quantities depending on water exchange 
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and vertical mixing are related to the NAO. This has impact on e.g. the inflow of 
nutrients with the Atlantic inflow to the north, the intensity of the horizontal circu-
lation and the spreading of different water masses within the North Sea. Some of 
the ecosystem consequences of these changes have been demonstrated by the 
CPR. Reid et al. (2001) reported that, “after 1987, Phytoplankton Colour. . . meas-
ured on samples taken by the. . . CPR in the North Sea increased substantially, 
both in level and seasonal extent, compared to earlier years since 1946. Many 
species of phytoplankton and zooplankton showed marked changes in abundance 
at about the same time.”. Hydrodynamic model simulations forced by observed 
wind suggest a substantial increase in oceanic inflow during December to March, 
from 1988 onwards. “From 1988 onwards, the NAO index, the pressure difference 
between Iceland and the Azores, increased to the highest positive level observed in 
this century. Positive NAO anomalies are associated with stronger and more 
southerly tracks of the westerly winds and higher temperatures in western 
Europe.” 
 Beaugrand et al. (2002) used CPR data to show a northwards shift of more than 
10° in warm-water assemblages of calanoid copepods in the eastern North Atlantic 
Ocean and European shelf seas including the North Sea, and apparently related 
both to the NAO and the global warming trend of increasing northern hemisphere 
temperatures. Beaugrand et al. (2003) considered the decline in cod biomass and 
recruitment in the North Sea since the late 1960s, and showed that, in addition to 
the effects of overfishing, climatically-linked fluctuations in plankton have resulted 
in long-term changes in cod recruitment in the North Sea. They concluded that 
rising temperature since the mid-1980s have modified the plankton ecosystem in a 
way that reduces the survival of young cod. 
 Although CPR green colour is hard to relate to direct measurements of phyto-
plankton chlorophyll, and although Radach and Gekeler (1996) and Pätsch and 
Radach (1997) found no trends in chlorophyll and nutrients measured during re-
search cruises in the northern North Sea, the evidence for decadal-period changes 
in the zooplankton of the North Sea seems convincing. Even if those of the last few 
decades are mostly due to the NAO, they are, at least, strongly suggestive of the 
scale of changes that might be expected to result from global warming. 
 As discussed in section 6, the North Sea ecosystems are additionally under 
pressure from human activities, in particular from the two-pronged impact of fish-
eries (on the upper levels of the pelagic food web and on the stability of benthic 
communities), from nutrients in the coastal regions influenced by freshwater, and 
in a less well known way, from pollution by synthetic chemicals (Mills and Tett, 
1991; OSPAR Commission, 2000). Nevertheless the North Sea’s ecosystems ap-
pear to be robust. Although they have clearly been perturbed from their state at 
the beginning of the 20th century, and although we should expect substantial 
changes in species composition at all trophic levels during the 21st century, the 
ecosystems do not appear to be seriously degraded in their functioning, and should 
remain that way so long as present and proposed measures to reduce anthropo-
genic inputs of nutrient and synthetic pollutants are enforced. Equally important 
will be to reduce fisheries impact on target species and the seabed, ideally through 
setting aside substantial parts of the North Sea where fishing is not allowed. 
 The Baltic Sea ecosystem is still in a highly perturbed state. There have been 
substantial improvements in the heath and populations of top predators like seals 
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and sea eagles since the bans of some organochlorines such as DDTs in the late 
1980’s. However, loads of heavy metals are still high and the levels of dioxin in 
some fish species are still higher than the EU limits for food consumption. The 
intense shipping in the Baltic Sea accounts for approximately 15% of all maritime 
traffic around the world (HELCOM 2003). Many of the oil tankers operating in 
this area are still only single-hulled and the risk of a major oil spill is imminent, 
considering the difficult climate and navigational problems in this region. Minor 
‘accidental’ oil spills along the major sea routes occur almost daily and are seri-
ously damaging the large overwintering sea-bird populations, feeding in the same 
regions. 
 Total fish catches are today 10 times higher than a century ago, due to more 
efficient fishing methods, increased production caused by eutrophication and less 
competition from seals. But fishing has caused massive alteration in the food web, 
where the overexploitation of cod has resulted in increasing population of less 
valuable clupeid prey species, particularly sprat (Harvey et al (2003). The Baltic 
cod population is close to extinction. The situation is worsened by climate and 
eutrophication effects, which have led to the anoxic conditions in the deep basins, 
which are the only regions where this marine species can reproduce. 
 There has been a substantial decrease in nutrient emissions from the Baltic Sea 
countries, particularly from phosphorus point sources in industries and municipali-
ties. The reduction has been less clear for nitrogen, although substantial reduction 
in fertilizer-use and livestock holdings, nor has any clear reduction occurred in 
atmospheric depositions. The nutrient concentration in the Baltic is however still 
high, and the deep basins of the Baltic proper remain in an anoxic state, but the 
increasing trend have levelled off. 
 As we write these closing words, newspapers in the UK are giving prominence 
to the discovery of high levels of dioxins in salmon farmed in North-West Scotland 
(Hites et al., 2004). It seems possible that this is the result of the salmons’ diet of 
meal made from fish such as sand-eels caught in the shallower parts of the North 
Sea and themselves carrying a high burden of toxin from dioxins absorbed onto 
sediments. Although data on such sediment contamination is scarce (OSPAR 
Commission, 2000), it does suggest high concentrations in sediments in regions 
exemplified by industrially polluted fjords in S.E. Norway and the estuaries of the 
Rhine and Scheldt. “Even off the south-eastern open sea coast of Norway, some 20 
km from the waste outfall, the local background was exceeded 5 – 100 times. . . . 
The presence of dioxins in the tissue of several seafood species at some Norwegian 
locations reflects the high values in sediments.” 
 This pollution is unlikely to be limited to the regions named. While it might be 
expected to decrease as anthropogenic production of dioxins is restricted, dioxin 
transfer by way of salmon to humans is an indirect result of both climate change 
and over-fishing of cod, which has resulted in the switching of North Sea fisheries 
effort towards the industrial fishery. This illustrates the complex, and sometimes 
far-reaching, interactions that must be taken into account when humans make use 
of coastal ecosystems for conflicting purposes. 
 For the enclosed Baltic Sea, dioxin levels in fish are very high, still on the levels 
found in the 1980’s. It is not allowed to use fish as animal food, according to EU-
rules, and the dioxin levels in fish are too high for human consumption as well. 
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However, Sweden and Finland have succeeded in getting an exception from the 
EU-rules with the argument that the consumers in these countries rarely eat fish! 
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1. Introduction 

The Icelandic, Faroese and Norwegian shelves (Fig. 27–001) are influenced by a 
persistent inflow of relatively warm Atlantic Water of a southern origin. Cooling 
and sinking of surface water in the Arctic Ocean and the Nordic seas leads to for-
mation of cold Norwegian Sea Deep Water at depths between 500 and 1000 m and 
a deep overflow of this water across the Greenland-Scotland Ridge, into the North 
Atlantic. To balance this overflow and various surface outflows, there is a persis-
tent inflow of warm water in the upper layers, from the North Atlantic into the 
Nordic Seas (Hansen et al., 1998; Hansen and Østerhus, 2000; Østerhus et al., 
2001). This inflow has a decisive influence on the oceanic climate, and the biologi-
cal productivity on the shelves (Skjoldal et al., 1992; Astthorsson and Vilhjalmsson, 
2002). It is generally also considered to be the main reason for the relatively mild 
climate of large parts of the Arctic Mediterranean as well as much of northern 
Europe (Rahmstorf and Ganopolski, 1999). There is, however, evidence, that the 
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exchange of water between the North Atlantic and the Arctic Mediterranean has 
been decreasing during the last 50 years (Hansen et al., 2001; Østerhus et al., 2001). 

 

Figure 27.1   Bottom topography and main features of the shelf and oceanic currents in the Iceland-
Faroes-Norway region. 

 Phytoplankton production is seasonal and lasts from March-May to around 
September (Heath et al., 2000a). Generally primary production starts earlier in 
spring on the shelves than offshore. Abundance of phytoplankton highly affects 
the reproduction and growth of zooplankton on the shelves, and hence, the zoo-
plankton abundance and diversity are also seasonal. During winter the abundance 
of zooplankton is very low on the shelves and in the upper offshore layer above 
500 m, but during spring and summer the numbers of species and individuals in-
crease very much (Gaard, 1999; Gislason and Astthorsson, 1995, 1998a; Østvedt, 
1955). The species diversity of the zooplankton is significantly higher on the 
shelves than offshore and contains a mixture of neritic holo- and meroplankton 
and oceanic plankton (Gaard, 1999; Gislason and Astthorsson, 1995). 
 The shelves are influenced much by a common large resource of the copepod 
Calanus finmarchicus. During winter this copepod resides in diapause as stages C4 
and C5 in the deeper layers of the North Atlantic and the Nordic Seas (e.g. Öst-
vedt, 1955; Hirche, 1996; Ingvardsdóttir et al., 1999, Gislason and Astthorsson, 
2000; Heath et al., 2000a). In late winter and spring it ascends and produces a new 
generation (Niehoff et al., 1999; Gaard and Hansen, 2000; Gislason and Astthors-
son, 2000; Niehoff and Hirche, 2000) and is also advected onto the shelves where it 
is a dominant secondary producer and an important food item for larval and juve-
nile fish and for large quantities of pelagic fish. The spring reproduction of C. 
finmarchicus is closely related to the phytoplankton spring bloom (Niehoff and 
Hirche, 2000; Gislason and Astthorsson, 1996; Gaard, 2000). Also euphausiids are 
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abundant in the Nordic Seas and the adjacent shelves, and, similarly to C. fin-
marchicus, the growth and reproduction of the euphausiids is closely coupled to 
the growth of phytoplankton (e.g Einarsson, 1945: Mauchline, 1980; Dalpadado 
and Skjoldal, 1996; Astthorsson and Gislason, 1997a; Dalpadado et al., 1998a). 
 At higher trophic levels, pelagic fish have spawning-feeding migrations between 
the shelves and the Nordic Seas, for example Atlantic salmon (Hansen and 
Jacobsen, 2000; Jacobsen and Hansen, 2000a; 2000b; 2001), Norwegian spring 
spawning herring (e.g. Misund et al., 1998; Dalpadado et al., 1998b), capelin 
(Vilhjálmsson, 1994); blue whiting (Bailey, 1982; Bjelland and Monstad, 1997) and 
mackerel (Reid et al., 1997; Belikov et al., 1998). These migratory fishes transport 
organic production between the Nordic Seas and the adjacent shelves, due to their 
migrations between spawning areas, nursery areas and feeding areas. 

2. Icelandic shelf 

2.1. Topography, currents and water masses 

Iceland is located at the junction of two submarine ridge systems, the Mid-Atlantic 
Ridge and the Greenland-Scotland Ridge (Fig. 27–001). The ridges have important 
influences on the ocean circulation and the distribution of water masses around 
Iceland, and therefore also on the distribution of organic production in Icelandic 
waters (Stefánsson, 1962; Stefánsson and Ólafsson, 1991; Valdimarsson and Malm-
berg, 1999). The Greenland-Scotland Ridge is particularly important in this re-
spect, since it acts as a barrier that constrains flow between the relatively warm 
waters of the North Atlantic and the cold arctic deep waters of the Iceland and the 
Norwegian Seas. 
 On the shelf south and west of Iceland the water is relatively warm Atlantic 
Water which flows towards the south and west coasts with the North Atlantic 
Current, whereas on the shelf north and east of the country the water masses are 
formed by mixing and local modifications of warm Atlantic water originating from 
off the south and west coasts and cold Polar and Arctic Water carried by respec-
tively the East Greenland and East Icelandic currents from the north (Fig. 27–
001). Closest to the coast there is less saline Coastal Water that is Atlantic or At-
lantic/Arctic Water, diluted by fresh water from the land (Stefánsson, 1962). 

2.2. Primary production 

In Icelandic shelf areas, diatoms of the genera Thalassiosira and Chaetoceros tend 
to dominate the spring bloom (Thórdardóttir and Gudmundsson, 1998). North of 
Iceland the prymnesiophyte Phaeocystis pouchetii may also be abundant during 
spring (Gunnarsson et al., 1998). After the spring bloom, dinoflagellates (mainly 
the genera Ceratium and Protoperidinium) may increase in abundance, although 
diatoms continue to be relatively abundant (H. Gudfinnsson and K. Gudmunds-
son, unpublished data). During the autumn, there may be another bloom of dia-
toms of some of the same genera as in spring, but dinoflagellates can still be 
abundant (Thórdardóttir and Gudmundsson, 1998). The relative abundance of 
dinoflagellates is thus generally higher during the autumn bloom compared to the 
spring bloom. 
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 Long term monitoring of primary production in Icelandic waters shows that the 
annual primary production is on average higher over the shelves (~220 g C m-2 yr-1) 
than farther out (~150 g C m-2 yr-1) (Fig. 27–002; Thórdardóttir, 1994). The most 
likely reason is that the shelf areas are more nutrient rich than the oceanic ones as 
they are bathed by nutrient rich deep water that is brought to the surface by up-
welling currents (Thórdardóttir, 1994). Over the shelf, the annual primary produc-
tion is on average higher in the southern and western regions most influenced by 
Atlantic Water than in the northern and eastern ones where the water is a mixture 
of Atlantic and Arctic Waters (Thórdardóttir, 1994). This difference is related to 
the fact that in the southern and western regions the water tends to be less strongly 
stratified than in the northern and eastern ones where the admixture of Polar or 
Arctic Water may create a relatively strong stratification. Therefore the renewal of 
nutrients into the euphotic layer is generally more efficient and the plant produc-
tion higher in the southern and western regions compared to the northern and 
eastern ones. Further, the concentration of nutrients is generally higher in the 
Atlantic Water than in the Atlantic-Arctic mixture (Stefánsson and Ólafsson, 
1991). Over the southern and western shelf, the production tends to decrease out-
wards from land, whereas over the northern shelf the primary productivity de-
creases from west to east, i.e. in the direction of the diminishing admixture of 
Atlantic Water. Another feature that is very evident is the relatively high primary 
productivity in the frontal areas northwest and southeast of Iceland, where the 
mixing of warm and cold water masses leads to a relatively high nutrient content of 
the surface waters, which in turn leads to increased phytoplankton production. 

 

Figure 27.2   Average annual production in Icelandic waters (g C m-2 year-1). The values are based on 
annual measurements carried out during the years 1958–1982 (Redrawn from Thórdardóttir, 1994). 
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 In Icelandic waters, the growth of phytoplankton generally starts in late March-
early April and it usually culminates in May (Gudmundsson, 1998). However, the 
timing of bloom initiation varies both interannually and between regions, mainly 
depending on the development of surface water stability in spring. As a result of 
freshwater efflux, the waters nearest to the coast south and west of Iceland become 
stratified earlier than the ones farther from the coast where warming of surface 
waters creates stratification. Therefore, the phytoplankton spring bloom on the 
shelf south of Iceland tends to start earlier near the shore (mid to late March) than 
farther from land (early April) (Thórdardóttir, 1994; Gudmundsson, 1998), while 
peak values are generally reached in May in both environments (Gudmundsson, 
1998). On the other hand, on the northern shelf, an onshore-offshore gradient in 
the timing of surface water stratification is generally not as evident as off the south 
and west coasts. The reason is that near the shore the effects of freshwater runoff 
are relatively small. Therefore the primary production may begin at similar times 
for different distances from the coast (early to late April) (Stefánsson and 
Ólafsson, 1991; Gudmundsson, 1998). In years with relatively great influx of Arctic 
Water onto the northern shelf, the spring bloom may even start earlier offshore 
than closer to land as pycnocline formation in the more oceanic areas may be 
related to ice melting. 

2.3. Zooplankton 

Over the Icelandic continental shelf, copepods dominate the mesozooplankton in 
terms of numbers, generally comprising >80% of net-caught zooplankton (Fig. 27–
003) (Astthorsson et al., 1983; Gislason and Astthorsson, 1995; 1998a; Astthorsson 
and Gislason, 1992; 1999). In terms of biomass Calanus finmarchicus is generally 
the most abundant species both in the Atlantic waters south and west of Iceland 
and in the mixed Arctic-Atlantic waters north of the island. However, its biomass 
is generally higher in the warm waters south and west of Iceland than in the colder 
waters off the north and east coasts (Fig. 27–003) (Gislason, 2005). This indicates 
that the warmer waters off the south and west coasts provides a more favourable 
environment for the growth and development of C. finmarchicus than the colder 
waters off the north and east coasts. 
 In addition to C. finmarchicus, the copepods Pseudocalanus spp., Acartia 
longiremis, and Oithona spp. occur regularly over the shelf around Iceland. The 
copepods Temora longicornis and Centropages hamatus, and the cladocerans 
Evadne nordmanni and Podon leuckarti are more abundant off the south and west 
coasts than off the north and east coasts, whereas the reverse is true for the cope-
pods Metridia longa, C. hyperboreus and C. glacialis, and the chaetognath Sagitta 
elegans (Gislason and Astthorsson, 1995; 1998a; Hallgrímsson, 1954; Jespersen 
1940). Among the meroplankton, cirripede larvae are generally the most numer-
ous group, being most abundant in May-June (Astthorsson et al., 1983; Gislason 
and Astthorsson, 1995). 
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Figure 27.3   Seasonal variations in dry weight of total zooplankton (upper panel) and relative fre-
quency by numbers of most numerous zooplankton taxa (lower panel) southwest (A) and north (B) of 
Iceland. The values in (A) are means from two stations off Krisuvik (See Fig. 27–001). The values in 
(B) are averages from 8 stations on the Siglunes-transect and vertical lines denote standard error. Mesh 
size of the nets 335 μm. Note different scales for dry weight. (From Gislason and Astthorsson, 1995, 
1998a). 

 On the shelf south and west of Iceland, seasonal variations in the abundance of 
zooplankton are characterised by low winter values and two peaks in both total 
numbers and total biomass during the summer, the first in May-June and the sec-
ond in July-August (Fig. 27–003) (Hallgrímsson, 1954; Gislason and Astthorsson, 
1995; Gislason et al., 2000). In contrast, in the colder waters northwest, north and 
east of Iceland, both in the fjords and in the more exposed shelf areas, there is only 
one maximum during the summer (Fig. 27–003) (Astthorsson and Gislason, 1992; 
Gislason and Astthorsson, 1998a; Kaasa and Gudmundsson, 1994). These seasonal 
changes partly reflect the different life histories of C. finmarchicus in these envi-
ronments, with two main recruitment events of the C. finmarchicus stock south of 
Iceland and one in the colder waters off the northwest, north and east coasts (Gis-
lason and Astthorsson 1996, 1998a; Gislason et al., 2000). The reason for the ob-
served differences in seasonal dynamics of C. finmarchicus in the different 
environments around Iceland is most probably related to the different temperature 
regimes in these environments, with temperatures in the surface layers during 
spring and summer being much higher south of the country (~6–12°C) than in the 
north (~1–6°C). However, other factors, such as advection, feeding conditions and 
predatory impact may also play a part. 
 From the offshore overwintering areas, C finmarchicus invades the southern 
and western shelves, probably mainly from the south, i.e. from the Iceland Basin. 
However, import from the Irminger Sea may also be important, especially onto the 
western shelf. The most likely springtime sources of C. finmarchicus to the shelf 
waters north and northeast of Iceland are the deep oceanic waters of the Iceland 
Sea. Later during the summer, the northern shelf areas may also be invaded by 
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Calanus advected by the coastal current and the Irminger current from the south-
ern and western shelves. 
 The spring spawning of C. finmarchicus is closely coupled to the development of 
the phytoplankton. Thus, due to the similar timing of the spring bloom in the At-
lantic water south of Iceland and in the Subarctic waters north of the island, and in 
spite of the much higher spring surface water temperatures in the former region 
compared to the latter, the spring spawning of C. finmarchicus begins at similar 
time, i.e. April-May in both areas (Hallgrímsson, 1954; Gisalson, 2005 Gislason and 
Astthorsson, 1995; 1996; 1998a; Gislason et al., 1994; 2000). Off the south and west 
coasts, the spawning of C. finmarchicus usually begins near the coast and then 
progresses to the deeper waters, thus following the development of the spring 
bloom which, as noted previously, tends to be delayed with increasing distance 
from the coast. Off the north coast, where the seasonal development of the phyto-
plankton may be similar for different distances from the coast, an onshore-offshore 
variability in the spawning of C. finmarchicus is not evident. In the fjords off the 
northwest and north coasts, the spring spawning of C. finmarchicus appears to 
occur at a similar time (March-April) as the phytoplankton spring bloom (Ast-
thorsson and Gislason, 1992; Kaasa and Gudmudsson, 1994). 
 Two euphausiid species, Thysanoessa raschi and T. inermis are common in the 
fjords and over the banks (Einarsson, 1945; Astthorsson, 1990; Gislason and Ast-
thorsson, 1995; Astthorsson and Gislason, 1997a). T. raschi is mostly confined to 
fjords and bays while T. inermis mainly inhabits the coastal banks. While the 
spawning of the euphausiids is linked to the spring bloom they have different life 
histories in the different environments around Iceland. Thus, T. inermis matures 
and spawns as one year old in the warm waters over the shelf off the south and 
west coasts, whereas they do not become mature until two years old in the colder 
waters off the northwest and north coasts (Einarsson, 1945; Astthorsson, 1990; 
Astthorsson and Gislason, 1997a). T. raschi has been reported to spawn both as 
one year and two years old in Isafjord deep on the northwest coast (Astthorsson, 
1990). In addition to these species, the euphausiids M. norvegica and T. longicau-
data are regularly found on the banks. However, their main areas of distribution 
are located over the shelf edge or in the oceanic areas beyond the shelf. Euphau-
siids may sometimes make up a significant fraction of the total zooplankton bio-
mass over the shelf and they may play an important trophodynamic role in 
Icelandic shelf waters. 
 Long-term monitoring of zooplankton biomass around Iceland has been carried 
out since 1960 (Astthorsson and Gislason, 1995; 1998; Astthorsson et al., 1983; 
Gislason and Astthorsson, 1998b; Beare et al., 2000). The investigations are carried 
out along transects that extend perpendicularly from the coastline and beyond the 
shelf, and they therefore integrate conditions both over the banks and beyond 
them. However, as most of the stations lie over the shelves, it is suggested that the 
observed variations may to a large extent reflect changes in biomass and produc-
tivity over the banks. The results from these investigations have shown that, with 
the exception of the mid 70’s, the biomass has fluctuated more or less synchro-
nously all around the country with maxima at intervals of 7–10 years (Fig. 27–004) 
(Astthorsson and Gislason, 1995; Beare et al., 2000). 
 On the shelf north of Iceland the variations are mainly related to the inflow of 
Atlantic Water (Astthorsson and Gislason, 1995; 1998), which in turn is influenced 
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by the frequency of northerly and southerly winds north of the island (Stefánsson, 
1962; Ólafsson, 1999). Thus, in warm years, when the flow of Atlantic Water onto 
the northern shelf is high, the zooplankton biomass is almost two times higher than 
in cold years, when this inflow is not as evident (Astthorsson and Gislason, 1998). 
As discussed by Astthorsson and Gislason (1998) and Astthorsson and 
Vilhjalmsson (2002) the reason for this may be the better feeding conditions of the 
zooplankton due to increased primary production in warm years, advection of 
zooplankton with the Atlantic Water from the south, and faster temperature de-
pendent growth of the zooplankton in warm years. 
 The links between climatic variability and zooplankton productivity (as ex-
pressed in zooplankton biomass during spring) are less evident on the southern 
shelf than on the northern one. The growth of phytoplankton and key zooplank-
ters are closely related, and therefore it is likely that the variability is related to the 
timing and magnitude of the primary productivity, which off the south coast are 
heavily influenced by the freshwater efflux from rivers and by wind force and 
direction. 

 

Figure 27.4   Variations in zooplankton biomass (g dry weight m-2, 0–50 m) in spring at Siglunes (A) and 
Selvogsbanki (B) transects (See Fig. 27–001). The columns show means for all stations at the respective 
transects and the vertical bars denote standard error. The curved line shows 7 years running mean. 
(From Anonymous, 2001, and additional data). 
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2.4 Biological resources 

The total catch of fish and invertebrates from Icelandic waters has risen from 
about 200 000 tonnes near the beginning of the 20th century to about 1 500 000 
tonnes near its end (Jakobsson and Stefansson, 1998). Demersal fish are economi-
cally most important, and during the last five decades (1950–2000) the average 
catches have fluctuated from about 450 000 tonnes to around 850 000 tonnes. The 
annual harvest of pelagic fish in the same period has been between ~100 000 and 
~1 600 000 tonnes. The catches of invertebrates increased significantly in the early 
1980’s and since then have ranged between ~20 000 and ~80 000 tonnes (Anony-
mous, 2002). 
 Most of the commercial fish stocks have their main spawning grounds in the 
warm Atlantic water off the south and west coasts, while the nursery areas are 
located in the colder waters off the north coast. 
 The economically most important demersal fish species inhabitating Icelandic 
waters are cod, haddock, saithe, redfish and Greenland halibut. Among these, the 
Icelandic cod is the most important, with annual yields that during the last five 
decades (1950–2000) have varied between ~170 000 and ~540 000 tonnes (Anony-
mous, 2002). The main spawning grounds of the cod are situated on the southern 
and western shelves, but there are smaller spawning areas in inshore regions all 
around the country. Larvae hatched on the shelf areas south and west of the coun-
try are transported by the clockwise coastal current and the Irminger current to the 
nursery areas that are located off the northwest, north and northeast coasts. Dur-
ing the drifting phase of the life cycle in spring and summer the larvae feed mainly 
on early stages of copepods (Jonsson and Fridgeirsson, 1986; Thorisson, 1989). On 
the nursery areas, the 0-group cod feeds pelagically until early autumn, when the 
cod gradually settle near the bottom. The cod spends the first 4–8 years of its life 
on the nursery areas, but when sexually mature it migrates back to the spawning 
grounds to spawn. 
 The herring and the capelin are the most important pelagic fish in Icelandic 
waters. Historically, the fishery for herring in Icelandic waters has been based on 
three different stocks, two of which spawn off the Icelandic south and west coasts 
(Icelandic spring and summer spawners) and one that spawns off the mid coast of 
Norway (Norwegian spring spawners). The catches of herring reached a peak of 
~600 000 tonnes during the mid 1960’s, when the catches mainly comprised the 
Norwegian spring spawners. After the collapse of this stock in the late 1960’s the 
herring fishery on the Icelandic shelf has been mainly directed at the Icelandic 
summer spawners. During the last decade (1990–2000) the average herring catch 
from Icelandic waters has been around ~100 000 tonnes (Anonymous 2002). 
 After the collapse of the herring in the late 1960’s, the capelin replaced the 
herring as the largest pelagic fish resource in Icelandic waters. Since the fishery 
started in the late 1960’s the average stock size has been ~1 900 000 tonnes 
(Vilhjálmsson, 1994). However, the stock size has fluctuated considerably, with 
lows in the early 1980’s and the early 1990’s. These fluctuations appear to be re-
lated to variations in zooplankton productivity, rather than overfishing (Astthors-
son and Gislason 1998; Jakobsson and Stefansson, 1998). Reflecting the variable 
stock size, the catches have been variable, but during the last decade the annual 
harvest from this stock has been around ~900 000 - 1 000 000 tonnes (Anonymous, 
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2002). As with cod, the main spawning grounds of the capelin are located in rela-
tively shallow areas near the south and west coasts (Vilhjálmsson, 1994). From the 
spawning areas larvae and juveniles drift with currents in a clockwise direction to 
the bank areas west north and east of Iceland. During the winter the juveniles are 
mainly found over the banks, but in spring and summer they migrate into the Ice-
land Sea where they prey heavily on copepods and euphausiids (Astthorsson and 
Gislason, 1997b). During autumn the capelin concentrate near the continental 
shelf slope off the north coast, and in late winter the maturing capelin start the 
return migration towards the south coast for spawning. In this way a huge zoo-
plankton biomass in the Iceland Sea is converted into fish biomass and transported 
onto the shelves. 
 Three invertebrate species are commercially exploited in Icelandic waters, i.e. 
the northern shrimp, the Nephrops and the Icelandic scallop. Of these species the 
northern shrimp is the most important, with a fishery that has increased rapidly 
during the last 20 years, from around 10 thousand tonnes in the mid 1980’s to 
about 70 thousand tonnes in the late 1990’s (Anonymous, 2002). The main shrimp 
fishing grounds are situated off the north and northwest coasts of Iceland. 

2.4 Trophic interactions 

The capelin plays a central role in the pelagic food web of Icelandic waters as it is 
the major plankton feeding species in the ecosystem, while at the same time being 
an important food source for a large variety of fishes, such as cod, haddock, saithe 
and even flatfishes such as Greenland halibut and long rough dab. The capelin is 
particularly important as food for cod, as it constitutes on an annual basis around 
half of the food of 4 years and older cod (Pálsson, 1983). The importance of the 
capelin as prey of cod is further demonstrated by the fact, that the collapse of the 
capelin stock in the beginning of the 1980’s led to a 20–30% reduction in the mean 
weight at age of cod, indicating that the cod was not able to compensate for the 
lack of capelin by eating other food items (Magnússon and Pálsson, 1991; 
Vilhjalmsson, 1997). 
 It is also known that cod feed heavily on deep-water shrimp, thus influencing 
the abundance of the shrimp stock (Magnússon and Pálsson, 1991). However, in 
this case the predator- prey relationship appears to be of the top down kind, i.e. 
the cod influences the growth and abundance of the shrimp, whereas the growth of 
cod appears to be relatively unaffected by the size of the shrimp stock (Stefansson 
et al., 1998). 
 To summarize, these three stocks interact in such a way, that the growth of cod 
is positively related to that of the capelin, whereas the recruitment of the deep-
water shrimp is negatively affected by the size of the cod stock. These interactions 
are presently taken into consideration in management strategies in order to get an 
optimal harvest of these stocks. As described above, the capelin is a key species in 
the system, and its growth is dependent on that of the zooplankton. There is some 
evidence, that the growth of zooplankton is in turn related to hydrographic condi-
tions (Astthorsson and Gislason, 1998; Astthorsson and Vilhjalmsson, 2002), and 
therefore it is important also to consider hydrographic conditions and plankton 
productivity in the harvesting strategy for these stocks. 
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 It may be added that sea birds, seals and whales are also important predators in 
the Icelandic marine ecosystem. According to calculations made by Sigurjonsson 
and Vikingsson (1998) the total food consumption of whales in Icelandic and adja-
cent waters is around 6.3 million tonnes, i.e. more than three times the total land-
ings of the Icelandic fishing fleet. About 2 million tonnes of the whale 
consumption is comprised of fish, most of which may be capelin. Thus it is con-
ceivable that consumption by whales may have great impact on the yield of fish 
resources. 

3. Faroe shelf 

3.1. Topography, currents and water masses 

Similar to the Icelandic shelf, the Faroe shelf is located on the Scotland-Greenland 
Ridge, and hence has the Nordic Seas to the north and east and Atlantic to the 
west and south. (Fig. 27–001). In the upper layers (above ~500 m depth) the shelf 
and slope is surrounded by warm Atlantic water, which basically flows in north-
easterly direction (Hansen et al., 1998; Turrell et al., 1999; Hansen and Østerhus, 
2000). Below about 500 m depth, the Faroe shelf is almost entirely surrounded by 
cold Norwegian Sea Deep Water (NSDW) which flows southwest through the 
Faroe-Shetland (Turrell et al., 1999; Hansen and Østerhus, 2000) and continues 
northwards through the Faroe Bank Channel to the west of the Faroes (Fig. 27–
001) (Johnson and Sanford, 1992; Hansen and Kristiansen, 1999; Hansen et al, 
2001). 
 On the Faroe shelf, extremely strong tidal currents (Hansen, 1992) lead to in-
tense mixing, resulting in homogeneous water mass in the shallow shelf areas. The 
well-mixed shelf water is separated from the offshore water by a persistent tidal 
front, which surrounds the shelf at about the 100–130 m bottom depth contour 
(Gaard et al., 1998). In addition, residual currents have a persistent clockwise cir-
culation around the islands (Gaard and Hansen, 2000). The flushing time of the 
shelf water is highly variable, and on average it is estimated to be about 2.5–3 
months on the shallow parts of the shelf (Gaard and Hansen, 2000; Gaard, 2003). 
The area inside the tidal front is 8000–10000 km2. 
 These hydrographic facts lead to maintenance of an ecosystem on the Faroe 
shelf that is quite different from the offshore environment with distinct planktonic 
communities, benthic fauna and several fish stocks. Furthermore, a large number 
of sea birds breed on the Faroe Islands and depend on the biological production 
on the shelf for food (Gaard et al, 2002). Hence the Faroe shelf water can be con-
sidered as a separate neritic ecosystem. It is, however, highly influenced by vari-
able advection of offshore water onto the shelf. 

3.2. Phytoplankton 

The strong turbulence the Faroe shelf water supports a typical diatom-dominated 
plankton community. Similar to the Icelandic and Norwegian shelves diatoms 
(mainly of the genera Thalassiosira, Chaetoceros and Rhizosolenia) are commonly 
dominant during spring bloom. In summers with relatively high nutrient concentra-
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tions diatoms usually remain dominant. However in summers with low nutrient 
concentrations, they may be replaced by smaller flagellates, e.g. the prymnesio-
phyte, Phaeocystis pouchetii and coccolothophorids (Gaard, 1996; Gaard et al., 
1998). 
 Due to the retention of water on the Faroe shelf the amounts of nutrients are 
limited and primary production therefore strongly affects the decrease in nutrient 
concentrations in the ecosystem during summer. The nutrient concentrations may 
decrease down to very low levels in the shelf water. This decrease in nutrients is, 
however, variable between years (Fig. 27–005). The variable decrease in nutrient 
concentrations seems mainly to be a result of variable new primary production, 
more than the variable influx (Gaard et al., 1998). Based on observed decrease in 
nitrate plus a calculated mean net influx of nutrients into the shelf water (Gaard 
and Hansen, 2000; Gaard, 2003), an approximate index of a potential new primary 
production (Dugdale and Goering, 1967) has been calculated (Fig. 27–006) (Gaard 
et al., 2002; Gaard, 2003). This index shows a fluctuation of the potential new pri-
mary production by more than a factor of five from 1990 to 2001. The timing of the 
spring bloom and the annual phytoplankton peak also varies significantly between 
years, and generally the years with early onset of the primary production during 
spring are the same years that show high primary production (low nutrients) and 
vice versa (Fig. 27–005) (Gaard, 2003). 
 Due to the limited amounts of nutrients in the ecosystem, there is a maximum 
limit for new primary production. In productive years (low nutrient concentra-
tions), the new primary production seems to reach that limit (Fig. 27–005). 

 

Figure 27.5   Nitrate (μM) at 40 m depth around the Faroes on 23 June-1 July 2000 (left) and nitrate 
concentrations at a fixed, shallow station on the central Faroe shelf, 1995–2001. (From Gaard, 2003, and 
additional data). 
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Figure 27.6   Calculated index of potential new primary production on the Faroe shelf, between spring 
and 26 June 1990–2001. 

3.3. Zooplankton 

In most years, the species composition on the shelf is quite different from that in 
the surrounding oceanic environment. While the oceanic environment is domi-
nated by mainly the copepod Calanus finmarchicus, the zooplankton on the shelf 
contains a mixture of oceanic and neritic zooplankton species. Of copepods, espe-
cially Acartia longiremis and Temora longicornis may be abundant during summer 
(Fig. 27–007). In addition, other neritic copepods, cladocerans, chaetognaths and 
appendicularians are commonly found. Meroplanktonic larvae from the benthic 
fauna also occur, with cirripedia larvae usually by far the most abundant in spring. 
Furthermore, fish eggs and larvae belonging to the local stocks may be quite abun-
dant on the shelf during spring and early summer. Oceanic zooplankton are also 
advected onto the shelf. The relative abundance of oceanic species is highly vari-
able from year to year (Gaard, 1999; Gaard and Hansen, 2000). 
 There is considerable seasonal variation in zooplankton species composition, 
abundance and development on the Faroe shelf, and to a large degree, this is re-
lated to the seasonal production cycle of phytoplankton (Gaard, 1999). During 
winter, very few zooplankton individuals are found on the shelf (Fig. 27–007). In 
early spring the composition and abundance of zooplankton on the Faroe shelf 
changes considerably. C. finmarchicus is recruited onto the shelf from the overwin-
tering areas offshelf in the Norwegian Sea, and in the channels east and west of the 
Faroe Islands (Heath and Jónasdóttir, 1999; Heath et al., 2000b; Gaard and Han-
sen, 2000), and may start spawning prior to the spring bloom (Gaard, 2000). Also 
meroplanktonic larvae (mainly barnacle larvae) may be abundant during spring. 
 As the phytoplankton biomass increases during spring, the neritic copepod 
species increase in number. Also jellies are common during summer and especially 
Aurelia aurita may be quite abundant. By September-October, when the phyto-
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plankton biomass decreases to low winter levels, the copepods decrease in abun-
dance. 

 

Figure 27.7   Mean absolute (upper) and relative (lower) abundance of the dominant zooplankton (left) 
and copepods (right) and chlorophyll a concentrations on the Faroe shelf during 1997. Copepod nauplii 
are not included. 

 There is high interannual variability in the zooplankton species composition, 
abundance and biomass on the Faroe shelf. This variability seems to be affected by 
variable food availability (phytoplankton) and also by variable advection of C. 
finmarchicus from offshore. For instance, during the late 1980’s and the beginning 
of the 1990’s, the ecosystem was dominated by C. finmarchicus, while neritic zoo-
plankton was of minor importance. Differences between the shelf area and the 
surrounding offshore environment were generally small. However, during the early 
1990s, the species composition on the Faroe shelf changed, and the area gradually 
became more neritic. C. finmarchicus, which still was the dominant copepod out-
side the tidal front, gradually became less abundant inside the tidal front while 
neritic copepod species, mainly A. longiremis and T. longicornis, increased in 
numbers (Gaard, 1999). The most likely reasons for this variability are a combina-
tion of variable advection of C. finmarchicus from the offshore environment, vari-
able production of zooplankton on the shelf and variable predation on the 
zooplankton in the ecosystem. 
 C. finmarchicus dominates the zooplankton biomass during spring and summer 
and therefore generally reflects the total zooplankton biomass. During the 1990s 
the zooplankton biomass on the shelf in summer fluctuated by a factor of 10, while 
it remained relatively constant in the oceanic environment outside the tidal front 
(Gaard, 2003). 
 The macrozooplankton around the Faroe shelf is mainly represented by the 
euphausiids Meganyctiphanes norvegia and Thysanoessa longicaudata. However, 
they are much more abundant in the offshore area outside the tidal front than on 
the shelf. 
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3.5 Fish 

The total annual catch of fish and invertebrates in Faroese waters (mean 1997–
2002) is around 500,000 tonnes. The majority is pelagic fish (mainly blue whiting) 
caught during feeding migrations in the offshore areas. 
 The Faroe shelf is a habitat for several local demersal fish stocks. The most 
abundant species are cod, haddock, saithe, sandeel, and Norway pout. The annual 
catches of demersal fish on the Faroe shelf and slope is around 100,000–130,000 
tonnes. Cod, haddock and saithe are the most important commercial species, quan-
titatively as well as economically. 
 The main spawning season for the fish on the shelf is spring, between February 
and May. The eggs and larvae are advected clockwise and then dispersed around 
the shelf area with the currents (Jákupsstovu and Reinert, 1994) where they feed 
on zooplankton during spring and summer (Gaard and Steingrund, 2001; Gaard 
and Reinert, 2002). 
 When the larvae are about 3–4 months old, at lengths of about 4 cm, the pelagic 
phase of most juveniles is over. Saithe and cod migrate into the fjords and sounds, 
while haddock and Norway pout make the transition to a predominant demersal 
habit on the plateau and the banks at depths of about 90–200 m (Joensen and 
Tåning, 1970). For saithe this occurs in May and for the other three species in July. 
From an age of about 2 years the cod mostly inhabitat the shelf. The saithe move 
to the slope at age of about 3 years. 
 Statistics for the Faroe Plateau cod and haddock show, that despite a marked 
increase in fishing effort during the 20th century, the landings have not increased 
correspondingly. The long-term landings of the cod usually have fluctuated be-
tween 20 000 and 40 000 tonnes and of haddock between 15 000 and 25 000 tonnes. 
The catches of these two fish stocks therefore have for a long time reached the 
limit for long-term production within the ecosystem. Consequently, it is likely that 
the catches reflect interannual variability in production of these fish stocks. 
 Although the long-term fish landings of the Faroe Plateau cod and haddock 
have been relatively stable, there have nevertheless been periods with some quite 
large fluctuations. With the exception of the World War II period (1939–1945), the 
most pronounced variability was a quite dramatic decrease in catches of both spe-
cies during the beginning of the 1990s when the landings reached the lowest values 
ever recorded (~6000 and ~4000 tonnes respectively in 1993). However, after the 
decline, the catches of both species increased rapidly to well above the long-term 
averages for both species. 
 The variability in catches of these two species is largely a result of a combina-
tion of variable recruitment and growth rates (Gaard et al., 2002). Long-term rela-
tions between cod and haddock recruitment and growth (expressed as weight at 
age) have furthermore demonstrated that periods with high weight-at-age occur 
simultaneously with periods with good recruitment of 2- year old fish (Fig. 27–
008). This indicates that interannual variability in food production for fish exceeds 
variability in predation pressure. The ecosystem therefore seems to go through 
periods with low recruitment and production levels and other periods with higher 
recruitment and production in several trophic levels. 
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Figure 27.8   Relationship between recruitment of 2 years old cod and haddock and the mean weight of 
2–5 years old cod during 1970–2001 and haddock during 1976–2001 on the Faroe shelf. (From Gaard et 
al., 2002, and additional data). 

 Variable recruitment of the Faroe Plateau cod and haddock may be due to 
variable spawning stocks (Jákupsstovu and Reinert, 1994) survival during their 
pelagic larval and juvenile phases (Gaard and Steingrund, 2001; Gaard and Rein-
ert, 2002) or survival during the first one-two years of the demersal stage (Stein-
grund and Gaard, 2003). Variable growth rates seem to be correlated with variable 
feeding conditions (Gaard et al., 2002). On the other hand, temperature does not 
correlate with either recruitment or with growth of cod and haddock on the Faroe 
shelf (Planque and Frédou, 1999; Gaard et al., 2002). Both species show diversity in 
prey items, and predate on benthic fauna as well as fish, with fish being a some-
what more prevalent prey item for cod than for haddock (Rae, 1967; Du Buit, 
1982). Of the fish, sandeel is an important food species in the shallow areas. When 
sandeel is abundant, it is their preferred food item, and variability in their growth 
rates, and apparently also recruitment, largely derives from variable abundance of 
sandeel (Gaard et al., 2002). 



 EILIF GAARD, ASTTHOR GISLASON AND WEBJØRN MELLE 1093 

3.6. Trophic interactions 

A clear relationship has been observed between the trophic levels in the Faroe 
shelf ecosystem, from primary production to the higher trophic levels (fish and 
seabirds) (Gaard et al., 2002). At the lower trophic levels, there is a clear inverse 
relationship between nitrate loss (potential new primary production) during spring 
and summer and zooplankton biomass (variable abundance of Calanus fin-
marchicus). The most productive years for higher trophic levels are those with high 
primary production (and low zooplankton biomass). The variability in zooplank-
ton biomass is due to variable abundance of C. finmarchicus, which most likely is 
to a combination of variable advection of C. finmarchicus from the offshore envi-
ronment and variable predation on the zooplankton in the ecosystem. 
 Recruitment of 2-year old cod and haddock and their growth also largely co-
fluctuate (Fig. 27–008), and variable production of food seems to be a main deter-
minant for the observed variation. There is a good interannual relationship be-
tween primary production and higher trophic levels, including fish and seabirds. In 
particular, the cod responds clearly to variable primary production, and shows very 
high correlation between primary production and total cod production in the eco-
system (Steingrund et al., 2003; Steingrund and Gaard, 2003). Although benthic 
production is important food source the demersal fish, sandeel seems to be even 
more important. It is a main link between the zooplankton production and higher 
trophic levels, and when it is abundant, it is a main food sources for fish and sea-
birds in the ecosystem (Gaard et al., 2002). 
 Fish that have their main habitat on the shelf slope (e.g.) mature saithe and the 
large individuals of cod and haddock predate largely on krill, blue whiting and 
norway pout. 

4. Norwegian Shelf 

4.1. Topography, currents and water masses 

The Norwegian coast borders three economically important seas: The North Sea, 
the Norwegian Sea and the Barents Sea. The topography and width of the Norwe-
gian continental shelf varies along the coast (Fig. 27–001). The shelf off southern 
and southwestern Norway is narrow because the Norwegian Deep (>400 m deep), 
starting at about 62°N, cuts a deep trench from the Norwegian Sea into the North 
Sea, close to the Norwegian coast. The shelf from 62–63° N and from 68–70° N is 
shallow (~200 m) and rather narrow, while the shelf off mid-Norway is deep (~500 
m) and wide. The Barents Sea, north of northern Norway, is a sub-arctic, shelf sea, 
mostly less than 300 m deep. A trench, more than 400 m deep in the west, cuts into 
the Barents Sea from the Norwegian Sea. Bottom depths on the shelf south of this 
trench are generally 200–300 m deep. An important feature of the Norwegian shelf 
is the coastal banks, usually less than 200 m deep. Important as well, is the shel-
tered area found behind the numerous islands along the coast, and the deep and 
long Norwegian fjords. 
 The North-Atlantic current, an extension of the Gulf Stream, enters the Norwe-
gian Sea between Shetland and Iceland. Further north on its way through the 
eastern parts of the Norwegian Sea, it is called the Norwegian Atlantic Current 
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(NAC). This current brings warm and saline water to the region and has major 
impact on the marine and terrestrial climate of Norway. The NAC flows north-
eastwards in the Norwegian Sea until it hits the Norwegian shelf slope at about 62° 
N (Fig. 27–001). Then the main branch of the NAC flows northwards along the 
shelf break, while to the south a smaller branch enters the North Sea through the 
Norwegian Deep. In the centre of the NAC, at about 50 m depth, temperatures of 
more than 8°C, salinities above 35.2 and current speeds of more than 30 cm s-1 
prevail (Mork and Blindheim, 2000; Orvik et al., 2001). The NAC branches off into 
the Barents Sea north of the coastal bank, Tromsøflaket, and then leaves into the 
Arctic Ocean through the Fram Strait. 
 The Norwegian Coastal Current (NCC) is a surface current of light, low saline 
water (salinity 32–35). The NCC originates in the Baltic Sea and the southern 
North Sea. During its flow along the Norwegian coast, from the Swedish to the 
Russian border, the NCC also receives input of fresh water from Norwegian run-
off. Due to mixing with the deeper and more saline Atlantic water, the salinity of 
the coastal water increases towards north. 
 The front between Atlantic and Coastal water masses is generally situated close 
to the shelf break. Atlantic water, which is characterised by a salinity above 35, is 
heavier than Coastal water and dives beneath the Coastal water at the front. Over 
deeper parts of the Norwegian shelf and in deep trenches cutting through the shelf 
between the coastal banks, Atlantic water enters the shelf as deep water. At the 
surface a wedge of light Coastal water spreads out from the coast. The extension of 
the surface wedge depends strongly on the wind direction (Sætre et al., 1988). 
During periods of northerly winds the Coastal water masses are driven away from 
the coast, spreading into the open ocean as a thin layer of surface water. The tran-
sition depth between light surface water and the dense Atlantic water beneath 
forms a strong permanent pycnocline. Thus, during periods with northerly winds, 
the depth of the wind mixed layer is much reduced which strongly influences the 
timing and dynamics of primary production. As the wind forces Coastal water 
away from the coast Atlantic water will replace the Coastal water masses from 
beneath, entering the shelf and fjords. 
 Temperature in the coastal water masses is at a minimum in March-April and 
reaches a maximum in August (Fig. 27–009). The start of the warming occurs at 
approximately the same time in the south and in the north (Aure and Strand, 
2001). Salinity is highest during winter and reaches a minimum during the summer 
months, June-August, due to increased freshwater runoff (Fig. 27–009). Long-term 
time series of temperature and salinity from fixed coastal stations have revealed 
decreasing winter salinity and increasing summer temperatures over the last 3–4 
decades (Aure and Strand, 2001). These changes coincide with an increase in the 
winter North Atlantic Oscillation index (NAO), reflecting more persistent and 
stronger south-westerly winds in the northeast Atlantic (Hurrell, 1995). 
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Figure 27.9   Temperature and salinity on a shelf station (180 m bottom depth) off Møre in 1997 (see 
Fig. 27.1). 

4.2 Primary production 

Diatoms of the genera Chaetoceros, Thalassiosira and Skeletonema together with 
the flagellate Phaeocystis pouchetii usually dominate the phytoplankton spring 
bloom in fjords and coastal waters of western and northern Norway (Heimdal, 
1974; Braarud and Nygaard, 1980; Rey, 1993; Hegseth et al., 1995). During summer 
and in the autumn dinoflagellates of the genera Protoperidinium, Dinophysis and 
Ceratium become more abundant. When there is an autumn bloom, diatoms usu-
ally dominate the phytoplankton community again. The most common diatoms 
during autumn blooms are of the genera Chaetoceros, Skeletonema, Pseu-
donitzschia and Proboscia. 
 On the shelf between 62° and 72°N the annual primary production ranges be-
tween 90 and 120 g C m-2 y-1, lowest in the south and north and highest at middle 
latitudes. Average daily primary production from early March to early May ranges 
between < 0.2 g C m-2 d-1 in March to > 3.5 g C m-2 d-1 in May (Rey, 1981). 
 Nutrient concentrations, in coastal surface waters between 62° and 64°N peak in 
April (Fig. 27–010). The maximum nitrate concentrations in coastal water are 
lower than in Atlantic water, which is mainly because the water column over the 
shelf is permanently stratified and not prone to winter convection of nutrient rich 
water from greater depths. This means that the amount of nitrate available for new 
production (e.g. Rey et al., 1987) is about 8 μM in coastal water as compared to 
about 13 μM in Atlantic water (Fig. 27–010). 
 The timing and dynamics of the phytoplankton bloom are very different in 
Atlantic and coastal water (Rey et al., 1987; Skjoldal et al., 1987; Melle and 
Skjoldal, 1998). The development of a bloom is dependent of a stratified water 
column (Sverdrup, 1953). In Atlantic water stabilisation of the water column is due 
to the formation of a thermocline by atmospheric heating of the surface layer. On 
the continental shelf, where coastal water sits on top of Atlantic water, the water 
column is permanently stratified. Under such conditions the initiation of the bloom 
is triggered by increased solar irradiance towards the end of the winter. The shal-
lower the pycnocline, the earlier the bloom starts, because it takes less irradiance 
to promote net growth in the algae stocks. The shallowest pycnocline is found at 
the front towards Atlantic water, situated above the shelf edge. Therefore the 
bloom tends to start at the front. During periods of northerly winds, when the 
surface layer of coastal water is forced westward, the pycnocline is especially shal-
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low and the bloom correspondingly early. Over the shallow coastal banks the sea 
bottom will have the same effect as the pycnocline on the timing of the bloom. 
Also the freshwater layer in the fjords promotes an early bloom compared to At-
lantic water off-shelf. 
 

 

Figure 27.10   Nitrate concentrations (10 m) on a shelf and a shelf break station off Møre in 1997 (see 
Fig. 27–001). 

 The phytoplankton spring bloom usually starts in early April on the shelf at 
Møre (ca. 62–64°N), in late April off the shelf break at Møre (Fig. 27–011), and in 
the middle of May at Weather Station Mike in the Norwegian Sea (Fosså, 2002). In 
Atlantic water in the Barents Sea the bloom starts in the middle of May and on the 
continental shelf off northern Norway in early April (Rey, 1993; Melle and 
Skjoldal, 1998). The bloom in the northern Norwegian fjords usually starts in early 
April (Hegseth et al., 1995). Thus, latitudinal differences in the timing of the bloom 
are small compared to the differences between shelf and off-shelf waters. 

 

Figure 27.11   Nitrate (μM) and chlorophyll (μg l-1) on a shelf station (180 m bottom depth) off Møre in 
1997 (see Fig. 27–001). 
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4.4 Zooplankton 

During spring and summer more than 80% of the biomass of zooplankton in 
coastal water is Calanus helgolandicus and C. finmarchicus. C. helgolandicus is 
most abundant in the south, in southern Norwegian fjords and especially during 
late summer and in the autumn. C. finmarchicus is more abundant farther north 
(Wiborg, 1954; Melle et al., 1993). By numbers, however, the large C. finmarchicus 
only dominates the zooplankton community for brief periods during spring and 
early summer (Fig. 27–012). During late summer and autumn, when C. fin-
marchicus in off shelf waters descends for overwintering at depths of 500–2000 m 
(Østvedt, 1955; Heath et al., 2000b), the coastal stock is flushed off the shelf or 
wiped out by predation (Slagstad and Tande, 1996). The smaller copepods such as 
Oithona spp. and Microcalanus spp. and the omnivore Metridia spp. are the major 
contributors to zooplankton biomass during winter and late summer when C. fin-
marchicus has left the surface waters for overwintering (Fig. 27–012). During 
spring C. finmarchicus is recruited to the shelf waters from the overwintering areas 
off shelf and, probably, from fjord stocks (Ruud, 1929). It is not clear whether 
recruitment to the shelf occurs when C. finmarchicus is in adult or larval stages 
(Ruud, 1929; Slagstad and Tande, 1996). During spring Echinoderm larvae may 
dominate the shelf zooplankton community. The most abundant gelatinous zoo-
plankton species on the shelf is Aglantha digitale. Occasionally salps and southerly 
species of jellies, such as Apolemia uvaria (Fosså, 2002), may invade the coastal 
waters. During spring fish eggs and larvae may also be abundant members of the 
zooplankton community, especially on the spawning grounds of the large fish 
stocks (Fossum and Øiestad, 1991). 
 The contribution of euphausiids to the zooplankton biomass is often underesti-
mated due to the lack of proper sampling gears. The most abundant euphausiids 
on the shelf are Meganyctiphanes norvegica and Thysanoessa inermis (Melle et al., 
1993). On the shelf, M. norvegica has a two-year life cycle, while T. inermis proba-
bly has a one year life cycle (Melle et al., 1993; Einarson, 1945). They are both 
spawning on the shelf during spring (Melle et al., 1993). M. norvegica and T. iner-
mis are known to feed both on algae and copepods (Båmstedt and Karlson, 1998; 
Onsrud and Kaartvedt, 1998; Kaartvedt et al., 2002). 
 The female C. finmarchicus shed their eggs freely into the water masses (Melle 
and Skjoldal, 1989). The eggs sink about 30 m d-1, and at the temperatures prevail-
ing on the shelf during spring most of them may reach the bottom before hatching 
(Melle and Skjoldal, 1989; Knutsen et al., 2001). It is not clear how this may influ-
ence the recruitment success of C. finmarchicus on the shelf compared to its natu-
ral habitat in the deep waters of the Norwegian Sea (Melle, 1998). In coastal 
waters and in the Barents Sea shelf waters there is a close relationship between the 
spawning of the first generation of eggs of C. finmarchicus and the phytoplankton 
spring bloom (Diel and Tande, 1992; Melle and Skjoldal, 1998). The initiation of 
egg production in C. finmarchicus is earlier on the shelf than in off-shelf waters 
(Melle and Skjoldal, 1998), a feature explained by water mass stabilisation and 
phytoplankton bloom dynamics. 
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Figure 27.12   Relative abundance of zooplankton species at a shelf station (180 m bottom depth) off 
Møre in 1997 (see Fig. 27–001). 

 C. finmarchicus on the shelf produces three generations or more in the south 
and possibly only one in the north (Wiborg, 1954). The first generation on the shelf 
off Møre recruits into the first copepodite stage in the beginning of May (Fig. 27–
013). Two generations are produced on the shelf off Møre (Fig. 27–013). 
 The zooplankton biomass on the shelf in May varies from year to year and from 
1998, onwards, a declining trend has been observed (Fig. 27–014). While variations 
of zooplankton biomass in the off shelf waters are correlated with the North Atlan-
tic Oscillation winter index (Melle et al. 2003), no correlation between climate 
indices and zooplankton biomass has been found on the shelf. 
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Figure 27.13   Abundance of Calanus finmarchicus on a shelf station (180 m bottom depth) off Møre in 
1997 (see Fig. 27–001). Copepodite stages 1–6 (C1-C6), male and females. 
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Figure 27.14   Average zooplankton biomass in May in Norwegian coastal water. Error bars: 95% 
confidence limits. (After Melle et al., 2003). 

4.4 Fish 

In 2000 the annual catch of fish and shellfish in the Norwegian and Barents Seas, 
including the Norwegian shelf, was about 4 mill tonnes pelagic fishes, 1 mill tonnes 
demersal fishes and 30 000 tonnes crustaceans and scallops (Iversen, 2002). The 
most important species in the catches are cod (0.4 mill tonnes), herring (0.8 mill 
tonnes), blue whiting (1.4 mill tonnes), capelin (0.5 mill tonnes), and shrimps (83 
000 tonnes) (Iversen, 2002). 
 After a period of low stock size in the late 1970’s and 1980’s the Northeast Arc-
tic cod stock recovered during the 1990’s (Iversen, 2002). Recently another fall in 
stock size has occurred in spite of improved assessment tools and experience. At 
present the stock has increased somewhat from a minimum below 1.5 mill tonnes. 
It is not clear to what extent the variations in stock size are due to fishery or envi-
ronmental variability (Hamre and Hatlebakk, 1998; Ottersen and Loeng, 2000). 
 The main nursery areas of cod are located in the Barents Sea. They spawn along 
the coast from 60–70°N, and the most important spawning area is the Lofoten area. 
In the Lofoten area the median spawning date for cod is 1 April, and they spawn in 
the transitional layer between coastal and Atlantic water at more than 100 m 
depth, and always in water close to 4°C. The eggs are positively buoyant and are 
soon found in the wind mixed layer (Sundby, 1991). After hatching the larvae start 
feeding on nauplii of C. finmarchicus (Ellertsen et al., 1989). During larval and 
post-larval development, the recruits drift northwards into the Barents Sea, feed-
ing on progressively older developmental stages of C. finmarchicus (Helle, 1994). 
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 Differences in year class strength in cod are large (Fossum and Øiestad, 1991), 
and the factors determining year class strength are largely unknown. However, 
from numerous investigations during the 20th century, we have learned that re-
cruitment in cod is good when larvae are advected into the Barents Sea, the timing 
of the first feeding event of the larvae matches the production of C. finmarchicus 
nauplii, growth during the post-larval stage is good and the abundance of preda-
tors, including older year classes of cod, in the nursery area is low (Fossum and 
Øiestad, 1991; Sundby et al., 1989, Hamre and Hatlebakk, 1998, Ottersen and 
Loeng, 2000). 
 After the collapse in the stock of Norwegian spring spawning herring during the 
late 1960’s, more than twenty years went past until the stock recovered during the 
late 1980’s, and the adult stock resumed its feeding migration into the central and 
western Norwegian Sea (Dragesund et al. 1997). At present the spawning stock of 
herring, some years more than 10 mill. tonnes, overwinters in a single fjord in the 
Vestfjorden area, northern Norway, from October to February (Slotte, 1998). The 
herring spawn benthic eggs in March and April on several spawning grounds situ-
ated on the coastal banks between 58–68°N, the most important ones being off 
Møre. The main hatching period is late March and early April. From April to July 
the herring larvae are found drifting with the Norwegian coastal current and the 
shelf break arm of the Norwegian Atlantic current into the nursery areas in the 
Barents Sea. The main food of herring larvae is eggs and nauplii of Calanus fin-
marchicus. After 3–5 years the adolescent herring leave the Barents Sea and join 
the adult part of the stock during its summer feeding migration to the Norwegian 
Sea. Recruitment success seems to vary with the same environmental factors as 
mentioned for the cod stock (Slotte, 1998; Ottersen and Loeng, 2000, Toresen 
2002). Recruitment success in herring is extremely variable, which means that 
fishery will be strongly dependent on the rich year classes typically occurring every 
tenth year or so. In some years, such as 1983, exceptionally strong year classes of 
both cod and herring are produced. 

5. Conclusions 

Many similarities, but certainly also differences characterise the three shelf sys-
tems. Nowhere in the world is the climate as warm at such high latitudes. The 
reason is a continuous inflow of warm Atlantic water into the Nordic Seas. This 
inflow affects the biological processes, diversity and production substantially. 
 The shelf systems are characterized by large seasonal differences in the produc-
tivity of phyto- and zooplankton. However, due to the different hydrographic 
features, the timing of the spring bloom is different on the three shelves. Due to 
coastal water overlaying Atlantic water, the water column on the Norwegian shelf 
to a large extent is permanently stratified, mainly at the shelf break front. Over the 
coastal banks bottom depth is less than 200 m, and the spring bloom tends to start 
at the shelf break front and over the banks. The spring bloom on the Norwegian 
shelf usually starts in early April. 
 On the Icelandic shelf freshwater runoff from land similarly is important for the 
formation of a pycnocline, particularly off the south and west coasts. On the north-
ern and eastern shelves, the timing and magnitude of the spring bloom may de-
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pend more on the variability in the influx of Atlantic and Polar Water to the 
northern and eastern regions rather than freshwater runoff from land. 
 On the Faroe shelf, however, the water column is usually mixed due to very 
strong tidal currents and practically no stratification occurs. The depth of the 
mixed layer is therefore equal to the bottom depth (70–80 m in average). The 
timing of the spring bloom is highly variable between years and occurs in most 
years in early-mid May. 
 Outside the shelves the spring bloom depends on development of summer 
thermocline. This usually occurs around mid May in most areas. However, in areas 
seasonally covered by sea ice, water column stabilisation, and therefore spring 
bloom development, may depend on ice melting and halocline formation. Gener-
ally, this occurs earlier than thermocline formation due to warming of surface 
water. 
 The timing of the secondary production depends highly on the primary produc-
tion and usually zooplankton production starts significantly earlier on the shelves 
than in the Atlantic water offshore. The species composition on the shelves is quite 
similar during spring and summer, with a mixture of neritic and oceanic copepods 
and meroplanktonic larvae. During spring and early summer the most important 
single species is the oceanic copepod Calanus finmarchicus that is advected onto 
the shelves from offshore. Although pre-bloom reproduction certainly occurs in 
this species, its fecundity largely depends on food availability. On all three shelves 
the spring spawning starts earlier on the shelf than farther out, and this is most 
likely due to the earlier onset of primary production on the shelves. C. fin-
marchicus is most abundant during spring and early summer. In summer and au-
tumn the part of the stock that is not demised by predation is flushed out of the 
shelves, where the animals descend into deep cold water for diapause. After this, 
the zooplankton community on the shelves may be characterized by smaller cope-
pods such as Oithona spp., Microcalanus spp. and Pseudocalanus spp. 
 Sedimentation of phytoplankton onto the seabed is seasonal, depending on the 
new primary production and grazing. The new primary production occurs mainly 
during the spring bloom and this time of the year has the highest potential for 
input of organic material to the sediments. Furthermore, the dominant algae of the 
spring blooms are large fast-sinking diatoms. High zooplankton grazing and strong 
pycnoclines may, however, postpone or prevent increased vertical losses (Wass-
mann, 1998). Large overwintering stocks of copepods may control the accumula-
tion of phytoplankton biomass during the spring bloom (Bathmann et al., 1990). 
Also the timing of copepod seasonal cycles and the onset of the bloom are impor-
tant for the fate of the vernal bloom in the Nordic seas and the adjacent shelves i.e. 
sedimentation or retention in the upper layer. 
 All three shelves show long-term variations in production and biomass of plank-
ton and nekton. These changes do not necessarily co-fluctuate, but often they do. 
Cod, which is a main demersal fish species on all three shelves, show fluctuation in 
reproduction and growth that may largely be influenced by local environmental 
factors (e.g. advection of larvae temperature, and food availability). Cod stocks on 
all three shelves have their main spawning grounds in areas that are assumed to be 
main areas for invasion of C. finmarchicus in spring, and in all three regions C. 
finmarchicus eggs and nauplii are shown to be the principal food items for the first 
feeding cod larvae (Thorisson, 1989; Fossum and Øyestad, 1991; Gaard and Stein-
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grund, 2001). Recruitment and growth in all three regions may be affected by 
hydrographic factors. High inflow of warm Atlantic water north of Iceland and 
into the Barents Sea seems to affect cod growth and recruitment positively. For 
instance, years with high inflow of warm water north of Iceland seems to result in 
high primary production, high secondary production, and high cod growth rates 
through high production of capelin, which is its principal food item (Astthorsson 
and Vilhjalmsson, 2002). Similarly high inflow of warm water to the Barents Sea 
seems to coincide with good conditions for survival and transport of larval fish and 
zooplankton (Rey et al., 1987; Skjoldal et al., 1992). On the Faroe shelf a clear 
relationship between primary production and cod recruitment and growth has 
been identified (Gaard et al., 2002; Steingrund and Gaard, 2003). In that system 
sandeel is the principal food item for cod and haddock. Production in the system 
seems to be vulnerable to variable exchange rates of the shelf water. 
 The shelf systems, described in this chapter, are vulnerable to short term hydro-
graphic and ocean climate variability. Therefore we cannot discount that extensive 
ecological alterations would follow a future global change in climate. There may be 
evidence of decreasing thermohaline ventilation in the Nordic Seas following re-
cent years surface temperature increase (Hansen et al., 2001). If that should hap-
pen in the future, the ocean climate on the Iceland, Faroe and Norwegian shelves 
may change considerably, since ventilation of deep-water formation is regarded as 
a driving force for the Atlantic inflow to the region. 
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1. Introduction 

Key words usually used to characterize the environment of the Laptev and East 
Siberian seas are: shallow, ice-covered, and extremely cold. However, the Arctic 
bitter cold and heavy ice could not stop the first polar explorers from discovering 
and describing for us that wonderful and rich world. Russian Cossacks, followed by 
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navy officers and hydrographers, explored the Arctic seas, no doubt with the main 
aim to discover new lands, new transport routes, to annex new territories to the 
Russian Empire, and they described the environment of the seas, coasts, and is-
lands. They left their names on the maps and charts and on the many graves, which 
were scattered along the coast. Besides the Russians, the eastern Arctic seas were 
explored by the Sweden (Nordenskøeld, Vega, 1878–1879), American (De Long, 
Jannette, 1879–1881), and Norwegian (Nansen, Fram, 1893; Amundsen, Maud, 
1922–1924) polar expeditions. 
 The Soviet Union organized many interdisciplinary polar expeditions after the 
Great October Revolution. The main purposes were to ensure a security of naviga-
tion through the Northern Sea Route and to explore mineral resources. Many 
stationary observatories and scientific stations were founded on the coasts of the 
Arctic seas. The main efforts were focused on ice studies in conjunction with hy-
drographic conditions. Physical, chemical and biological properties of ice and 
water column were studied intensively. The observations obtained became a foun-
dation for future studies. Many famous Russian (soviet) professors published a 
great number of papers and books concerning hydrography, climate, ice condi-
tions, bottom sediments and biota in the Arctic seas and in the Eastern sector in 
particular at that time (see the reviews in the Problems of the Arctic and Antarctic, 
Vol. 70, 1995). 
 The studies of the Laptev and East Siberian seas were continued after the Sec-
ond World War. The Golden Era of Russian Arctic research was from 1950 till 
1990. Two or three expeditions worked in each sea every summer and winter. 
These were, so called, Ice Patrols at sea in summer, the airborne expeditions Sever 
in winter, and ice camps all year round. Unfortunately, it is not possible to describe 
these expeditions as interdisciplinary because oceanographers, biologists and ge-
ologists explored the seas separately. The Arctic and Antarctic Research Institute 
(AARI) studied sea ice, hydrometeorological conditions, and some nutrients as 
indicators of water mass origin, and to monitored pollutants distributions. Zoo-
logical and Biological Institutes (ZIN and BIN) and Shirshov Institute of Ocean-
ography of the Russian Academy of Science studied biological processes. The All-
Union Research Institute for Geology and Mineral Resources of the World Ocean 
(VNIIO) studied bottom sediments and geological processes. But, unfortunately 
inter-institutional cooperation was not a priority. There were many examples, 
when biologists or geologists tried to explain their own interesting findings by 
complexity of oceanography and regretted that appropriate observations had not 
been collected. Nevertheless, the Russian scientific community has a long tradition 
in working on the Eurasian shelf seas because of oil, gas and mineral resources 
found there and the economic advantages of the Northern Sea Route. Relevant 
institutions have accumulated a tremendous amount of experience in Arctic re-
search. Much data and numerous papers about the Siberian shelf seas have been 
published, but they have appeared primarily in Russian reports or journals, which 
have not easily been available for the Western world. These areas were closed to 
international exploration for a number of decades. 
 Actually, real interdisciplinary studies at the Eastern shelf began ten years ago, 
thanks to international cooperation. Very interesting new results were obtained in 
the international expeditions SPASIBA (1989–1991). Multidisciplinary team stud-
ied river influx into the Laptev Sea and then published their results in a special 
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volume of the Marine Chemistry. The Russian-German ESARE (1992) expedition 
operated in the eastern part of the Laptev Sea in winter (Dethleff et al., 1993). The 
great progress in interdisciplinary studies in the Laptev Sea was achieved owing to 
the bilateral research project Laptev Sea System (1993–2003) that was aimed to the 
interpretation of paleoclimatic records in conjunction with the study of modern 
processes for better understanding and prediction of the Arctic System (Thiede et 
al., 1999). The project comprised marine and terrestrial observations as well as a 
suite of modeling experiments and theoretical considerations. Ten expeditions to 
the inner Laptev Sea in the frame of the multi-disciplinary research program were 
carried out. These expeditions were accompanied by both RV Polarstern cruises 
and the land-based Lena-Yana expeditions (Fütterer, 1994; Rachor, 1997; Ra-
chold, 1999). Some of them were unique. For example, the expedition TRANS-
DRIFT III (1995) aboard the icebreaker Kapitan Dranitsyn focused on processes 
which occur during the extreme change from the ice-free conditions in late sum-
mer to the onset of freeze-up during autumn (Kassens et al., 1997), and the 
TRANSDRIFT IV (1996) expedition studied the Lena River break-up and its 
influence on the environmental system of the Laptev Sea (Kassens et al., 1998). 
For the first time, a major comprehensive research program combined the efforts 
of many Russian and German institutions and addressed both oceanic and terres-
trial processes, and their consequences for marine and terrestrial biota, landscape 
evolution as well as land-ocean interactions. Extensive studies of the atmosphere, 
sea ice, water column, and sea-floor on the Laptev Sea Shelf, as well as of the 
vegetation, soil development, carbon cycle, permafrost behavior and lake hydrol-
ogy were performed during the recent years (Thiede et al., 1999). 

2. Geographical location, bottom topography, climate, ice, river run-off,  
key physical processes 

2.1. Geographical location and bottom topography 

The Laptev and East Siberian seas are marginal open seas of the Arctic Ocean and 
occupy the central and eastern parts of the vast Siberian (Eurasian) shelf, which is 
the broadest one on Earth (Fig. 28.1). Northern boundaries of the seas are conven-
tional. That is why the Laptev Sea includes the continental slope and a part of the 
deep Arctic Basin, while 72% (Timokhov, 1994) of the sea is located on the ex-
tremely shallow shelf. The total area of the sea is 662,000 km2 (Atlas of the Arctic, 
1985). The East Siberian Sea shelf makes up 96% of the sea area (913,000 km2). 
Both of the seas are located within the Polar Circle. The coastal line is indented 
with many gulfs. The largest of them are Khatanga, Anabar, Olenek, Buor-Khaya, 
Yana gulfs in the Laptev Sea, and Khroma, Indigirka, Kolyma and Chauna gulfs in 
the East Siberian Sea. 
 The Laptev Sea shelf is very shallow. Depths less than 50 m dominate over the 
southern part of the shelf. Submarine valleys are the main and very important 
relief features of the sea because they control water mass redistribution and sedi-
mentation rate. They comprise a series of depressions 25–45m in depth. A vast 
shoal (bank) separates the Lena and Yana underwater valleys in the eastern part 
of the Laptev Sea. This shoal comprises the remains of eroded and recently sub-
merged islands. The islands were mapped and named only a little more than one 
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hundred years ago (Zigarev and Sovershaev, 1984). This is an example of the in-
tensive erosion of the shore, which is an object of interdisciplinary studies nowa-
days (Are, 1999; Are et al., 2002). 

 

Figure 28.1   Geographical boundaries and bottom topography of the Laptev and East Siberian seas. 
Thin solid lines with numbers indicate isobaths according to IBCAO (International Bathymetric Chart 
of the Arctic Ocean) bathymetry data (Jakobsson et al., 2000). Thicker solid lines show conventional 
boundaries of the seas according to the Atlas of the Arctic (1985). Coastlines and bathymetry were 
taken from the Ocean Data View software (Schlitzer, 2002). 

 The East Siberian Sea floor is a smooth plain dipping gently to the north and 
east. The shelf break occurs at the water depth of 50–60 m as far as 350–400 km 
from the coast. The submarine valley of the Indigirka River stretches northward in 
the western part of the sea. The relatively narrow and deep underwater valley of 
the Kolyma River extends along the Siberian coast and turns northward as it wid-
ens near Wrangel Island. 

2.2. Climate 

The severe arctic climate of the seas is characterized by a long and extremely cold 
winter (mean January air temperature is up to -32 °C) and a short and rather cold 
summer (mean August air temperatures are from 0 to 5 °C). Cyclones visit this 
region rarely in winter, and they are not active and deep. An average wind speed 
over the seas is about 5 m s-1. The region is calm even in summer when atmospheric 
circulation is weak with storms occurring for two or three days per month. Cloudi-
ness is slight in winter, but it usually covers the entire sky in summer. The precipi-
tation rate is low, 150–300 mm per year with most of the precipitation falling in 
summer. The relative humidity is rather high, 95–98% so fogs are quite frequent, 
especially in the ice-covered regions (Timokhov, 1994; Pavlov, 1998). 

2.3. Ice conditions 

Sea ice influences the climate, oceanography, biology as well as the geology of the 
area to a high degree. Ice significantly reduces the heat flux between ocean and 
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atmosphere; through its high albedo it has a strong influence on the radiation 
budget. It controls the thermohaline circulation driven by ice formation and melt-
ing. Sea ice is a key geological agent in the Arctic, it transports large amounts of 
the sediments incorporated into the ice in the shelf area (Pfirman et al., 1990; Lin-
demann et al., 1999). Sea ice cover is one of the most sensitive expressions of the 
modern climate regime with its extreme seasonal fluctuations being a good indica-
tor of potential instability (Thiede, 1996). 
 New ice formation depends on hydrometeorological and ice conditions present 
at the beginning of the fall. The dates of the onset of freezing vary dramatically; ice 
can be formed even in summer among the remaining ice patches. As a rule, new 
ice appears at the edge and among the existing ice floes, in shallow near shore 
areas and estuaries. It means that freeze-up starts both from the north and south of 
the seas at the same time. Autumn storms play a key role in ice formation. Strong 
winds induce a vertical mixing and a rapid cooling of the surface layer. Ice forma-
tion is more intensive and occupies larger areas after the storms. Air temperature 
and hydrographic conditions, which are changing in space and time, control the ice 
growth. At the end of winter, ice thickness reaches 2 m (Zakharov, 1996). The 
shallow parts of the seas (depth less than ca. 20 m) are covered by fast ice. The 
width of the fast ice depends on bottom topography and is controlled by offshore 
winds (Zakharov, 1966; 1996). A perennial polynya, hundreds of kilometers wide, 
borders the very smooth fast ice (Fig. 28.2). In this body of open water, rapidly 
forming ice is continuously advected offshore, making the Laptev Sea the single the 
major ice factory for the Arctic Ocean and Transpolar Drift (Reimnitz, 1994). Ice 
outflows from the Laptev and East Siberian seas are 540 and 150 km3 respectively 
(Timokhov, 1994). With summer warming, this winter factory turns into an area of 
heat gain, aiding the retreat of the ice edge to a much higher latitude and greater 
distance (500 km) from the mainland than in the Beaufort Sea (Reimnitz et al., 
1993; Reimnitz, 1994). The fast ice massifs thaw at the same places where they 
have been formed. A huge amount of ice, comparable with the riverine freshwater 
influx, melts in the seas in summer (Zakharov, 1996; Rigor and Colony, 1997). 

 

Figure 28.2   Location of the Great Siberian polynya in the Laptev and East Siberian seas according to 
Zakharov (1996). 
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2.4. River run-off 

Pulsing river run-off impacts the seas. This freshwater input together with melt 
water from the sea ice is of critical importance in influencing the circulation pat-
tern, ecosystem, sediment dynamic, and geochemistry of the seas. The most impor-
tant contributors are the Siberian rivers Lena (520 km3), Khatanga (105 km3), 
Anabar (25.2 km3), Olenek (40 km3), Yana (37.5 km3), Indigirka (56.7 km3), 
Alazeya (10.2 km3), and Kolyma (102 km3) (Atlas of the Arctic, 1985; Ivanov and 
Piskun, 1999). Total river run-off is estimated to be about 1000 km3 per year. These 
rivers transport millions of tons of dissolved and particulate material (i.e., chemical 
elements, nutrients, siliciclastic and organic matter, etc.) onto the shelf where it is 
accumulated or further transported by different mechanisms (sea ice, icebergs, 
turbidity currents, etc.) (Stein et al., 2001). The river influx changes dramatically in 
seasonal circles. Small, medium, and even some branches of the large rivers are 
completely frozen down to the bottom in winter. From 70 up to 95% of the river 
influx occurs during a short Arctic summer (Ivanov and Piskun, 1995). 

2.5. Water circulation 

The surface circulation pattern is extremely variable in the shallow Laptev and 
East Siberian seas both in summer and in winter, and it is intimately connected 
with atmospheric processes. In spite of large mesoscale variability in surface cur-
rents caused by changes in the wind field, it is possible to identify permanent cur-
rents in the seas. In general, a very slow counterclockwise (cyclonic) water 
circulation is observed at the surface of the seas in summer (Pavlov, 1998). There 
are more or less permanent coastal currents directed eastward along the shore. 
Very little is known about the currents in the Intermediate and Bottom Structural 
Zones. 

2.6. Waves 

Wave heights are usually small along the navigation route in the Laptev and East 
Siberian seas. Ice cover, shallowness, and strong density stratification inhibit wave 
development. Steep short waves with a height of less than 1.5 m are most common. 
Heavy storms are unusual events for this region, however, strong eastern winds 
can generate waves with a height of more than 3 m in late September when the ice 
edge retreats far to the north and the southern parts of the seas are free of ice 
(Timokhov, 1994; Pavlov, 1998). 

2.7. Tides 

Semidiurnal tides prevail in the Laptev and East Siberian seas. The tides are in-
duced mainly by waves coming from the Arctic Basin. The tidal waves strongly 
deform and gradually attenuate in the shallow shelf due to a large difference of 
depth at the continental slope. The tidal range decreases from 1.5 m in the north 
(near the New Siberian Islands and Wrangel Island) to 0.1m near the coast of 
mainland. So, as a rule, the tidal range is very small at the shore. Tidal current 
velocities are usually less than 0.2 m s-1. However, there are some exceptions. Ac-
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cording to Earth’s rotation, the tidal waves deviate to the right from the direction 
of propagation that induces an increasing tidal range along the western coasts of 
these seas. Tidal range increases up to 2.5 m near the entrance of the Khatanga 
Gulf (the western part of the Laptev Sea). Enhanced tidal range is observed in the 
western part of the East Siberian Sea near the Sannikov and Dmitry Laptev Straits 
(Timokhov, 1994). 

2.8. Surges 

Sea level fluctuations caused by surges are very common along the coast of the 
seas. Surges increase sea level up to 2 m and more. The wind surge effect is in-
versely proportional to depth. The largest surges are observed in shallow regions 
of the eastern Laptev Sea and in the Kolyma estuary. Their ranges are five to 
twenty times greater than tidal fluctuations of sea level. Surges decrease to the 
north along the coasts of islands and the mainland. The sea level fluctuations 
caused by surges are a little more than 1m at the coasts of the Taymyr Peninsula 
and the New Siberian Islands but they exceed the tidal range there nevertheless 
(Timokhov, 1994; Pavlov, 1998). 

3. Water column structure 

A clear understanding of a water body structure is necessary for modeling and 
prediction of entire sea ecosystem. It was mentioned earlier that there are thermo-
haline, hydrochemical, biological, and other structures. It is now obvious that a 
water column has only one structure, and it should be studied in a interdisciplinary 
manner, combining physics, chemistry, geochemistry and biology. 
 As a result of changeable hydrometeorological, ice, and biological conditions, a 
multilayered and mosaic water column structure is formed in the Laptev and East 
Siberian seas. Water mass (a volume of water having common formation history 
(Tomczak, 1999) and possesses for a long time almost constant and continuous 
distributions of physical, chemical, and biological characteristics, constituting a 
united complex (Dobrovolsky, 1961)) is a basic element of the water column. Wa-
ter masses with different properties are formed in the same regions of the seas 
during different seasons. Small volumes and a short life span characterize the wa-
ter masses in the shallow Arctic seas. A great number of water masses could be 
separated into several types according to their position in the structural zones, and 
the place, and time of their formation. 
 The water column in the seas can be subdivided vertically into three structural 
zones, namely: Surface, Intermediate and Bottom. The structural zones consist of 
water masses appurtenant to corresponding types (surface, intermediate and bot-
tom). Transport and transformation of substances, including nutrients and con-
taminants, in these structural zones occur in different ways. 

3.1. Surface Structural Zone (SSZ) 

The SSZ is the most active area where energy and material is transformed by in-
teractions between sea, ice, and atmosphere, and is a region where biological proc-
esses are very important. It is the most dynamic as well because of its own 
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characteristics change during the annual cycle and the movements of water masses 
caused by winds, tides, gravity, and the Earth’s rotation. The thickness of the SSZ 
in the well-stratified seas is usually 5–10 m and changes seasonally. 
 Two different regions in the Laptev Sea can be distinguished according to tem-
perature and salinity distributions, and chemical and biological properties of the 
surface water masses. River plumes occupy the southern and eastern regions of the 
sea while the Arctic Basin influences the northwestern part of the sea. It is consid-
ered that the silicate distribution at the surface (Fig. 28.3a) is a good indicator of 
the river plume in summer (Rusanov et al., 1979). The 10 μmol l-1 silicate isoline is 
accepted to be a boundary of the river plume that is also characterized by low salin-
ity (less than 25), low oxygen saturation (95 – 100%), and high concentrations of 
suspended matter (0.5–0.8 mg l-1 at the outer shelf and up to 70 mg l-1 near the Lena 
River Delta). They can be distinguished by many other physical, chemical and 
biological properties (e.g. water color and smell). Bottom sediment composition 
and distribution of benthic species reflect an average location of the river plume. 

 

Figure 28.3   Averaged silicate (μmol l-1) distributions at the surface of the Laptev and East Siberian 
seas in summer (August-September) (a), and in winter (March-May) (b) for the years 1922–2000. Thin 
solid lines with numbers indicate isolines of silicate concentrations. High silicate concentrations at the 
surface of the seas in summer indicate a riverine influence. Black points show locations of the oceano-
graphic stations data of which were used for averaging and gridding. Data source is the US-Russian 
Hydrochemical Atlas of the Arctic Ocean (Colony et al., 2002). Windows at the lower left corners of 
the maps show temporal distributions of the stations. Ocean Data View software (Schlitzer, 2002) was 
used for gridding and map construction. 
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 According to the silicate distribution (Fig. 28.3a), the East Siberian Sea is influ-
enced by river run-off to a high degree too. The Kolyma River plume is visible on 
the map, however huge amounts (ca. 250 km3) of fresh water are imported from 
the Laptev Sea. 
 Nitrate and phosphate are almost consumed in the SSZ in summer. Nitrate 
concentrations are near zero in the both parts of the Laptev Sea though phosphate 
concentrations range between 0 and 0.2 μmol l-1. Increased nitrate (up to 1 μmol l-1) 
and phosphate (up to 0.5 μmol l-1) concentrations can be observed near river 
mouths in summer. 
 Ice margins are special regions where surface water masses are characterized by 
extremely high oxygen saturation (more than 120%), and pH, and alkalinity 
anomalies caused by continuous phytoplankton bloom. These regions are of great 
ecological significance because of high primary production and special conditions 
for marine inhabitants. However it should be noted that the geographical location 
of an ice margin changes dramatically in summer. 
 The SSZ is enriched by nutrients in winter as a result of mixing with intermedi-
ate waters. An average silicate concentration at the sea surface in winter is higher 
than in summer (Fig. 28.3). Water-cooling and the brine injection accompanying 
ice formation cause deep convection, which increases the thickness of the surface 
mixed layer. The convection is able to destroy the halocline in some shallow re-
gions and penetrate down to the bottom. In this case bottom sediments and nutri-
ent rich pore waters are involved in the effects of mixing. Winter water masses 
formed under fast ice, in polynya, and under drift ice are characterized by different 
physical, chemical and biological properties. A polynya is a natural ventilator for 
the seas, and their water masses are very well saturated by oxygen since ice does 
not hinder gas exchange between sea and atmosphere. 

3.2. Intermediate Structural Zone (ISZ) 

The ISZ in the shallow Arctic seas consists of just the halocline, a layer up to 20 m 
of thickness with strong salinity gradients. It has a multi-layered structure itself and 
consists of water masses of different origin. Data of the summer oceanographic 
surveys show that it is possible to recognize in the halocline the intermediate water 
masses, which have been formed in winter, in spring, and in summer according 
their temperature and chemical properties. Extremely low temperature (less than -
1.5 °C) is a distinguishing characteristic of the intermediate winter water masses. 
The intermediate spring water masses are characterized by low temperature 
(sometimes less than -1.0 °C), very low nutrient concentrations, and high oxygen 
saturation (more than 100%). An intermediate oxygen maximum indicates the 
location of the spring water masses, which are formed at the surface of the sea 
before ice melting. The intermediate summer water masses are characterized by 
relatively high positive temperatures (up to 5 °C), low nutrient concentrations, and 
sufficient oxygen saturation (up to 95%). They are formed at the surface and pene-
trate to the intermediate depth at the frontal zone that separates the river plume 
from surrounding water masses. An intermediate temperature maximum is a re-
markable feature of the river plume region in the late summer and autumn when 
the surface mixed layer is cooled. 
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3.3. Bottom structural zone (BSZ) 

Many different types of water masses can be distinguished in the BSZ according to 
their physical, chemical and biological properties. For example, stagnant bottom 
water masses are formed in the river plume areas of the Arctic seas under fast ice 
in winter. Low temperature (-1.2 – -1.5 °C), extremely low oxygen saturation (30–
50%), and high nutrient concentrations characterize them. The intensive influx of 
riverine organic matter and limited ventilation are the reasons for the oxygen 
deficit. In winter, the fast ice prevents gas exchange with the atmosphere; in sum-
mer, the halocline insulates the bottom water masses from the surface waters. In 
the BSZ of the Buor-Khaya Bay (the Laptev Sea), even hydrogen sulfide has been 
found in certain years and these conditions negatively affect the benthic commu-
nity (Sidorov and Gukov, 1992). Generally, the water masses accumulate in small 
pits, underwater valleys, and other seabed depressions where advective ventilation 
is suppressed. They are not really stagnant water masses. When the water masses 
overfill the seabed depressions, they spread according to their density and can 
penetrate into different structural zones. Oceanographic transects across underwa-
ter valleys in the Laptev seas showed that, as a rule, the water masses spread to-
ward the shelf edge along the eastern slopes of the valleys as a result of the Earth’s 
rotation (Fig. 28.4). Two different water masses can be found at the same depth in 
the Bottom Structural Zone in the underwater valley. They spread in opposite 
directions. The data obtained during the Russian-German multidisciplinary expe-
dition TRANSDRIFT-V in the Laptev Sea in the summer 1998 (Kassens et al., 
1998) allowed us to trace the stagnant bottom water masses from the region of 
their formation to the continental slope (Fig. 28.5). Strikingly, there is a possibility 
of upwelling of these nutrient rich water masses near the shelf break. According to 
their density, the bottom water masses first rise to the Intermediate Structural 
Zone and then to the Surface Structural Zone where physical, chemical, and bio-
logical properties of the water masses change rapidly. The remains of these nutri-
ent rich bottom water masses, after such transformation, serve as an additional 
source of nutrients for phytoplankton in the ice marginal zone where nutrients are 
completely consumed in summer. 
 In the East-Siberian Sea, oxygen-depleted bottom water masses also settle in 
depressions on the sea floor. However, the mechanism of their formation has not 
been adequately studied yet. It is possible that the organic matter that consumes 
the bottom-layer dissolved oxygen enters the sea from the Pacific Ocean through 
the Chuckhi Sea or it is produced in large quantities at the shelf and at the edge of 
the drift ice. Bottom water masses of this type are denser than the stagnant bottom 
water masses in the Laptev Sea. They spread from the regions of their formation 
and penetrate into the Intermediate Structural Zone of the Canadian and Makarov 
Basins as a part of a very complex assembly of the Pacific waters. Physical, chemi-
cal and biological properties of the Pacific water masses are preserved in the ISZ 
for a long time. That allows tracing them from the Chukchi Sea up to the Fram 
Strait (Rusanov et al., 1979, Jones et al., 1991, Jones et al., 1998). 
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Figure 28.4   Silicate (μmol l-1) (a), phosphate (μmol l-1) (b), and oxygen (ml l-1) distributions in the 
transect across the Lena underwater valley in the Laptev Sea. RV Polarstern, RK14/1b, 10–11 Septem-
ber 1998. High nutrient concentrations and low oxygen concentrations near the bottom indicate a 
location of the stagnant bottom water masses. 
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Figure 28.5   Potential temperature (°C) (a), salinity (b), silicate (μmol l-1) (c), density (SIGMAT) (d), 
oxygen (ml l-1) (e), and phosphate (μmol l-1) (f) distributions in the transect across the continental slope 
in the Laptev Sea. RV Polarstern, ARK14/1b, 05–08 September 1998. 
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4. Sources and present-day transport pathways of dissolved and particulate mat-
ter on the Laptev Sea and East Siberian Sea shelves 

During the last few decades a number of interdisciplinary research projects 
(SPASIBA, Laptev Sea System, Laptev Sea System - 2000; Ecology of the Mar-
ginal Seas of the Eurasian Arctic) have focused on the study of modern environ-
mental processes and the Late Quaternary paleoenvironmental history of the 
Laptev Sea. Overviews of the results have been published in a number of articles 
and books (Martin et al., 1993, Kassens et al., 1995; Kassens et al., 1999). In con-
trast only little information has been published for the East Siberian Sea. Thus, 
this chapter focuses mainly on the scientific results that were obtained in the Lap-
tev Sea. 
 Recently published articles on modern environmental processes in the Laptev 
Sea were mainly addressed to two major issues: (1) the transport processes and 
pathways of dissolved and particulate substances across the shelf, and (2) the im-
portance of shelf processes for the modification of chemical constituents, especially 
organic carbon. The main aim of this chapter is to summarize the new results of 
the scientific research connected to these issues and to give an overview of the 
transport processes that are unique for shallow Siberian shelf seas, which are ice-
covered for nearly ten months a year. 

4.1. Input, transport and deposition of sediments, organic carbon  
and trace elements 

Paleoenvironmental reconstructions revealed that the modern depositional envi-
ronment of the Laptev Sea was probably established no earlier than 5000 yr B.P., 
after the Holocene sea level highstand was reached (Bauch et al., 2001a). On the 
inner shelf of the Laptev Sea total sediment input has remained rather constant 
since about 4000 yr B.P. (Bauch et al., 2001b). The inundated areas now form large 
shoals that are covered by relict and palimpsest sandy sediments (Gukov, 1999; 
Klenova, 1962). Recent sediment deposition on the inner and central shelf has 
been mainly connected to depressions in shelf topography. But even in the depo-
center near the major outlet of the Lena River, the average sedimentation rate of 
the last 5 ka was not higher than 30 cm/ky (Bauch et al., 2001b). 
 Modern sedimentary environments of the Laptev and East Siberian seas are 
controlled by sediment input from rivers (reviewed in Gordeev, 2000), and coastal 
and seafloor erosion (Are, 1999). In particular, the riverine input to the Laptev 
and East Siberian seas is characterized by a strong seasonal variability with a 
maximum discharge of freshwater and sediments during June (Ivanov and Piskun, 
1999; Pivovarov et al., 1999). Gordeev (2000) estimated a total riverine input of 
25.1·106 t a-1 of suspended matter into the Laptev Sea and 33.6106 t a-1 into the East 
Siberian Sea. Sediment budget calculations based on coastal retreat rates have 
shown that sediment input due to shore erosion can exceed 50106 t a-1 (Rachold et 
al., 2000). 
 Environmental forcing factors, i.e. atmospheric circulation, sea ice cover and 
river runoff, mainly affect the shallow water environment of the Laptev Sea. Espe-
cially the predominance of cyclonic or anticyclonic atmospheric circulation over 
the Arctic influences the current system and the distribution of river runoff on the 



1124 LAPTEV AND EAST SIBERIAN SEAS 

shelf (Proshutinsky and Johnson, 2001). As a consequence the transport of sedi-
ments and the sedimentation processes are also strongly affected by different re-
gimes of atmospheric circulation and ice cover. New data show that this effect 
starts as soon as the Laptev Sea flow polynya opens up during winter (Dmitrenko 
et al., 2001). New long-term measurements with bottom-moored instruments pro-
vide strong evidence for the assumption that modern shelf sediment transport is 
mainly wind-forced and connected to the N-S running submarine valleys on the 
shelf of the eastern Laptev Sea (Wegner et al. 2003; Wegner et al., accepted). In 
these submarine valleys suspended sediments are transported in a distinct bottom 
nepheloid layer, a layer of increased suspended matter concentration (SPM) with 
up to 12 m thickness, which is strongly influenced by the prevailing atmospheric 
circulation and the ice cover (Burenkov et al., 1997; Dmitrenko et al., 2001; 
Wegner et al., 2003). Calculations of the net horizontal sediment flux during the 
ice-free period revealed that the main transport within the bottom nepheloid layer 
in the submarine valleys is directed towards the inner shelf (Wegner et al., 2003) 
(Fig. 28.6). With respect to the sediment export from the eastern Laptev Sea shelf 
into the deep Arctic Ocean, Wegner et al. (accepted) assume that during the ice-
free period most of the material derived from riverine input is trapped within a 
quasi-estuarine circulation system. This pattern of sediment transport might also 
explain the low average sedimentation rates that were observed on the outer shelf 
and the slope of the Laptev Sea (<10 cm/ky). 
 If the net sediment transport in the bottom nepheloid layer is directed towards 
the central and inner shelf and if we further take into account that large areas of 
the Laptev Sea are covered by relict sediments and lag deposits (Viscosi-Shirley et 
al., 2003b) with no present-day sediment deposition, we can draw the conclusion 
that the sediment input into the Laptev Sea is not balanced by sediment deposition 
on the shelf and long-range export through the water column to the Arctic basins. 
This discrepancy in sediment budgets may be explained by an eastward sediment 
transport to the East Siberian Sea that follows the Siberian Coastal Current (Vis-
cosi-Shirley et al., 2003b) and a long-range transport of sediments by sea ice 
(Wegner et al., accepted). 
 Evidence has accumulated over the past two decades demonstrating that the 
entrainment of sediments into sea ice is a common phenomenon on the shallow 
Siberian shelves (Reimnitz, 1993; Eicken et al., 1997). It was shown that even un-
der calm weather conditions, the freeze-up during October seems to be an impor-
tant time period for sediment transport by sea ice from the shallow shelf areas of 
the Laptev Sea towards the Arctic Basin (Lindemann et al., 1999). Combining field 
measurements, remote sensing and numerical modelling, Eicken et al. (2000) could 
identify the shallow shelf near the New Siberian Islands as a key site for ice en-
trainment and a basin-wide dispersal of sediments by sea ice. They documented a 
total ice-bound sediment export of 18.5106 t for one entrainment event in 1994/95. 
Another possible mechanism for the formation of sediment-laden sea ice is the 
resuspension of fine-grained bottom sediments in the polynya area and the subse-
quent entrainment of these sediments into the newly forming ice (Pfirman et al., 
1990; Nürnberg et al., 1994; Rigor and Colony, 1997, Eidsvik, 2000). Recent studies 
have shown that the Laptev Sea is one of the major source areas for sea ice in the 
transpolar drift system (Rigor and Colony, 1997; Alexandrov, et al., 2000) and a 
center of sediment entrainment by ice (Pfirman et al., 1990; Darby, 2003). How-
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ever, the general idea that suspension freezing during sea ice formation in the 
winter polynya is the dominant sediment entrainment process in the Laptev Sea is 
in conflict with the field observations of Dmitrenko et al. (2001) who have shown 
that even during winter the strong density stratification of the water column espe-
cially in the eastern Laptev Sea prevents convection to penetrate down to the 
seafloor. Thus resuspension of fine-grained bottom sediments accompanied by 
suspension freezing beneath the polynya is unlikely to occur in the eastern Laptev 
Sea. This supports the hypothesis that the fall freeze-up (October) might also be 
an important and yet underestimated period for the formation and export of sedi-
ment-laden sea ice. 

 

Figure 28.6   Bottom current speed (a), with the black vectors indicating current speeds exceeding the 
threshold velocity for incipient grain motion, sediment flux (b), and suspended matter concentration (c) 
at 4 m above bottom at a bottom-mooring station (75°09’ N, 130°50’ E) in the Eastern Lena Valley on 
the Laptev Sea shelf during September 1998. The grey bars indicate periods of wind-induced bottom 
currents. 
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 The role of sea ice as a transport vehicle for the basin wide dispersal of sedi-
ments is also one of the unknown key characteristics of the Laptev Sea and East 
Siberian Sea budget of organic carbon. The average riverine input of total organic 
carbon (TOC) is about 5.16106 t a-1 in the Laptev Sea and 1.78106 t a-1 in the East 
Siberian Sea (Gordeev, 2000). The contribution of coastal erosion to the input of 
organic carbon is still unknown. Biomarker studies (Peulvé et al., 1996; Fahl and 
Stein, 1999, Bauch et al., 1999) and maceral analysis (Boucsein and Stein, 2000) of 
sediments and suspended matter from the Laptev Sea have shown that the particu-
late organic carbon is predominantly of terrigenous origin (Kattner et al., 1999). 
Although recent studies have accumulated new information about various sources 
and pathways of organic carbon in arctic shelf seas, we are still far away from es-
tablishing detailed budgets of the carbon input, cycling and deposition of alloch-
thonous organic carbon. 
 The incorporation of sediments into newly formed ice is not only important for 
the transport of sediments and organic carbon. Arctic sea ice also plays a crucial 
role for the large-scale transport and cycling of trace elements (Rigor and Colony, 
1997) and radionuclides (Meese et al., 1997). Within the framework of an interdis-
ciplinary field study of freeze-up processes in the Laptev Sea, Hölemann et al. 
(1999b) observed that the concentrations of dissolved Mn, Fe, Zn, Cd, and Pb in 
newly formed sediment-laden ice were up to 40 times higher than the dissolved 
concentrations that were measured in sea water and freshwater in the region of ice 
formation. The elevated concentrations of dissolved trace metals in the newly 
formed ice were probably caused by a remobilization of trace elements from the 
ice-rafted sediment particles. This mechanism can play an important role for the 
dispersal of trace elements through the arctic environment. As an example, Winter 
et al. (1997) have shown that the primary source of rare earth elements and Pb for 
the dissolved reservoir in arctic seawater is not river water and that ice rafted 
debris, by dissolution or exchange processes, is an important source of trace ele-
ments for seawater in ice-covered oceans. This is supported by Measures (1999) 
who observed that Arctic Ocean surface waters with the highest reactive Al and 
reactive Fe values appear to coincide in many cases with the presence of high 
concentrations of ice-rafted sediments. The author presumed that the seasonal 
melting of ice containing rafted sediments adds particulate and dissolved trace 
metals to arctic surface waters. 
 However, the present-day concentrations of dissolved and particulate trace 
elements in the waters of the Laptev Sea are comparable to or even lower than in 
most major rivers of the world (Martin et al., 1993; Hölemann et al., 1995; Guieu et 
al., 1996; Gordeev, 2000; Hölemann et al., accepted). Also, the geochemical analy-
sis of surficial and ice-bound sediments from the Laptev Sea showed no indication 
of an anthropogenic perturbation of the trace metal inventory (Nolting et al., 1996; 
Hölemann et al., 1999b). The fact that the Laptev Sea is still a pristine environ-
ment - if compared to low-latitude shelf seas - has also been confirmed by studies 
that show no signs of anthropogenic oil pollution in sediments (Zegouagh et al, 
1998), only low levels of polychlorinated biphenyls and chlorinated pesticides 
(Utschakovski, 1998), and also low levels of dissolved and particulate anthropo-
genic radionuclides (Pavlov et al., 1999). 
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4.2. Geochemical and geological characteristics of surficial sediments as indicators 
for modern transport processes 

Geochemical and mineralogical characteristics of surficial sediments indicate that 
the present-day sedimentary regime on the Laptev Sea shelf is dominated by the 
fluvial input of the rivers draining the Siberian platform (Hölemann et al, 1999b; 
Wahsner et al., 1999; Viscosi-Shirley et al., 2003a; Viscosy-Shirley et al., 2003b). 
The sediment input by the rivers Lena in the eastern and Khatanga in the western 
Laptev Sea especially control the mineralogical and geochemical compositions of 
surficial sediments. The main geochemical difference between both rivers is caused 
by the differing geology of the hinterland. The Khatanga River, like the Yenisei 
River, drains a plateau with basalts. Basalts have a different mineralogical and 
geochemical composition if compared to average crustal abundances (Rachold, 
1999; Eisenhauer et al., 1999). The Lena River drains an area with different sedi-
mentary, metamorphic, and magmatic units. Thus the geochemical composition of 
sediments from the Lena River resembles a more or less average crustal signal. 
 Interdisciplinary studies using the difference between both river systems as an 
indicator for transport pathways pointed out that the suspended matter discharge 
from the Lena River is mainly deposited on the southeastern Laptev Sea shelf 
(Silverberg, 1972; Wahsner et al., 1999; Lisitzyn, 1996; Hölemann et al., 1999a; 
Peregovich et al., 1999; Fahl et al., 2001; Viscosi-Shirley et al., 2003a). This conclu-
sion is also supported by the relative abundance pattern of freshwater diatoms 
(Cremer, 1999) and chlorococcalean algae (Kunz-Pirrung, 2001) in surficial sedi-
ments, which also point to the conclusion that the deposition of riverine material is 
highest in the southeastern Laptev Sea near the delta of the Lena River. On the 
other hand, as a result of the strong density stratification of the water column of 
the Laptev Sea the riverine suspended matter is dispersed above the pycnocline 
over large areas of the eastern Laptev Sea shelf, especially during the high dis-
charge period in June (Létoille et al., 1993; Burenkov et al., 1997; Pivovarov et al., 
1999; Wegner et al., accepted). 

4.3. The importance of shelf processes for the modification of dissolved  
organic matter and trace metals 

River runoff widely determines the signatures of dissolved trace elements and 
dissolved organic matter (DOM) in the Laptev Sea. But only few studies have 
focused on the biogeochemical and sedimentological processes in the mixing zone 
of the Lena River waters and the Laptev Sea waters (Guieu et al., 1996; Garnier et 
al., 1996; Cauwet and Sidorov, 1996; Kattner et al., 1999; Levasseur et al., 2000; 
Hölemann et al., accepted). Cauwet and Sidorov (1996), Kattner et al. (1999) and 
Dittmar and Kattner (2003) pointed out that the distribution of dissolved organic 
carbon (DOC) in the Laptev Sea is largely controlled by conservative mixing be-
tween freshwater and marine waters. A conservative mixing was also observed for 
dissolved Zn (Guieu et al., 1996). All other elements showed a decrease (Fe) or a 
strong increase (Cu, Ni, Cd) in dissolved concentration within the mixing zone. 
Guieu et al. (1996) stated that this behaviour is mainly controlled by particle-
dissolved phase interaction. Also, the behaviour of dissolved osmium, which rap-
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idly decreases in the mixing zone of the Lena River, was explained by the fact that 
the osmium becomes adsorbed to suspended particles (Levasseur et al., 2000). 
 A general drawback of the studies on the mixing process in arctic seas is that the 
river discharge is highly variable during the year and that most of the observations 
were carried out during the ice-free period in the late summer, nearly two months 
after the high-discharge period in June. Thus, more detailed studies on the mixing 
behaviour of various chemical constituents should be carried out during the high-
discharge period. One of the first studies on discharge and transport of trace ele-
ments during the high-discharge period was carried out by Hölemann et al. (ac-
cepted). The authors showed that in the Lena River during the spring high flow 
(freshet) dissolved concentrations of metals were significantly higher than those 
reported during the rest of the year (Fig. 28.7). The dissolved metals were trans-
ported within the Laptev Sea in an under-ice fresh water layer spreading seaward 
and resulting in a long-range transport without mixing processes. 

 

Figure 28.7   Dissolved concentrations of Mn, Fe, Ni, Cu, Zn, and Pb in the Lena River water (Byk-
ovskaya and Trofimovskaya channels in the Lena Delta) before (21 and 25 May) and during the initial 
phase of the spring freshet (after May 25). The light grey bars indicate summer concentrations pub-
lished by Guieu et al. (1996). 

5. Recent studies of the Laptev and East-Siberian seas ecosystems 

5.1. Distribution and development of the microalgal community in the Laptev Sea 
kryo-pelagic system during autumnal freeze-up 

During the autumnal freeze-up period, sea ice formation in the shallow Laptev Sea 
results in the development of a coastal belt of fast ice and a zone of pack ice, sepa-
rated from each other by a polynya. Several mechanisms such as wave pumping or 
scavenging by ice crystals are considered to be responsible for the incorporation of 
suspended matter and organisms into the newly forming ice sheet. 
 During the TRANSDRIFT III expedition in October 1995 (Kassens et al., 1997; 
Juterzenka and Knickmeier, 1999; Tuschling, 2000), samples were taken from the 
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water column as well as various types of newly forming sea ice and analyzed for 
Chlorophyll a as an indicator of algal biomass as well as abundance and species 
composition of microalgae. In situ fluorescence measurements were carried out 
along two transects from the coast east of the Lena Delta towards the central Lap-
tev Sea east of Kotelnyy. At the beginning of the sampling period, the Laptev Sea 
was ice-free and subsequently freezing up, to be almost entirely ice-covered at the 
end of October. Ice samples analyzed for Chlorophyll a included grease ice, nilas 
and young ice (≤ 25 cm). Biomass, as expressed by integrated pigment concentra-
tions, varied considerably in the water column as well as in new and young ice 
samples, although the Chl a content increased as soon as ice floes were formed. At 
some stations, in situ fluorescence showed near-bottom maxima, which may be 
related to resuspension processes within the bottom nepheloid layer. 
 Phytoplankton community studies revealed distinct differences between the 
three investigated seasons. Phytoplankton blooms could already be observed at the 
northern stations during spring, whereas Chl a concentrations at the southern 
stations were low. Most of the phytoplankton species were euryhaline forms with 
an arctic-boreal distribution. In spring and summer diatoms prevailed in the area. 
The percentage of dinoflagelates grew higher during the seasons and peaked in 
autumn. A distinct correlation between the biomass of the smaller phytoplankton 
species, Chl a contents and primary production rate could be proven by means of a 
factor analyses. The influence of the river water is evident for species composition 
and distribution as well as biomass and production rates. 

5.2. Zooplankton communities in the Laptev Sea 

The distribution and population structure of zooplankton (abundance, biomass, 
ontogenetic stages) in the Laptev Sea were studied during the Russian-German 
TRANSDRIFT I expedition in August/September 1993 and during TRANS-
DRIFT III in October 1995 (Kassens and Karpiy, 1994; Kassens et al., 1997). In 
late summer 1993 and autumn 1995 a total of 42 zooplankton species/taxa were 
identified. Copepods contributed 17 species (calanoids, cyclopoids, poecilostoma-
toids, harpacticoids). Other crustacean taxa were amphipods, decapods, ostracods, 
mysids and cumaceans. Additional taxa included hydrozoans, ctenophores, appen-
dicularians as well as juvenile stages of polychaetes and echinoderms (Kosobokova 
et al., 1998). Both expeditions showed maximum abundances in the northeast of 
the Lena Delta. This zooplankton was dominated by Drepanopus bungei, Acartia 
sp. and Limnocalanus grimaldii. D. bungei was also the most important biomass 
species in this area. Other areas of the investigated region exhibited a high local 
variability in abundance and biomass. Multivariate analyses separated three main 
clusters for the zooplankton in late summer 1993 (provinces Southeast, Northeast 
and Northwest), while two major clusters were distinguished for autumn 1995 
(provinces East and West). In conclusion, the results demonstrate the strong im-
pact of abiotic factors on the zooplankton communities in this unique ecosystem. 

5.3. Distribution and ecology of selected Zooplankton species 

The distribution, abundance and composition of smaller zooplankton species has 
been investigated and discussed within the context of main abiotic factors. Samples 
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have been taken in August/September 1999. Overall abundances have been high in 
the eastern Laptev Sea but exhibited variations of 815 individuals m-3 and 9,177 m-3 
near the Lena River mouth. Biomasses were highest in the south western part of 
the Laptev Sea (25.3 mg dry mass m-3) and lowest in the east (1.6 mg dry mass m-3). 
This discrepancy in high abundances but low biomasses in the east is due to 
smaller neritic species as Drepanopus bungei, Pseudocalanus major and Acartia 
longiremi, whereas in the west large copepods of the genus Calanus prevail. It is 
noticeable that regionally the Laptev Sea can be highly productive. The combina-
tion and analyses of abundance, biomass and distribution of the zooplankton with 
hydrographical parameters such as salinity and temperature in addition to Chloro-
phyll a revealed a governing influence of the fluvial Lena waters on the distribu-
tion of the zooplankton. 
 Biochemical analyses helped to investigate the feeding ecology of selected zoo-
plankton species. It is known that many organisms develop adaptations to the 
relatively long period of short food supply. Copepods are capable of building and 
storing high concentrations of wax esters or other lipids during summer when the 
nutrient supply is high. Copepods revealed high concentrations of wax esters, other 
zooplankton like amphipods, mysids or chaetognaths stored energy as triaclglycer-
ines. Total lipid contents as well as the high concentration of wax esters pointed to 
a considerable accumulation of lipids already in August/September. Marker lipids 
revealed a diatom-dominated diet of the investigated zooplankton species. While 
the Calanus species seem to be mostly herbivorous, other copepods seem to have 
an opportunistic lifestyle. 

5.4. Benthos 

As a result of six joint expeditions to the Laptev Sea in 1993, 1994 and 1995, 150 
invertebrate species were added to the known list of species from this high-Arctic 
region, comprising now 1235 species in total (Petryashov et al., 1999; Piepenburg 
and Schmid, 1997). Most of these species (987) are macrozoobenthic. The geo-
graphic distribution of macrobenthic species numbers and biomass exhibited a 
pronounced increase to the north up to 77 °N. In terms of biogeographic composi-
tion, Boreal-Arctic species accounted for most of the species, primarily widespread 
Boreal-Arctic species in the southern and central Laptev Sea at depths from 10 to 
75 m and primarily Atlantic Boreal-Arctic species in the northern Laptev Sea at 
depths of 90 to 1100 m. Only in depths of more than 2000 m, as well as in estuarine 
and brackish coastal waters, Arctic forms had significant species shares. On sandy 
and silty bottoms, nine major communities and two trophic zones were distin-
guished. The distribution of species numbers, biomass and faunal composition is 
discussed in relation to water depth, seabed sedimentology and near-bottom water 
salinities. The latter are supposed to be the major environmental factors regulating 
the distribution and structure of macrobenthic communities. An ecological-
biogeographical zonation scheme is proposed, combining the current information 
about the distribution of macrobenthic communities and brackish water masses 
(Sirenko, 1999). 
 The depth zonation of the communities is presumably governed by depth corre-
lated environmental factors. The faunistic composition in the shallower part of the 
Laptev Sea is determined mainly by physical disturbances such as freshwater and 
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sediment input or by direct ice scouring from anchor ice or small icebergs. Low 
species numbers and diversity indicate the existence of physical disturbances. 
Communities of the intermediate and deeper parts seem to be influenced mainly 
by sediment structure and hydrographical conditions. The more estuarine condi-
tions in the south with low salinity and high sediment loaded waters supported 
mostly detritovorous bivalves. It is assumed that high sedimentation rates affect 
the existence of suspension-feeding organisms. Highest diversities were found in 
areas where two water masses meet. 
 The epibenthic megafauna of the high-Arctic Laptev Sea shelf was investigated 
in August/September 1993 and October 1995 (Kassens et al., 1997; Piepenburg and 
Schmid, 1997). At 13 stations in water depths between 14 and 45 m, a series of 5 to 
29 photographs, each depicting about 1 m2 of the seabed, was taken to assess epi-
faunal distribution patterns and abundances. Furthermore, the population biomass 
of dominant brittle stars was estimated by combining abundance values with size-
mass relationships and size frequencies established by measuring specimens on 
scaled photographs. A total of 13 epibenthic species were identified. Species num-
bers per station were low, ranging between one and six. Total epibenthic abun-
dances, averaging 173.7 ind m-2, ranged considerably between 0.1 and 579.5 ind m-2. 
Except for some stations on shallow shelf banks < 20 m that were characterized by 
bottom-water salinities < 30 due to fluvial dilution, the brittle star Ophiocten 
sericeum dominated the megabenthic shelf assemblages. At the flanks of sunken 
Pleistocene river valleys in depths > 30 m, they reached maximum density and 
biomass values of 566 ind m-2 and 1.5 g ash-free dry mass m-2, respectively. At some 
sites, the brittle star Ophiura sarsi occurred in abundances of up to 35 ind m-2 and 
attained a biomass of 3.8 g AFDM m-2. Of local importance were the sea cucumber 
Myriotrochus rinckii (up to 70 ind m-2) and the bivalve Arctinula greenlandica (up 
to 33 ind m-2). All other species were recorded with distinctly lower densities (≤ 1 
ind m-2). Gross estimates of population respiration and production of dominant 
brittle stars suggest that their organic carbon demand may amount to a pooled 
average of about 4 mg C m-2 d-1 in the Laptev Sea, locally even to a maximum of > 
10 mg C m-2 d-1. This finding indicates that a substantial portion of the energy flow 
in this high-Arctic shelf ecosystem may be channelled through dense brittle star 
assemblages (Piepenburg, 2000). 
 Due to its remoteness and 8-month ice coverage, knowledge has been limited 
on ecology, turnover processes, coupling of marine communities in the Laptev Sea. 
Taxonomic and zoogeographical questions have been addressed and (several hun-
dred benthic and zooplankton species could be identified) abundance and biomass 
composition wherever possible gave valuable insights about community structure 
and distribution patterns. Community structure analysis revealed three distinct 
faunal provinces in the western, northwestern and the Lena Delta region. Those 
provinces showed in the phytoplankton and zooplankton communities as well as in 
the benthos giving a first clue about a tight benthic-pelagic coupling (see also 
above chapters). In a second step, process-oriented studies have been carried out 
to investigate biological carbon sources as phytoplankton production, its transfor-
mation in the pelagial, and degradation in the benthos. High chlorophyll a contents 
in the sediment hint to rapid sinking of phytoplankton blooms to the benthos mak-
ing high quality food available for benthic organisms as well. Already early in the 
year phytoplankton production is possible in the polynya region which is dividing 
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the fast and sea ice from east to west app. 200 km north of the Lena Delta. Hence 
this year round ice-free water is very important for all biological processes. 
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1. Introduction 

The interest in the ecosystems of the Barents and Kara seas has increased recently 
in connection with growing anthropogenic impact. There are many investigated oil 



1140 ECOSYSTEM OF THE BARENTS AND KARA SEAS, COASTAL SEGMENT 

and gas fields on the shelf of the Barents and Kara seas. However, the hard ice 
regime and severe natural and climatic conditions of the region to be developed 
put forward a number of complicated engineering problems, including the protec-
tion of biota. To solve them there is a need for reliable and complete information 
on the environment. 
 The structure and function of coastal ocean ecosystems differ greatly among 
continental shelves, being driven largely by differences in net primary production 
that are ultimately determined by the interplay of many factors such as boundary 
currents, shelf geometry, river runoff, upwelling and water and sediment chemistry 
that are unique to each shelf margin (Alongi, 2003). The shelf regions of the Bar-
ents and Kara seas are a link between the North Atlantic and the Arctic Ocean. 
The hydrography is characterized by frontal structures, transformation and mixing 
processes, resulting from the penetration of warm and saline North Atlantic Water 
from western boundary and abundant river runoff from east. 
 In Russian oceanographic and biological sciences the Barents and the Kara Seas 
are traditionally described separately due to significant differences of their 
oceanographic regime and ecosystems types. The Barents Sea is influenced by 
warm and saline Atlantic waters to a significantly greater extent as compared with 
the Kara Sea. Wide development of the polar front phenomenon and vertical 
water circulation are a basis of high biological productivity in the sea and high 
richness of its pelagic and bottom life. Biota of the Barents Sea in general is char-
acterized by mixture of boreal and arctic elements. Quantitative variability of flora 
and fauna is highest in the southwestern part of the sea, and drops in significantly 
in the northward and eastward directions. Large quantities of heat-loving species 
penetrate here with warm currents from the Atlantic. Macrophytes in the coastal 
zone are diverse. Fishery is based mainly on cods, herrings, plaices, and capelin. 
 The Kara Sea is almost closed from Atlantic influence, and the biota of the sea 
includes much more arctic elements. Phytoplankton vegetation is almost absent 
about 10 months per a year, and biological productivity is low. Biodiversity in the 
Kara Sea is approximately twice as low as compared to the Barents Sea. Littoral 
and sub-littoral zones (due to rough ice conditions) are especially poor of life. 
Macrophyte vegetation in the coastal zone is actually absent. Large estuarine and 
freshened water areas are inhabited by specific complex of euryhaline organisms 
and are very typical for the sea. Fishery exists predominantly in the estuarine areas 
and is based mainly on whitefishes. 

2. Oceanography 

The Barents and Kara seas are semi-enclosed marginal seas of the Arctic Ocean 
that lie between the northern coast of Europe and four archipelagos: Svalbard, 
Franz Josefs Land, Novaya Zemlya and Severnaya Zemly (Fig. 29.1). According to 
(Gorshkov, 1980), the average depth of the Barents Sea comprises 199 m, its area 
is equal to 1.417 million km2 and the greatest depth in the Medvezhinsky Trough is 
slightly more than 500 m. The average depth of the Kara Sea is 111 m and its area 
comprises 883 thousand km2 with a maximum depth (620 m) in the northern part 
of St. Anna Trough. 
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Figure 29.1   Coastal geometry and bottom topography of the Barents and Kara seas 

 The seabed relief of the Barents Sea, which is significantly deeper than the Kara 
Sea, is characterized by strong dissection. Many relief features are attributed to the 
young age of the sea basin that has attained its modern style not more than 10 
thousand years ago resulting from the ocean transgression. Large structural com-
ponents of seabed relief are of tectonic origin with the relict relief forms and the 
ancient river network being superimposed on them. 
 A deep depression of the St. Anna trough separates the Barents Sea shelf from 
the Kara shelf. The relief of the northern Kara Sea is very irregular due to bedrock 
outcrops. The sea is abundant in islands. Here, in addition to St. Anna Trough, 
Voronin Trough and the accumulative elevations including the Central Kara Rise 
are distinguished. 
 The main features of the oceanographic regime of the Barents and Kara seas 
are primarily governed by its high latitude. These seas are situated completely 
above the Arctic Circle. Hence, during winter, solar radiation flux is absent, 
whereas, in summer, it is comparatively small. The polar night duration increases 
from 50–60 days at the southern part of the Barents Sea to 80–100 days in the 
northern part of the seas. The average annual air temperatures at the southwestern 
part of region is about 2° C. Further north, it decreases to –6 to -10° C at latitude 
77° in the Barents Sea and to –11 to -14° C in the northern Kara Sea (Gorshkov, 
1980). 
 The Barents and Kara Seas due to atmospheric circulation features are charac-
terized by the monsoon distribution of the prevailing wind directions–south quar-
ter in winter and north quarter in summer. The average annual speed over the seas 
ranges from 6 to 7 m/s and only in the vicinity of Cape Zhelaniya, it becomes 
higher (7.8 m/s). The maximum wind speed over a year is practically, at all coastal 
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stations, equal to or greater than 40 m/s being mainly observed in the autumn-
winter period. In summer, the maximums decrease to 20 m/s in July and only near 
Cape Zhelaniya, they can comprise 40 m/s as in winter (Hydrometeorological 
conditions …, 1985, 1986). 
 The Barents Sea is primarily a throughflow region for the considerable trans-
port of water masses (about 2 Sv) from the Greenland-Norwegian Sea towards the 
Arctic Ocean (Blindheim, 1989; Ingvaldsen et al., 2002). An eastward flowing 
branch of the Norwegian Atlantic Current reaches the Barents Sea via the Bear 
Island Trough. The interference of Atlantic and Arctic water masses in the central 
Barents Sea leads to a pronounced Polar Front south and east of Bear Island (Fig. 
29.2). In the eastern Barents Sea the water has become transformed from warm 
saline water to cold, less saline intermediate and bottom water. This transforma-
tion happens through mixture of cooled Atlantic Water with cold brine-enriched 
shelf water generated west of Novaya Zemlya, and possibly also at the Central 
Bank. The moderately cold, low salinity mixture continues to the Kara Sea without 
further change. According Schauer et al. (2003), in 1991/1992 the water transport 
through the northeastern Barents Sea was between 0.6 Sv in summer and 2.6 Sv in 
winter towards the Kara Sea and between 0.0 and 0.3 Sv towards the Barents Sea 
with 11-month averages of 1.5 Sv and 0.1 Sv, respectively. 

 

Figure 29.2   Surface currents and Polar Front position in the Barents Sea (Loeng, 1988) 

 River runoff into the Barents Sea is rather small. The Pechora River is the larg-
est river of the Barents Sea basin. Its mean annual runoff is up to 134 km3 (Joint 
US-Russian Atlas .. , 1998). The rivers of Scandinavia and the Kola Peninsula 
together give about 10% of the runoff. In the consideration of the continental 
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runoff to the Barents Sea one should take into account its water exchange with the 
White Sea, into which quite large rivers Severnaya Dvina, Mezen’ and Onega fall. 
This aggregated annual runoff is up to 135 km3. The river runoff significantly af-
fects the hydrological conditions of the Barents Sea only in the south-eastern part 
of the sea. 
 According Hanzlick and Aagaard (1980), the importance of the Kara Sea to the 
Arctic Ocean derives from two features. First, it receives more than one third of 
the total freshwater discharged into the Polar Basin, and the conditioning and 
cycling of this freshwater has consequences for the salinity stratification of the 
Arctic Ocean (Aagard and Coachman, 1975). Second, the Kara Sea appears to be 
the site of significant transformation of Atlantic Water, with a large attendant 
vertical heat flux (Timofeyev, 1962). 
 The Kara Sea receives about 55% (1350 km3/year) of the total river runoff dis-
charged to the entire Siberian Arctic (Soviet Arctic, 1970, Ivanov et al., 1984, Pav-
lov and Pfirman, 1995). The annual discharge of the Ob’ River is 530 km3, the 
Yenisey River, 605 km3, the other rivers add up to 190 km3. The continental dis-
charge could fill the entire volume of the Kara Sea within only 73 years. The total 
watershed area of the Kara Sea comprises 5.57 million km2 and Ob’ and Yenisey 
carry about 221 mill. tons of suspended matter and almost 8 mill. tons of organic 
mater (particulate and dissolved) per year into the Arctic Ocean (Gordeev et al., 
1996). 
 The main feature in the sea surface temperature distributions is a general de-
crease in temperature from west to east (Fig. 29.3). The western region of the 
Barents Sea, influenced by the warm Atlantic waters, is characterized by positive 
temperature values in the surface layer and near the bottom. The highest tempera-
ture in the coastal zone of the western Barents Sea is up to 16° C (Hydrometeo-
rological conditions …, 1985). In winter, sea surface temperature is generally less 
than 3° C. At the same time, the northeastern part of the Kara Sea, directly influ-
enced by the Arctic Basin, has a significantly smaller range of temperature oscilla-
tions. The sea surface temperature in this region is lower than 0° C during the 
whole year. Because relatively warm water of Atlantic origin penetrates into the 
Kara Sea through the St. Anna and Voronin troughs, water temperature increases 
at about 50 to 70 m water depth, reaching maximum values of 1.0 to 1.5° C (Han-
zlick and Aagaard, 1980, Pavlov and Pfirman, 1995) 

 

Figure 29.3   Mean multiyear distribution of the surface water temperature for summer (a) and winter 
(b). 
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 The most prominent features of salinity distribution in the Barents Sea are its 
high values during the whole year (Fig. 29.4). It is most clearly defined in the At-
lantic water mass (up to 35.0 ‰). Salinity values in the coastal zone are somewhat 
lower, and it is caused by peculiarities of freshwater balance and income of fresh-
ened waters from the White Sea. 

 

Figure 29.4   Mean multiyear distribution of the surface water salinity for summer (a) and winter (b). 

 In the Kara Sea, the salinity distribution exhibits pronounced seasonality due to 
fluctuations in river runoff as well as ice formation and melting. In summer a 
strong frontal zone develops where river runoff meets the more saline shelf water. 
Horizontal salinity gradients can reach value 1.5 ppt per 1 km, and vertical 5 ppt 
per 1 m in the open sea and 8 ppt per 10 cm in the Ob’ and Yenisey estuaries (Ku-
lakov and Stanovoy, 2002). The lowest salinities (several parts per thousand) are 
observed in the vicinity of the Ob’ and Yenisey estuaries, while salinity in the 
western part of the sea are greater then 32 ppt. In winter, river runoff decreases. 
At the same time, ice formation and consequent brine-release cause salinity to 
increase. In the southwest, except for regions directly adjacent to the river mouths, 
salinity approaches 25 to 30 ppt. To the north and near Novaya Zemlya, the salin-
ity is generally about 34 ppt. 
 Due to income of warm Atlantic waters brought by the North-Atlantic current, 
the Barents Sea never (even in the most severe winters) is covered completely with 
ice (Fig. 29.5). This is its basic difference from other seas of the Arctic shelf. One 
of the main features of the sea is the significant interannual and seasonal variabil-
ity of its ice cover extent. The greatest ice cover extent is seen usually in the middle 
of April; the least at the end of August, and first half of September. In the extrem-
ity of the most severe winters more than 90% of the sea surface is covered with ice, 
and in especially warm winters the greatest ice cover extent even in April does not 
exceed 55–60% (Hydrometeorological conditions …, 1985). 
 In August–September anomalously warm years the sea completely frees from 
ice, and in anomalously cool years the ice cover these months is stored on 40–50% 
of its area, placing mainly in northern regions. The location of the ice edge during 
summer can vary by hundreds of kilometers from year to year, and there is also 
variability on longer time scales, up to century scale, correlated with North Atlan-
tic Oscillation (Vinje, 2001). These variations reflect the inter-annual dynamics of 
inflowing Atlantic Water and atmospheric forcing. 
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Figure 29.5   Mean multiyear position of the ice edge for April (IV) and September (IX). 

 In the Barents Sea, ice formed within the limits of the sea usually predominates. 
But some years in a northwest part of the sea in the winter the old ice from Polar 
Basin through a channel between Svalbard and Franz Jozef Land enter. Quite 
often in a north-east part of the sea the thick ice from northern part the Kara Sea 
are brought. This particular ice enters in the winter from the White Sea, and also 
from a southwest part of the Kara Sea through Kara Gate. 
 Ice formation begins in the Kara Sea in September in the north and in October 
in the south. From October to May almost the entire sea is covered with ice of 
different types and ages (Soviet Arctic, 1970, Pavlov and Pfirman, 1995). Fast ice 
occupies the coastal zone, and its development is patchy. Typically in July, the fast-
ice band breaks up and disintegrates into separate floes that sometimes persist 
throughout the year, in the form of Severnaya Zemlya massif. Seaward of the fast 
ice zone in winter is typically a region that is either ice-free or has young ice. Floe 
thickness of first year ice reaches maximum in May of 1.5 to 2 m. 
 The ice distribution in the spring and summer depends on the winds and resul-
tant surface ocean currents. According to Zakharov (1976) the Kara Sea dis-
charges ice to the central Arctic about 180,000 km2/year (approx. equal to 170 
km3/year). Most of ice export from the Kara Sea to the Arctic Basin occurs in 
winter. According Zubakin (1987), in winter approximately 140–198 km3/year of 
ice exported from the Kara Sea to the Barents Sea through the strait between FJL 
and Novaya Zemlya. The estimated net flux from the Barents to the Kara Sea 
through Karskiye Vorota Strait is about 16.8 km3/year. 
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3. Sediments 

Grain-size analysis of seabed sediments of the Western Arctic Shelf shows that the 
occurrence of monogranular or pure deposits (containing more than 75% sand, silt 
or clay) does not exceed 1 %, either by space or mass (Gurevich, 1995). As regards 
total mass, the figures for bigranular or transitionary deposits, especially those 
having relatively silty composition, are: sandy silt - >10%, silty sand - > 12%, silty 
clay - > 17%, clayey silt–nearly 47 5% (see also Figs. 29.6 and 29.7). Triangular or 
mixed sand-silt-clay mixtite, practically absent from the White Sea, is widespread 
in northern parts of the Barents Sea and the Kara Sea. Polygranular bouldery-
pebbly and gravelly polymixtites are only present in appreciable quantities in the 
Barents Sea. 

 

Figure 29.6   The content (%) of the sand (left, 1 - < 10; 2 – 10–25; 3 – 25–50; 4 – 50–75; 5 - > 75.) and 
silty (right, 1 - < 25; 2 –25–50; 3 – 50–75; 4 - > 75) fraction in the modern deposits on the Western Arctic 
Shelf. 

 

Figure 29.7   The content (%) of the clay (left, 1 - < 10; 2 – 10–25; 3 – 25–50; 4 – 50–75; 5 - > 75) and 
biogenic components (right, 1 - < 1; 2 – 1–5; 3 – 5–10; 4 – 10–30; 5 – 30–50; 6 – 50–70; 7 - > 70) fractions 
in the modern deposits on the Western Arctic Shelf. 
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 The biogenic components of modern sediments on the Western Arctic Shelf are 
carbonate and siliceous remains and organic material originating from animals and 
plants (Gurevich, 1995). The total content of biogenic components (Fig. 29.7) is 
usually only exceeded by the terrigenic components. A significant proportion of 
the organic material of deposits in near-shore areas is a humus compound of vege-
tal origin. There is a very high content of sapropelic components in organic mate-
rial near polar fronts. The background content of chloroformic bituminoids is less 
than 0.007%, but this is enriched to 0.1–03% in fine-grained sediments of frontal 
zones. The biogenic carbonate content in the modern sediments is generally low, 
and carbonate sedimentation is uncommon in polar regions in general. Across 
65% of the Western Arctic Shelf it measures no more than 1%, and in 32% of the 
area it ranges 1 and 5% (Gurevich, 1995). The biogenic siliceous components of 
the Western Arctic Shelf sediments are mainly represented by diatom shells and 
sponge spicules. White, glass-like, “thick felt” derived from spicules of siliceous 
sponges was noted several times in south-western areas of the Barents Sea. In-
creasing contents of amorphous silica reach 2–3% or more of the total mass of 
modern deposits in these areas. 

4. Phytoplankton 

4.1. The Barents Sea 

Composition. There are 308 phytoplankton species in the Barents Sea, including 
Bacillariophyta - 167, Dinophyta - 119, Chlorophyta - 10, Chrysophyta - 8, Xan-
thophyta - 3, Euglenophyta - 1 (Makarevich and Larionov, 1992). 
 Biogeographical structure. According to taxonomic composition and quantita-
tive indices of phytoplankton development, the Barents Sea is divided into three 
provinces: Boreal Polar Province–the northern part of the sea (the Arctic waters), 
Atlantic Subarctic Province–the southern part affected by the Atlantic water bod-
ies, and Novaya Zemlya Province–south-eastern shallow part of the sea (the 
Pechora Sea; Longhurst, 1998; Druzhkov and Makarevich, 1999). Arcto-boreal and 
cosmopolitan species make up 70–80 % of the phytoplankton species in the all 
provinces; the warmest years are marked with entering of boreal and even tropical-
boreal species. 
 Seasonal dynamics. Seasonal development of the Barents Sea phytoplankton is 
thoroughly studied for the Atlantic Subarctic Province, only, and is characterized 
by the all principal features which are typical for boreal marine ecosystems (Fig. 
29.8). There are the following features of the seasonal succession of the Barents 
Sea phytoplankton: (i) very low number in winter; (ii) predomination of Bacil-
lariophyta representatives in spring; (iii) unobligatory (facultative) autumn peak. 
The start of the phytoplankton development depends on the rate of insolation and 
water column stabilization (Druzhkov et al., 1997). At first phytoplankton develops 
in the region of the ice edges (Polar front) and in the coastal zone, and only then 
the development is recorded in the open sea (Slagstad and Støle-Hansen, 1991). In 
the Novaya Zemlya Province the spring phytoplankton development also begins 
under ice at water temperature below 0° C in April, and is associated with polyn-
yas (Pautova, Vinogradov, 2001). 
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Figure 29.8   Seasonal dynamic of the phytoplankton in the southern part of the Barents Sea (Atlantic 
Subarctic Province; by Druzhkov et al., 1997). 

 Long-term dynamics. Long-term phytoplankton dynamics depends on climate 
dynamics. In warm years the delay of phytoplankton development is recorded in 
the Atlantic waters (Atlantic Subarctic Province); the colder years are character-
ized with more early development; the shift in maximal phytoplankton develop-
ment can make 2–3 weeks (Rey et al., 1987). Abundance and biodiversity of the 
phytoplankton in warm years can be twice more than in cold years (Matishov et al., 
2000). 
 Sedimentation. In spring phytoplankton makes up about a half of all sediments 
from the euphotic zone. At this time the rate of sedimentation (due to phytoplank-
ton, only) is similar in the Atlantic and Arctic waters, and makes up about 200 
mgC m-2 per day (Olli et al., 2002). 

4.2. The Kara Sea 

Composition. There are 264 phytoplankton species in the Kara Sea, including 
Bacillariophyta – 148, Dinophyta – 89, Chrysophyta – 9, Cyanophyta – 9, Chloro-
phyta – 7, Xanthophyta – 1 and Haptophyta – 1 (Makarevich and Koltsova, 1989; 
Druzhkov and Makarevich, 1999; Druzhkov et al., 2001). 
 Biogeographical structure. In respect to taxonomic composition and quantita-
tive indices of phytoplankton development the Kara Sea is divided into 5 regions 
or provinces (Usachev, 1968): (i) high latitude Arctic – north-eastern part of the 
sea; (ii) central – affected by the Barents Sea; (iii) Novaya Zemlya Province – 
practically the whole south-west region of the sea (Druzhkov, Makarevich, 1999); 
(iv) the region affected by the Ob-Yenisey river system (estuary Arctic interzonal 
province; Skarlato and Golikov, 1985); (v) the sea region adjacent to the western 
coast of the Severnaya Zemlya archipelago. 
 Abundance and production. In spring-summer phytoplankton biomass varies in 
superficial water layer from 6.8 g m-3 in the north (high latitude Arctic and central 
provinces) (Usachev, 1968; Druzhkov et al., 2001) up to 1.2–1.4 g m-3 (Ilyash, 
Koltsova, 1981; Matishov et al., 2001a) and even 5.5 g m-3 (Usachev, 1968) in the 
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zone of the rivers Ob and Yenisey confluence. Phytoplankton biomass in the No-
vaya Zemlya Province can reach 24 g m-2 (in the layer 0–100 m; Druzhkov et al., 
2001). The phytoplankton production (primary production) differs in different 
regions (provinces; Vedernikov et al., 1994): 39–359 (104 at an average) mgC m-2 
per day in the south-western region of the sea (the Novaya Zemlya province), 29–
147 (64, on average) mgC m-2 per day in the central shallow region, 25–63 (47, on 
average) mgC m-2 per day in the Ob estuary and 107–312 (224, on average) mgC m-2 
per day in the Yenisey Bay (estuary Arctic interzonal province). The annual 
phytoplankton production for the whole sea is 133.5–160.2 mgC m-2 (Galkina et al., 
1994), or 14 × 106 t C (Romankevich and Vetrov, 2001). 
 Seasonal dynamics. The Kara Sea is covered with ice for many months in year. 
Hence phytoplankton seasonal dynamics still remains unstudied. Earlier phyto-
plankton development was considered to start in June (Usachev, 1968), but the 
data obtained in February-May, 1996–1997 (during expeditions on board the nu-
clear ice-breakers) demonstrated that vegetation season in the Kara Sea starts in 
April (phytoplankton biomass makes up 218 mg m-3; Makarevich, 1998). 
 Long-term dynamics. We have no enough data to make conclusions about long-
term phytoplankton dynamics in the Kara Sea. It should be noted, however, that 
during “warmening” of the Arctic (in 1934) the focus of maximal phytoplankton 
development in August-September was situated in the more northern region 
(about 80° N, 75o E), than in 1945 (76o N, 80o E), 1981 (75–76o N, 65o E) and 1991 
(71o N, 60o E; Usachev, 1968; Matishov et al., 2000). 

5 Zooplankton 

5.1. The Barents Sea 

Composition. About 200 zooplankton taxa are recorded in the Barents Sea. Biodi-
versity of the zooplankton varies in different regions of the sea (Fig. 29.9): 180 taxa 
in Atlantic waters, 64 in Arctic waters, 100 – in the south-eastern shallow part of 
the sea (Pechora Sea; Timofeev, 2000; Troshkov and Gnetneva, 2000). 

 

Figure 29.9   Number of zooplankton species in different parts of the Barents Sea. BPR – Boreal Polar 
Province, ASP – Atlantic Subarctic Province, NZP – Novaya Zemlya Province. 1 – Copepoda, 2 – 
Coelenterata, 3 – Decapoda (larvae), 4 – Rotatoria, 5 – Cirripedia (larvae), 6 – Euphausiacea, 7 – 
Hyperiidae, 8 – Ctenophora, 9 – Polychaeta, 10 – Mysidacea, 11 – Gastropoda, 12 – Appendicularia, 13 
– Ostracoda, 14 – Chaetognatha, 15 – Cladocera. 
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 Biogeographical structure. With respect to biogeographical composition of the 
zooplankton and level of the species predomination over the Barents Sea, three 
regions may be identified; their boundaries coincide with those of the bio-
geographical provinces for phytoplankton. Boreal oceanic species Calanus fin-
marchicus predominates in the Atlantic Subarctic Province; Calanus glacialis 
inhabiting Arctic shelf predominates in the Boreal Polar Province, and widespread 
coastal species Pseudocalanus minutus, Oithona similis and larvae of benthic inver-
tebrates (especially of Bivalvia) predominate in the Pechora Sea. Increase in input 
of Atlantic waters (for example, during “warmening” of the Arctic in 1930s) may 
be marked with occurrence of some subtropical zooplankton species (for example, 
euphausiids Stylocheiron maximum). 
 Abundance. The level of zooplankton biomass in the Barents Sea is determined 
with the two factors: temperature regime and press from planktonophagous 
fishes). In the western region of the sea (Atlantic Subarctic Province) during the 
spring-summer period the average zooplankton biomass in the water layer 0–50 m 
makes up about 100–200 mg m-3 during cold years, and 200–400 mg m-3 in warm 
years. In the northern region of the Barents Sea (Boreal Polar Province) in sum-
mer zooplankton biomass in the same water layer doesn’t exceed 50–100 mg m-3 
(Nesterova, 1990; Tereschenko et al., 1994). In the south-eastern region of the 
Barents Sea (Pechora Sea) zooplankton biomass varies from 100 to 300 mg m-3 
during ice-free period (June-August) (Troshkov, Gnetneva, 2000). 
 Communities and trophic structure. In the Atlantic waters (Atlantic Subarctic 
Province) 75–90% of spring-summer zooplankton biomass consist of herbivorous 
Calanus finmarchicus, in the Arctic waters - of herbivorous Calanus glacialis. In 
the coastal waters and in the Pechora Sea the great role is played with herbivorous 
planktonic larvae of benthic invertebrates (which constitute up to 50% of zoo-
plankton biomass in some regions). There are following carnivorous among zoo-
plankton species: chaetognaths (Chaetognatha), hydromedusae (Coelenterata) 
and pelagic amphipods (Amphipoda, Hyperiidea; Timofeev, 2000). 

 

Figure 29.10   Seasonal dynamic of zooplankton biomass in the southern part of the Barents Sea (Atlan-
tic Subarctic Province; by Zelikman, 1977). 
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 Seasonal dynamics. The Barents Sea is a reservoir with pronounced seasonal 
cycles in production of organic matter in pelagic zone. The seasonal cycles in the 
zooplankton biomass are mainly caused by oceanographical regime of the sea and 
trophic factors (occurrence of food–phytoplankton, and press by consumers; Man-
teufel, 1941; Zelikman, 1977). Seasonal dynamics of zooplankton is only studied 
for the regions affected by Atlantic water bodies (ice-free in winter; Fig. 29.10). 
Decrease in biomass, which begins in summer, is connected with press from con-
sumers of the primary zooplankton species Calanus finmarchicus, by ctenophores, 
jellyfishes, chaetognaths and planktonophagous fishes, and with transfer of the 
crustaceans into eastern and northern regions of the sea. 

 

Figure 29.11   Long-term dynamic of zooplankton biomass in the south-western part of the Barents Sea 
(Atlantic Subarctic Province; by Timofeev, 1997, 2001). 1 – cold year, 2 – “normal” year, 3 – warm year, 
4 – collapse of the herring stock, 5 – collapse of the capelin stock. III – transect from the Nord Cape to 
open sea, VI – Kola transect (along 33o30′ E). 
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 Long-term dynamics of zooplankton biomass in the western part of the sea 
(Atlantic Subarctic Province) depends on the two processes (Timofeev, 1997, 
2001): (i) intensity in inflow of Atlantic water (it determines the amount of crusta-
ceans Calanus finmarchicus transported with these water bodies); and (ii) press 
from planktonophagous fishes (Fig. 29.11). 

5.2. The Kara Sea 

Composition. Eighty zooplankton taxa (with exception of Protozoa and planktonic 
larvae of benthic animals) have been recorded in the Kara Sea. Taxonomic diver-
sity in different regions of the Kara Sea is very similar: south-western region – 43, 
south-eastern region – 44 and northern region – 40 species (Timofeev, 1989; Hals-
band and Hirche, 1999; Fetzer et al., 2002). In the south-eastern, shallow and fresh-
ened region of the Kara Sea the central role is played by freshwater Cladocera and 
Copepoda, and larvae of benthic invertebrates. 
 Biogeographical structure. In respect to biogeographical composition of zoo-
plankton and species predomination the Kara Sea may be divided into three re-
gions: (i) south-western, where Calanus glacialis inhabiting Arctic shelf 
predominates; (ii) south-eastern, where the central role is played by the Arctic 
endemic, neritic and brackish-water species Drepanopus bungei; (iii) northern, 
predominated by representatives of genus Calanus (C. glacialis, C. finmarchicus – 
boreal North-Atlantic species, C. hyperboreus - Arctic oceanic species). 
 Abundance. During ice-free season distribution of zooplankton abundance and 
biomass is determined by oceanographic conditions. Zooplankton biomass in the 
south-western region of the Kara Sea varies from 50 to 300 mg m-3 (Ponomareva, 
1957; Fomin and Petrov, 1985; Vinogradov, M.E. et al., 1994 a), in the south-
eastern region (Ob-Yenisey shallow) – 100–1000 mg m-3 (Ponomareva, 1957; Vino-
gradov et al., 1994 b). There are no data on zooplankton biomass for the northern 
region of the Kara Sea. 
 Communities and trophic structure. In the south-western and northern regions 
of the Kara Sea zooplankton is predominated by genus Calanus, typical herbivo-
rous species which fattening seasons fall on spring-summer phytoplankton devel-
opment. In these regions carnivorous are mainly represented with Chaetognatha 
and Coelenterata (Timofeev, 1989). In the south-eastern part of the Kara Sea 
omnivorous species predominate; their diet consists of phytoplankton and sus-
pended organic matter transported with flow of rivers Ob and Yenisey. 
 Seasonal dynamics. Zooplankton seasonal dynamics has only been studied in 
the southern region of the Kara Sea (the Dikson harbor, 1955–1956; Chislenko, 
1972). From November till May-June zooplankton biomass is very little and 
doesn’t exceed 30 mg m-3. June is marked with drastic increase, annual maximum is 
recorded in August-September (up to 375 mg m-3), whereas October is character-
ized with dramatic decrease in biomass (Fig. 29.12). In the south-western region of 
the Kara Sea zooplankton biomass in winter doesn’t exceed 30–40 mg m-3 (Vino-
gradov et al., 2001). 
 Long-term dynamics. We have no enough data on the zooplankton long-term 
dynamics in the Kara Sea. It should only be noted that in 1936 (during “warmen-
ing” of the Arctic) occurrence of indicator species of Arctic water bodies was sig-
nificantly less than in 1981 (Matishov et al., 2000). 
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Figure 29.12   Seasonal dynamic of zooplankton biomass in the Dikson harbor, Kara Sea (by Chislenko, 
1972). 

6. Bottom algae and invertebrates 

6.1. Biological diversity, biomass and structure 

The number of known species of benthic invertebrates decreases from west to east: 
Barents Sea–2499 species; Kara Sea–1580 species (Northern Sea Route, 1998). The 
highest benthic biodiversity in the Barents Sea is observed on shoal and hard bot-
tom near the coast of Kola Peninsula and archipelagos, the lowest is in its south-
west deepwater part. In the Kara Sea the highest species diversity is registered on 
hard bottoms and small depths along the Novaya Zemlya coast, in Karskiye Vo-
rota and Yugorskiy Shar Straits. The lowest biodiversity is typical for regions in-
fluenced by the Ob and Yenisey River discharge. It is also rather low in northern 
(deepwater) regions of the Novaya Zemlya Trough. 
 Distribution of bottom organism biomass (Fig. 29.13) is similar to that of biodi-
versity. In absolute expression, macrobenthos biomass varies from 0.1 g m-2 up to 
12 kg m-2 in the Barents Sea and from 1.5 up to 400 and more g m-2 - in the Kara 
Sea (Kiyko and Pogrebov, 1997 a). The highest values of biomass as those of spe-
cies diversity correspond to shallow depths along the coast. Thus, near Svalbard 
and in the southeast part of Spitsbergen Bank the biomass ordinary exceed 1.5–2 
kg m-2, with main contribution made by sponges and bivalves. Average biomass up 
to 300 g m-2 on the Central Bank in the Barents Sea is determined by high density 
of sea urchins of the Strongylocentrotus sp. and, on some sites, by sea cucumbers of 
Trochostoma sp. In the southern part of the Barents Sea, on the Murman, Geese, 
Kanin Banks, Kolguyev Island and Pechora Sea shoals the biomass averages 100–
300 g m-2. Bivalves and barnacles form its base here. The maximum biomasses for 
the Murman slope, exceeding 1.5 g m-2, are obtained near the offshore Seven Is-
lands owing to aggregations of mollusks of Chlamys islandica and Modiolus 
modiolus. From the Barents Sea side of Novaya Zemlya, benthic biomass on some 
sites also exceeds 1 kg m-2. Bivalves, hydroids and barnacles play the main role 
here. The highest biomass is registered in the Karskiye Vorota and Yugorskiy Shar 
Straits where, due to mussels and red algae, the total benthic biomass reaches 10–
12 g m-2. The Kara Sea side of Novaya Zemlya is characterized by biomass 200–400 
g m-2. The main roles here are played by sea urchins of Strongylocentrotus sp. and 
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mollusks of Astartidae spp. Biomasses up to 300 g m-2 are observed in the Kara Sea 
as well in the region of the Baydaratskaya Inlet. Mainly they are formed by mol-
lusks of Serripes groenlandicus, Ciliatocardium ciliatum and Astartidae spp. 

 

Figure 29.13   Distribution of total benthic biomass (g m-2) on the Russian West Arctic shelf according 
to the result of 1991–1994 cruises. 1 – less than 10; 2 – 10–25; 3 – 25–50; 4 – 50–100; 5 – 100–300; 6 – 300–
500; 7 – more than 500. 

 Regions with especially low biomass (no more than 25 g m-2) enter the Barents 
Sea from the west, occupying the Bear Island Trough and the north-western part 
of the Norwegian Trough. Regions with reduced biomass are located also in the 
central deepwater part of the Barents Sea: Central and Northeastern Deeps and, 
partly, on the Central Plateau. In the Kara Sea the minimum biomasses (no more 
than 10 g m-2) are registered in the deepest parts of the Novaya Zemlya Trough 
and the Saint Anna Trough. The maps of biomass, to a great extent, may be inter-
preted by bathymetry and bottom sediment maps: regions of increased biomass 
correspond to the bottom relief rise and mainly coincide with regions of hard bot-
tom and strong current. The opposite environment would characterize the biomass 
minimum. 
 A decisive influence on the results of division of the studied area into trophic 
zones (Figs. 29.14 and 29.15) is rendered by morphological, lythological and hy-
drodynamic peculiarities of areas. Areas with abundance of sessile and motile 
filter-feeders (SFF and MFF) usually coincide with the largest relief bulgings while 
those with prevailing surface and subsurface deposit-feeders or burrowing (SDF 
and BDF) are typical for the largest flexures and depressions. The greatest part of 
the Barents Sea central regions is occupied by BDF zone (Fig. 29.14). Regions of 
SFF and MFF prevailing are found off Svalbard, Franz Josef Land, Novaya Zem-
lya and Murman, as well as on the Spitsbergen and Kanin Banks and the Kolguev 
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Island and Pechora Sea shoals. The largest SDF zone in area is registered on the 
northeast of the Barents Sea. In the Kara Sea the largest area is occupied by SDF 
zone (Fig. 29.15). Zone of BDF prevailing is situated mainly in deepwater regions 
of the Novaya Zemlya Trough. Areas with SFF prevailing enveloped by a narrow 
band the Novaya Zemlya coast, occupies the Karskiye Vorota and Yugorskiy Shar 
Straits. MFF zone is observed along the Novaya Zemlya coast, occupying the Bay-
daratskaya Inlet, spreading along the west and north coasts of Yamal and wedging 
north-ward. 

 

Figure 29.14   Trophic zones, singled out on the area of the Barents Sea shelf according to the result of 
1991–1994 cruises. 1 – autotrophs; 2 – sessile filter-feeders; 3 – motile filter-feeders; 4 – surface deposit-
feeders; 5 – subsurface deposit-feeders. 

 Autotrophs (AT) are prevailing at small depths in the straits, off the mainland 
and island. It may be assumed that the areas where AT are prevailing are more 
numerous but they are located on shoals that are rather difficult for studying 
aboard a large vessel. Sites with carnivores and herbivores prevailing are dispersed 
in patches all over the investigated area. This group is not represented at our 
scheme since it is considered to be a migration component of fauna and depends in 
its distribution upon distribution of other benthic groups (Kuznetsov, 1970). 
 On the whole, trophic zonality of the Kara Sea is less patchy in comparison with 
that of the Barents Sea, which may be due to the more simple morphology of the 
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Kara Sea bottom. Most distinctly trophic zonality is observed in western part of 
the Kara Sea where regular interchange of AT-SFF-MFF-SDF-BDF belts may be 
seen clearly along the depth gradient. 

 

Figure 29.15   Trophic zones and bottom communities, singled out on the Kara Sea shelf. 1 – auto-
trophs; 2 – sessile filter-feeders; 3 – motile filter-feeders; 4 – surface deposit-feeders; 5 – subsurface 
deposit-feeders; 6 – bottom communities: 1 – Rhodophyta var.; 2 – Lithothamnion sp.; 3 – Spongia var. 
+ Mytilus edulis; 4 – Spongia var. + Strongylocentrotus sp.; 5 – Saduria sibirica; 6 – Balanus balanus + 
Balanus crenatus; 7 – Arca glacialis; 8 – Astarte crenata; 9 – Tridonta borealis; 10 – Tridonta borealis + 
Ciliatocardium ciliatum; 11 – Serripes groenlandicus + Ciliatocardium ciliatum; 12 – Portlandia arctica; 
13 – Portlandia aestuariorum; 14 – Macoma calcarea; 15 – Mya truncata + Nuculana pernula; 16 – 
Ophiopleura borealis; 17 – Ophiocten sericeum; 18 – Ophiopleura borealis + Ophiocten sericeum; 19 – 
Elpidia glacialis + Ophiopleura borealis; 20 – Trochostoma sp. 

 By analyzing the community structure of the Barents and Kara Seas it is shown 
that dominating species biodiversity here is comparatively high while the area of 
communities, formed by them, as well as their share in total benthic biomass, var-
ies in a wide range. The most diverse forms among them are bivalves, echinoderms 
and polychaetes. A large area in the central part of the Barents Sea is occupied by 
communities of worms (polychaetes and sipunculides Golfingia sp.) and sea cu-
cumber Trochostoma sp. (Fig. 29.16). In the southern part of the Barents Sea, on 
Kanin Bank, the Kolguyev Island and Pechora Sea shoals the community of bi-
valves is a typical one. Such clam species as Tridonta borealis, Serripes gro-
enlandicus, Ciliatocardium ciliatum and Macoma calcarea prevail here. 
Communities of Strongylocentrotus sp., Chlamis islandica, Balanus sp., Lithotham-
nion sp. are found usually near the coasts of Svalbard, Novaya Zemlya, Kola Pen-
insula, Vaygach Island and on the shoals of Geese and Central Banks. The largest 
areas in the Kara Sea are occupied by the brittlestar community: Ophiopleura 
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borealis, Ophiocten sericeum, and bivalves: Tridonta borealis, Portlandia arctica, 
and P. aestuariorum (Fig. 29.15). 

 

Figure 29.16   Bottom communities, singled out on the Barents Sea shelf according to the results of 
cluster analysis. 1 –Ophiopleura borealis + Hormosina globulifera; 2 –Polychaeta + Sipunculoidea 
(Golfingia sp.); 3 –Trochostoma sp.; 4 – Elliptica elliptica + Astarte crenata; 5 – Brisaster fragilis; 6 – soft 
bottom community adjacent to Svalbard; 7 – community of Saint Anna Trough slopes; 8 –
Strongylocentrotus sp. + Ophiopholis aculeata; 9 – shoal community of sessile filter-feeders adjacent to 
Svalbard; 10 – shoal community of sessile filter-feeders on Lithothamnion sp.; 11 – shoal community 
adjacent to western coast of Novaya Zemlya and Vise Island; 12 – Tridonta borealis; 13 – Ciliatocar-
dium ciliatum; Macoma calcarea + Serripes groenlandicus; 14 –Bivalvia; 15 – Macoma fusca. 

6.2. Long-term benthic population changes 

A general review of obtained data had not shown any striking abnormalities in 
benthos status and was mainly indicative of normal natural features over the Bar-
ents and Kara Seas area. At almost all studied sites of the Kara Sea, composition, 
abundance and bottom population structure were just the same as described ear-
lier. In any case, data for their statistical analysis appeared to be unavailable. 
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 For the Barents Sea, the results of our survey and of ones carried out earlier, 
some differences, which were statistically significant, were observed. The results of 
the statistical assessment of long-term changes in the bottom communities of the 
Barents Sea fulfilled on the basis of three-way ANOVA show that the total ben-
thic biomass value has no significant differences compared to that registered in 
1920–1930ies (Brotskaya and Zenkevich, 1939; Kiyko and Pogrebov, 1997a). Neg-
ligible distinction, observed at some sites, most likely should be regarded as being 
engendered by natural fluctuations of benthic species population density (if they 
are also not caused by the errors of random sampling, what is rather probable). 
The total biomass values, obtained during the surveys of the end of 1960’s (Anti-
pova, 1975), significantly differ both from the values of 1920–1930’s and from our 
values of 1991–1994’s (for 1968–1970’s notes significant reduction in benthic bio-
mass all over the Barents Sea; Antipova, 1975; Kiyko and Pogrebov, 1997a). Bio-
mass lowering on the south has reached 50–70% of the previous values and in the 
richest southeastern part of the Barents Sea–40–60%. Decrease in abundance has 
affected primarily arctic-boreal species, which from the base of the Barents Sea 
bottom dwellers (Zenkevich, 1963). 
 According to Yu.I. Galkin (1987) an opinion to which we also subscribe, the 
decrease in biomass, registered in collections of 1968–1970’s, is the result of a pro-
longed rise of temperature which was observed in the Barents Sea in 1940–1960’s 
and had told on arctic-boreal species especially negatively. 
 Further studies fulfilled in the southeastern segment of the Barents Sea in 2000–
2002 had revealed decrease in the benthic biomass as compared to the 1991–1994 
data. The average biomass decrease was two-fold and in some areas 3–5-fold (Ki-
yko et al., 2002). At the same time, benthos composition and structure of both 
survey periods were quite similar. Statistical analysis of data has shown that signifi-
cant lowering of benthic organism size took place. That caused decrease in total 
biomass while the community structure remained the same. The revealed long-
term dynamic could be caused by climatic changes, natural fluctuations of the 
population abundance, geochemical processes or man-induced impacts. However, 
definite knowledge of real causes of these changes may be obtained only after 
additional studies. 
 Summarizing all the result obtained during the study of north-western shelf of 
Russian arctic in 1991–1994, we can regard contemporary ecological state of the 
Barents and Kara Sea benthos (except some coastal regions) as being close to the 
average long-term norm. 
 Considerable man-induced disturbances of macrobenthic structure (in compari-
son with biological norm for studied abiotic environments) on trans-regional level 
were discovered only in rare cases in the Kola Bay and in the vicinity of the No-
vaya Zemlya coasts. First of all, they manifested themselves in a decrease in biodi-
versity and biomass of bottom dwellers. However, confirmation of cause-and-
effect relationships between disturbances of the benthic structure and level of 
human impact in particular regions needs more thorough research. 

6.3. Pollutant concentrations in bottom organisms 

The comparative estimate of persistent organic pollutant (POP), trace metal (TM) 
and radionuclide (RN) concentrations in benthic invertebrates and algae of vari-
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ous region of the Barents and Kara Seas shelf did not reveal any meaningful 
anomalies (Kiyko and Pogrebov, 1997b). Their variation was only dependent on 
taxonomic classification and was practically unaffected by the location of sampling 
site in the water basin. 
 POP concentrations (ng g-1 wet weight) in benthic organisms of the Barents Sea 
are as follows: alpha-HCH – 0–32.4; gamma-HCH – 0–39.0; DDT – 0–23.3; PCB – 
0–11.4. TM concentrations (mg g-1 dry weight) in benthic organisms of the Barents 
Sea varies within the following limits: Zn – 10–173; Fe – 11–663; Sn – 0.2–2.8; Mn – 
0.4–44.3; Ni – 0.4–2.9; Cu – 0.3–2.1; Cd – 0.1–2.2; Pb – 0.2–2.0; Co – 0.1–1.1 (Kiyko 
and Pogrebov, 1997b). No present of gamma-emitting man-made RN has been 
registered in any one sample at any one station in 1992 (Kiyko and Pogrebov, 
1997b). The results of sample radiometric analysis are indicative of the background 
content of gamma-emitting RN (on the level of 10 Bq kg-1 of dry weight), and 
correlation between the registered rate of count of beta-particles and K-40 content 
in the preparations indicates that it is particularly this RN which is responsible for 
basic contribution into the total beta-activity. Gamma-active K-40 (Bq kg-1 dry 
weight) and beta-activity in benthic specimens of the Barents Sea are as follows: 
K-40 – 1–114; beta particles counting fate (l/S) <0.2–1.43 (Kiyko and Pogrebov, 
1997b). Measurements of radionuclide concentrations in biological specimen from 
Chernaya Inlet (where nuclear tests took place) testified to absence of their sig-
nificant bioaccumulation by benthic and invertebrates (Pogrebov et al., 1997). On 
the whole, the results of radionuclide concentration measurements were in the 
limits of their variability known from literature (Matishov et al., 1994). 
 The comparison between the pollutant concentration in the benthic organisms 
of the Barents Sea and the literature data on other areas may suggest that in our 
studies the POP and TM concentrations are basically much lower and are only 
comparable to similar concentrations in areas referred to as background. On the 
other hand, according some published data (Moore and Ramamurti, 1987), the 
levels of zinc and cadmium in the bottom dweller tissues are close to these from 
the impacted areas. 

7. Fishes 

7.1. The Barents Sea 

Ichthyofauna of the Barents Sea counts not less than 150 species of fishes and fish-
like vertebrates (Andriashev, 1954), which belong to 53 families. The most spe-
cious are families Gadidae (18 species), Zoarcidae (13), Cottidae (12), Pleuronec-
tidae (9), and Salmonidae (7). Approximately a third of total number of species 
are rare or threatened species. About 90–95 species occur permanently, and 30–35 
of them is used commercially (Rass, 1993). 
 Vast estuarine areas are not typical for the Barents Sea, with exception of the 
south-eastern part, which is freshened by the Pechora River outflow. Thus, a 
brackish-water complex of fish species is represented in the sea insignificantly. 
Only a few freshwater species coming into the brackish waters near mouths of 
rivers occur (burbot, pike, ide, whitefish). 
 Some anadromous fish species also present, life cycle of which is related partly 
with fresh waters. They reproduce in fresh waters but feed in the sea. They are 
valuable salmonids (Atlantic salmon, sea trout, Arctic char, introduced pink 
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salmon) and also whitefish and sea lamprey. Anadromous fishes are fished mainly 
in rivers during their spawning migrations. At present the most important is 
salmon fishery. Sea trout, Arctic char, and whitefish are listed practically in all 
rivers where fishery control exists, but they are collected as by-catch only. Knowl-
edge about sea period of life of sea trout, Arctic char, and whitefish in the Barents 
Sea is poor. Sea trout and whitefish make short migrations into the sea, whereas 
the Arctic char make much longer sea migrations, almost similar with the Atlantic 
salmon. 
 Majority of fishes of the Barents Sea are marine species, which spend the whole 
life in salt water and reproduce here. Types of their life cycles are connected with 
their relations to temperature conditions. Three types of species can be distin-
guished. Many warm-loving boreal species come into the Barents Sea sporadically, 
in “warm” periods and when inflow of warm Atlantic waters enlarges (blue whit-
ing, whiting, Atlantic argentine and others). Fishes of this group do not make large 
schools in the Barents Sea and are not commercial here. Group of boreal-arctic 
species reproduce mainly in more southern areas (coast of northern Norway, Lofo-
ten Islands), and use highly productive areas of the Barents Sea as feeding grounds 
(Atlantic cod, haddock, pollack, Atlantic herring, capelin, red-fishes). They reach 
northern and easternmost areas of the sea during feeding migrations. The size of 
their feeding grounds and prolongation of migrations depend greatly from tem-
perature conditions. For example, in “warm” and “normal” years (1993–1996) 
Atlantic cod make its main summer-autumn feeding migration into southern and 
eastern parts of the Sea but in “cold” years (1997–1998) they migrate into the area 
of the Bear Island and Spitsbergen. Species of Arctic fauna (Arctic cod, Eleginus 
navaga, some Lycodes) are related in their distribution with arctic cold waters. In 
periods of cold snap the area of their distribution in the Barents Sea greatly en-
larges. 
 In relation to habitat preference the following groups can be distinguished: 
pelagic, which live in mid-water (capelin, Atlantic herring, Arctic herring Clupea 
pallasii suworovi) and benthic or bentho-pelagic, which live on bottom or near 
bottom (Atlantic cod, pollack, haddock, wolf-fishes, plaices, halibut, red-fishes). 
Polar cod living among arctic ice is called kryopelagic species. Pelagic capelin, 
Polar cod are abundant fishes and play a large role in the ecosystem, as many 
carnivorous fishes, sea birds and marine mammals prey on them. 
 Strong fishery exists mainly in the southern, western and central parts of the 
sea. About 40 fish species regularly occur in trawl catches (Karamushko et al., 
2001), among them 7 species of Pleuronectidae, 6 species of Gadidae, 4 species of 
Rajidae. Pelagic species comprise about 19.5%, benthic and bentho-pelagic com-
prise 80.5%. Fishery is based on Atlantic cod Gadus morhua, capelin Mallotus 
villosus, haddock Melanogrammus aeglefinus, Polar cod Boreogadus saida and 
plaice Pleuronectes platessa. Pollack Pollachius virens, Atlantic herring Clupea 
harengus, red-fishes (Sebastes marinus and S. mentella), three species of wolf-fishes 
(Anarhichas denticulatus, A. lupus and A. minor), European plaice Hippoglos-
soides platessoides limandoides are also important. At present, stocks of all com-
mercially used fishes are subjected to over-fishing. Fishery statistic of the 
International Council for the Exploration of the Sea (ICES) is carried on for the 
Barents Region, which includes besides the Barents Sea itself also the northeastern 
part of the Norwegian Sea and West Spitsbergen. In the Barents Region the fish-
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ery was most intensive in 1960–1970’s. The total catches of fish increased from 2.3–
2.8 to 4.3–4.6 million tons per year, what comprised about 5% of the total world 
catches. Then fish catches decreased significantly. In 1997–1998 about 2.3–2.7 
million tons of fishes per year was caught in the Barents Region (Borisov et al., 
2001). Accounting stock of all biological resources (invertebrates inclusive) in the 
Barents Region is estimated at approximate level of 28 million tons, with varia-
tions from 33–35 million tons (in 1950 and 1954) to 5.6–8 million tons (1986 and 
1989; Borisov et al., 2001). Content of pollutants and radionuclides in fishes caught 
in the Barents Sea at present is significantly lower than the levels of maximum 
allowable concentration (Ilyin, 2001; Matishov et al., 2001b). 

7.2. The Kara Sea 

Fish fauna of the Kara Sea (including bays, inlets and mouth areas of numerous 
rivers) counts about 83 species of fishes and fish-like vertebrates (Esipov, 1952; 
Andriashev, 1954; Andriashev and Chernova, 1994), which belong to 28 families. 
The most specious are families Zoarcidae (14 species), Cottidae (12), Coregonidae 
(9). Among them 54 species (or 62.1%) are marine, 14 (16.1%) are semi-
anadromous, 1 euryhaline, 18 (20.7%) are freshwater species which occur in deltas 
of Kara, Ob, Yenisey, Pyasina rivers and brackish water areas nears other streams 
entering the sea. 
 Distinguishing feature of the Kara Sea fish fauna as compared with the Barents 
Sea is quite large number of freshwater fishes, which occur offshore. This is due to 
much larger influence of freshened waters from outflow of numerous rivers. Char-
acteristic is also a small number of “guest” warm-loving species coming from the 
Barents Sea (Atlantic cod, Atlantic herring, haddock, lump-sucker Cyclopterus 
lumpus). 
 Biology of anadromous and semi-anadromous fishes during marine period of 
their life is purely studied in the area. It is known that Siberian sturgeon Acipenser 
baeri stenorhynchus, whitefishes Coregonus nasus, C. sardinella, C. muksun and 
Stenodus leucichthys nelma feed inside bays and inlets. Only C. autumnalis spread 
more wide in the coastal zone of the sea. 
 Marine fishes belong to 15 families: Squalidae (1 species), Rajidae (1), Clupei-
dae (1), Osmeridae (1), Myctophidae (1), Cottidae (11), Cottunculidae (1), Agoni-
dae (2), Cyclopteridae (3), Liparidae (6), Lumpenidae (3), Zoarcidae (14), 
Ammodytidae (1), Gadidae (5), Pleuronectidae (3), total number is 54 species. The 
most specious are families Zoarcidae and Cottidae, which count 25 species (or 
46.3%). 
 Arctic species predominate, which permanently live and reproduce in water 
with negative temperatures (to –1.96°C; Gymnelus esipovi, G. andersoni and 
other). Some of these species are distributed circumpolarly in the Arctic (Lycodes 
polaris, Triglopsis quadricornis polaris, Aspidophoroides olriki, Liopsetta glacialis, 
Boreogadus saida, Leptagonus decagonus). Endemic species in the sea are absent. 
 Benthic and near-bottom species predominate. The Polar cod is cryopelagic 
abundant species which play important role in food webs. In relation to vertical 
distribution three categories of fishes can be distinguished. Fishes of coastal shal-
low waters occur at a depth less than 50 meters (Myoxocephalus scorpius, Triglop-
sis quadricornis polaris, Artediellus scaber, Liparis tunicatus). Next group of 
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species occur at a depth of a few meters to 400–500 meters (Icelus bicornis, Liparis 
fabricii, Lycodes rossi, L. pallidus, Gymnelus andersoni, Boreogadus saida). 
Deepwater species occur at a depth from 100–250 to 700 m (Triglops pingelii, 
Careproctus reinhardti, Cottunculus sadko, Leptagonus decagonus, Lycenchelys 
sarsi, Lycodes seminudus). Fishes of the two latter groups predominate. The shal-
low water coastal zone is poorly inhabited by fishes due to heavy ice present here 
permanently during almost the whole year. So conditions for fishes are adverse. 
Reach fish population in coastal zone occur only in summer time in warm parts of 
bays near mouths of rivers (Ob, Yenisey Rivers and other). 
 In relation to salinity three categories of fishes can be distinguished. Highly-
stenohaline species live in water under salinity from 33.3–34.5 to about 35‰ 
(Triglops pingelii, Cottunculus sadko, Leptagonus decagonus, Lycodes seminudus, 
L. rossi, L. pallidus, Gymnelus esipovi, G. andersoni). Moderately-stenohaline 
species occur under salinity from 29 to 35‰ (Myoxocephalus scorpius, Triglopsis 
quadricornis polaris, Artediellus scaber, Gymnelus knipowitschi), e.g. all coastal 
forms belong to this group. Euryhaline species occur under salinity from 29 to 35‰ 
(Gymnocanthus tricuspis, Icelus bicornis, I. spatula, Lycodes agnostus, Boreogadus 
saida). 
 Quantitative studies of the Kara Sea fish fauna are absent. The following spe-
cies are numerous in trawl catches made in the offshore shelf areas: Icelus bicornis, 
Boreogadus saida, Gymnelus andersoni, Gymnelus knipowitschi, Lycodes pallidus, 
Artediellus scaber, Triglops pingelii, Gymnocanthus tricuspis. In the coastal zone 
Triglopsis quadricornis polaris is common. Food of Coregonus autumnalis in the 
Ob Bay consists mainly from this species. The most important item in the food 
webs in the open sea is Polar cod. 
 In general, the level of knowledge on the Kara Sea fish is many times less than 
that of the neighboring Barents Sea. It depends on the lesser fishery importance of 
the region and its more unfavorable ice conditions. Ichthyological studies have 
been conducted here mainly incidentally together with hydrobiological or other 
researches. The fishes of estuarine areas are better known. Offshore fauna is stud-
ied better than in the coastal zone, where trawling is not possible. Eastern coast of 
Novaya Zemlya ichthyologically is almost unstudied. Reproduction of fishes in the 
Kara Sea and other aspects of their biology are fragmentary, eggs and larvae for 18 
species are only known. 
 Commercially valuable in the sea are semi-anadromous and anadromous spe-
cies fished in estuarine waters. They are Siberian sturgeon, and several forms of 
whitefishes. 

8. Food webs 

8.1. The Barents Sea 

The Barents Sea ecosystem is characterized by branchy interactions between pe-
lagic, bottom and terrestrial communities. Main processes are realized in the water 
column (Zenkevich, 1963; Marti and Martinsen, 1969). Major part of organic com-
pounds is produced here and is consumed by bottom communities, fishes and 
birds. Due to that, food webs of the water column are studied better as compared 
to the seabed communities. 
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 Food webs of the Barents Sea pelagic system are comparatively short and sim-
ple. In general, trophic structure of the pelagic community in the Atlantic Subarc-
tic Province may be described as follows: phytoplankton – zooplankton (Calanus 
and krill) – capelin (herring) – cod (Fig. 29.17). Attempts to evaluate the energy 
flow in the pelagic food webs quantitatively were made more than once (Marti and 
Martinsen, 1969; Timofeev, 1990, 1996; Nöthig et al., 1994; Sakshaug et al., 1994). 
However, due to considerable long-term variability of the plankton and fish pro-
duction, intensity of fishery and other factors, this evaluation should be considered 
to be only of historic value (as old photos). For example, up to 1980’s, cod was 
feeding mainly on capelin but in 1980’s (due to collapse of the capelin stock caused 
by over-fishing) it was forced to feed on krill and its own fry (cannibalism; Orlova 
and Matishov, 1993). In its turn, decrease in the capelin resources caused increase 
in the large plankton species abundance (e.g. Temisto sp.; Dalpadado et al., 2002), 
which feed on Calanus. As a result, redistribution of the energy flows occurred and 
trophic structure changed leading to the strengthening of the levels nearest to the 
phytoplankton. 

 

Figure 29.17   The food pathways in Balsfjord, Northern Norway (by Falk-Petersen et al., 1990) 

 Capelin Mallotus villosus, Polar cod Boreogadus saida, Atlantic herring Clupea 
harengus and also young of many other Barents-sea fishes are zooplankton feed-
ers. Predominanting benthic and near-bottom fishes feed mainly on benthic and 
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near-bottom organisms. Wolf-fishes (Anarhichas denticulatus, A. lupus and A. 
minor) prey predominantly on echinoderms, mollusks, crustaceans and fishes 
(Orlova et al., 1989). European plaice Hippoglossoides platessoides limandoides 
and other pleuronectids feed usually on polychets, echinoderms and mollusks 
(Berestovsky, 1989). Haddock Melanogrammus aeglefinus used more often krill 
and shrimps, in lesser extent polychets, echinoderms and bivalves, also capelin and 
other fishes (Kovtsova et al., 1989). Cod Gadus morhua prefer to eat various fishes 
(herring, capelin, young cod and haddock, polar cod, young places, Lumpenus, 
Lycodes, Cottidae), and big crustaceans, but use totally about 200 feeding objects 
(Treska… , 1996). Red-fishes prey mainly on herring, capelin, young cod-fishes, 
also as on crustaceans Euphausiidae, Hyperiidae, Pandalus sp. (Barsukov et al., 
1986). 
 Many of sea birds species (Fratercula arctica, Rissa tridactyla, Cepphus grille, 
Uria lomvia and others) feed on school pelagic fishes (capelin, herring, polar cod), 
also they prey on many near-bottom fish species living in sublittoral zone and 
shallow shelf water (young cod-fishes, wolf-fishes, Lumpenus sp., Cottidae sp., 
Liparis sp., Lycodes sp. etc.). Some other species of sea birds prey mainly on ben-
thic invertebrates (Krasnov et al., 1995). 
 Bearded seal Erignathus barbatus feeds usually on big marine invertebrates. 
Ringed seal Phoca hispida consumes mainly fish and shrimps. Harp seal Histro-
phoca groenlandica, Common seal Phoca vitulina, Grey seal Halichoerus grypus, 
Hooded seal Cystophora cristata also used fishes and big invertebrates. Walrus 
Odobenus rosmarus which still inhabit the Frantz Joseph Land, Spitsbergen and 
Novaya Zemlya areas, prefers big forms of the bivalve mollusks (Atlas…, 1980). 
The ringed seals and young walruses are important as the main food for polar 
bears Ursus maritimus. 
 Whales of the Subordo Mustacoceti (baleen whales) feeds mainly on zooplank-
ton. From this group, the Blue Whale Balaenoptera musculus, Fin Whale Balaen-
optera physalus, Seiwal Balaenoptera borealis, Minke Whale Balaenoptera 
acutorostrata, Humpbacked whale Megaptera novaeangliae and Bowhead whale 
Balaena mysticetus occur sporadically in the Barents Sea (Atlas…, 1980). 
 Bottle-nosed dolphin Tursiops truncates feed mainly on benthic invertebrates 
and fishes. Atlantic White-sided Dolphin Lagenorhynchus acutus preys usually on 
school pelagic fishes (herring, salmon) and squids. White-beaked dolphin Lage-
norhynchus albirostris catch usually cod, capelin, navaga, herring, squids. Carnivo-
rous Killer whale Orcinus orca kill seals, walruses, whales, but feeds also on fishes 
(cod, capelin, salmons, skates, halibuts) and squids. Long-finned Pilot Whale Glo-
bicephala melaena, Harbour Porpoise Phocoena phocoena, Giant sperm whale 
Physeter catodon, Beluga Whale Delphinaptesus leucas, Narval Whale Monodon 
monoceros feed usually on fish (herring, navaga, Atlantic cod, polar cod, places, 
skates and others) and squids (Atlas…, 1980). 

8.2. The Kara Sea 

Food webs in the Kara Sea Region are well studied mainly for the Ob and Yenisey 
estuaries. Feeding preferences of the most abundant species leaving here are as 
follows (Pogrebov et al., 2001; see also Fig. 29.18). The Siberian sturgeon is a ben-
thos-eating fish. Its main food is tendipedid larvae and larvae of Mayflies and 
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buffalo gnats. It also feeds on amphipods, oligochaetes, and isopods. Isopods 
Saduria entomon comprise up to 90% of its total food in the Yenisey Bay. 

 

Figure 29.18   Main food webs in the Yenisey Estuary (by Pogrebov et al., 2001) 

 The vendace and pelyad preys mainly on zooplankton. Mysidaceans, cladocer-
ans, and copepods are prevailing in the vendace food in the bays, whereas in delta 
tendipedid larvae and amphipods are leading. Crustaceans, mainly cladocerans, 
and, to a lesser degree, insect larvae, are predominating in the pelyad food during 
summer, though benthic invertebrates may be found in stomachs of this species in 
winter time and fish eggs in autumn. The whitefish and omul preys both on zoo-
plankton and benthos. Young whitefish is feeding mainly on cladocerans and co-
pepods, while adults, besides above-mentioned tendipedid larvae and amphipods, 
–on small mollusks and adult insects. Amphipods and mysidaceans comprise the 
main food of adult omul. Copepods and cladocerans are important only for the 
young of this species. The muksun and chir are mainly benthos-eating fishes. Dur-
ing summer, muksun feeds on amphipods and isopods Saduria entomon, and, to a 
lesser degree, on diatom algae. Its fry also uses cladocerans, copepods, tendipedid 
larvae, and amphipods in the course of migration in the deltas. The chir food com-
prises tendipedid larvae, small mollusks, and near-bottom crustaceans. Its fry feeds 
on plankton in the first months of life but by the autumn time bottom dwellers 
begin to prevail in its ration. The nelma is typical predator, though its young are 
preying on zooplankton, benthos, and adult insects during the first three yours of 
life. From an age of 4 to 5 years, main food of nelma comprises the fry of whitefish, 
muksun, burbot and own fry, as well as adult tugun, vendace, grayling, and nine-
spined stickleback. From the other fish inhabiting estuaries, the smelt feeds on 
zooplankton (cladocerans and copepods) at the early stages of development, and 
on amphipods and especially mysidaceans, being adult. Role of fry in feeding is 
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also significant. The burbot and pike are mainly predators. The majority of other 
fish species feeds on both plankton and benthos. In general, the proportion of 
benthos-eating fishes estimated for the study area is 43% of the total fish fauna, of 
plankton-eating fishes 18%, whereas predators compose 20% of the fish fauna. 
 In offshore areas the Polar cod and Liparis cf. fabricii are the main cryopelagic 
abundant species, which play important role in food webs as zooplankton feeders. 
Cottid, zoarcid and agonid fishes consume mainly benthic and near-bottom organ-
isms. 
 The role of fish is significant in seabird diets. Such true marine birds as guille-
mots and seagulls are among the most significant fish consumers, whereas birds of 
other orders (e.g., waterfowl and water birds) prey mainly on benthic algae and 
invertebrates. 
 In addition to fish, some marine mammal species also inhabit the bays. The 
white whale is the most abundant among the cetaceans, whereas the widely dis-
tributed ringed seal is the most common species among the pinnipeds. Polar bears 
may be observed in the study area on rare occasions. The white whales are usually 
seen in the near-shore waters during the ice-free period. In some areas these 
whales undertake extensive seasonal migrations. The white whale feeds on squid, 
benthic crustaceans and fish, in particular Arctic cod. They are important for ecol-
ogy of the area as a primary marine predator. The circumpolar ringed seal is in-
habitant of the permanent pack ice but congregate on landfast ice for breeding. 
Fish, pelagic amphipods, shrimps and other crustaceans make up the bulk of the 
diet. The ringed seal is important as a predator and as the main food for polar 
bears. The polar bear visits the bays in winter. The polar bear lives mainly on 
ringed seals and partly on bearded seals. They also feed on other seals, walruses, 
white whales, carcasses and whatever they find of birds, eggs, etc. The polar bear is 
at the top of the Arctic marine food chain. The size of the population has an effect 
on the size of the population of ringed and bearded seals. 

9. Radioactive contamination of seabed sediments and biota’s reply 

Considerable concern, not only of specialists, but of all the world community in the 
recent past was connected with the environmental state of the nuclear test sites 
and sites of radioactive waste (RAW) disposal off Novaya Zemlya. Novaya Zem-
lya Test Site experienced 132 nuclear explosions (Adushkin and Krasilov, 1993), 
and RAW of the total radioactivity 2400 kCi was damped here on shelf eastwards 
archipelago (Facts, 1993; see also Fig. 29.19). 

9.1. The Barents Sea 

Underwater nuclear explosions in Chernaya Inlet (see Fig. 29.19) were conducted 
in 1955, 1957 and 1961 (the first of them at a depth of 50 m). Measurements taken 
in 1992 had shown that Cs-137 concentration in the inlet bottom sediments was 80 
Bq kg-1 while the average value all over the Barents Sea was less than 5 Bq kg-1 
(Smith et al., 1995). Radioactivity of Pu-239, 240 made up 2500–11000 Bq kg-1 
against background level 0–3 Bq kg-1. Co-60 (140 Bq kg-1) was also registered. 
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Figure. 29.19.   Scheme of location of the Novaya Zemlya Nuclear Test Site Flats (Adushkin and Krasi-
lov, 1993), radioactive waste dump sites and benthic stations, sampled off Novaya Zemlya during the 
ecological cruise of 1993. Numbers under the names of dump sites correspond to the expert estimation 
of maximum possible radioactivity of all forms of solid radioactive waste to the moment of dumping, 
kCi. In stations, designation numbers above the line correspond to the station ordinal numbers, below 
the line–to the depth, in metres Arrows corresponds to the directions of prevailing currents. 

 According to the results of sampling provided in Chernaya Inlet in recent dec-
ade (Pogrebov et al., 1997), the macrobenthos biodiversity at investigated sites was 
rather high and comprised 34 species per single quantitative sample while the 
biomass averaged 245.8 g m-2. By species diversity the first places belonged to 
Polychaeta and Bivalvia. Along the depth gradient, the total benthic biomass de-
creased from 384 g m-2 at 31 m to 106 g m-2 at 58–69 m. By prevailing trophic group 
the community belonged to subsurface deposit-feeder zone (60% of total bio-
mass). In general, no deviation from statistically averaged state of bottom dwellers 
in Chernaya Inlet as compared to the adjacent areas of the Barents Sea could be 
noted. 
 In meiofauna of the studied area representatives of all the main taxa of this 
group were found. Meiobenthos abundance varied within 108–5426 thousand indi-
viduals m-2, biomass–within 2–112 g m-2. Foraminifera dominated. Minimum values 
of meiobenthos abundance were observed on stations, located in the center of the 
inlet, on silty and clayey seabed sediments. Averaged characteristics of the nearest 
offshore differed from those of the inlet: (i) meiobenthos density here was three 
times lower and biomass–five times lower than in Chernaya Inlet; (ii) dominating 
species and community structure were different; (iii) community variability turned 
out to be smaller. However, we are far from taking responsibility to correlate the 
revealed differences with the consequences of nuclear tests, particularly as no 
abnormalities in the meiobenthic organism morphology could be found. 
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 Microbenthic fauna of Chernaya Inlet was not found to be poor. However it was 
difficult to overlook pauperisation of the inlet Ciliophora, both by the species 
number and frequency of occurrence. Thus, on the same number of stations, at 
similar depth and seabed sediments in the adjacent areas of the Barents Sea, no 
less than 10 species of these ciliate with 100% occurrence were recorded. At the 
same time in Chernaya Inlet only 4 species were recorded with occurrence rate of 
40%. In the inlet itself infusorians were discovered only on the shallowest station 
located at its top. Morphology of Ciliophora individuals, belonging to gen. 
Euplotes, which were met here (5 specimens), was strongly changed: form of their 
body and basal granules had significant divergence from norm. As a result, move-
ment of animals in water also differed from normal. According to the results of 
laboratory measurements, content of Cs-137 in seabed sediments of Chernaya 
Inlet on shallow-water stations in the inlet and deep-water stations in the vicinity 
of the inlet was similar to the background level (6 Bq kg-1 of air-dry sediment). On 
the deep-water stations of the inlet content of Cs-137 in sediments increased more 
than 50 times (up to 328 Bq kg-1). It is another matter that Cs-137 concentration 
even as much as 328 Bq kg-1 cannot be considered high enough for the explanation 
of revealed phenomenon. However, if one would: (i) consider radio-caesium as a 
marker of all anthropogenic radionuclides; (ii) high concentration of Pu-239, 240, 
measured here earlier (it exceeds the background level by three-four orders of 
magnitude); (iii) take into account its high toxicity (10 thousand times as high as 
that of arsenic), then the possible cause of the infusorians state in Chernaya Inlet 
may be linked with the increase of man-made radionuclide concentrations in the 
inlet sediments with high probability. So, interpretation of their absence on deep-
water stations, and especially of their morphological changes on shallow-water 
stations, by specific hydrological and hydrochemical regime of the inlet may hardly 
be regarded as logical. It is interesting to note that in the flagellate fauna of Cher-
naya Inlet no disturbances were found. 

9.2. The Kara Sea 

The largest in total activity RAW disposals in the Kara Sea were conducted in the 
Novaya Zemlya Trough, Abrosimov and Stepovogo Fjords (see Fig. 29.19). 
Named areas represent sites of RAW disposal with radioactivity more than 90% of 
total for the whole Kara Sea. According to the computations of the Livermore 
Laboratory scientists (Mount and Sheaffer, 1994), radionuclide inventories of 
dumped objects in the Novaya Zemlya Trough, Abrosimov and Stepovogo Fjords 
for the time of disposal are estimated at 213–811, 663–2300 and 187–191 kCi re-
spectively. 
 According to the results of sampling provided in the Novaya Zemlya Trough 
(Pogrebov et al., 1997), Polychaeta here were predominant by species diversity and 
abundance. By dominating trophic group community belonged to the subsurface 
deposit-feeder zone (51% of total biomass). Comparison of our data with those of 
previous (Filatova and Zenkevich, 1957; Antipova and Semenov, 1989) reveled 
similarity between the results of the 1927–1945 and 1993 surveys, and their dissimi-
larity with the results with the results of 1975 survey. Thus, average biomasses of 
the 1927–1945 and 1993 surveys were equal to 13 and 16 g m-2 respectively, while 
biomass of the 1975 survey averaged only 2 g m-2. Dissimilarity of dominating spe-
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cies and benthic structure could also be considered as “high”. We explain differ-
ences as sampling errors (small number of replicates in all studies) rather than 
fluctuation of benthic species populations. We have no evidence that the observed 
differences were caused by changes of radiological situation. 
 Taxonomic composition of meiofauna was typical for the region. Abundance of 
meiobenthic organisms varied from 15 to 948 thousand individuals m-2, biomass – 
from 0.2 to 9.4 g m-2. At two stations Nematoda were prevailing by abundance; in 
other cases Foraminifera were dominating by abundance. The same Foraminifera 
were prevailing on such stations by biomass too. Facts testifying to possible impact 
of RAW disposal on the meiofauna of the studied area were not revealed. 
 Microbenthic communities of the Novaya Zemlya Trough were the richest from 
all studied. No abnormalities in the organism state were revealed. 
 Along the Novaya Zemlya eastern coast, first place with respect to the species 
number belonged to Polychaeta and Bivalvia, with respect to biomass – to Rhodo-
phyta and Bivalvia. On stations with a large share of hard substratum: (i) flora and 
fauna composition was more diverse; (ii) total benthic biomass was higher (up to 
399 g m-2); (iii) dominating of Lithotamnion sp. was more pronounced; (iv) abun-
dance of other red algae increased; (v) in trophic structure autotrophs were lead-
ing. On silt and silty sand: (i) species diversity was lower; (ii) biomass decreased 
(up to 14 g m-2); (iii) Astarte crenata were dominating; (iv) role of other bivalves 
increased; (v) in trophic structure motile filter-feeders and surface deposit-feeders 
were prevailing. 
 Meiobenthic composition of sites along the Novaya Zemlya eastern coast was 
similar to that described for the two previous sites. Organism abundance varied 
from 184 to 3095 thousand individuals m-2 and biomass varied from 2.3 to 62.3 g m-2. 
On the majority of stations Foraminifera prevailed. On two stations nematodes 
were highest in abundance. On one of the stations turbellarians were highest in 
biomass. Along the depth gradient, quantity of meiobenthos decreased: from 40 to 
70 m by 0.6 million individuals m-2 and by 13 g m-2 on each 10 m of depth. Abnormal 
individuals in meiobenthic samples from the Novaya Zemlya shoal were not re-
corded. 
 Analysis of Protozoa distribution along the Novaya Zemlya eastern coast re-
vealed no ecological peculiarities. Composition and number of species per sample 
of both infusorians and flagellates varied insignificantly. Appreciable correlation 
of these indices with depth or seabed sediment composition was not observed. No 
morphological abnormalities of individuals or their behavioral changes were 
noted. 

10. Issues perspective for further studies 

Taking into account the development of oil and gas extraction and transportation 
in the Barents and the Kara Sea coastal and offshore regions in the nearest future, 
one should consider the following issues to be the most perspective for further 
biological studies (Kiyko and Pogrebov, 1999): (i) study of biological effects caused 
by low environment contamination (in nature); (ii) elaboration of a concept of the 
marine ecosystem adaptation syndrome caused by natural and man-made impacts; 
(iii) prognostic modeling of biota changes caused by the changes in environment; 
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(iv) study of biological effects caused by oil pollution and subsequent rehabilita-
tion succession in typical cases. 

 

Figure 29.20   Potential sensitivity of the Pechora Sea to accidental oil spills by the integral biological 
characteristics in spring (late April–June: development of plankton communities, spawning of herring, 
spring migration of fish, spring migration and pre- and nesting concentrations of birds, pupping and 
molting of seals) and autumn (September-October: autumn migration of fishes, birds and mammals to 
the wintering grounds) 

 Practically significant are the studies connected with the integral assessment of 
sensitivity of marine and coastal biota to the offshore oil-field development operations 
(Pogrebov and Puzachenko, 2001, 2003). This GIS-based technology of mapping 
uses ranked input data on seasonal distribution of main marine and coastal ecosys-
tem components (plankton, benthos, fishes, birds and marine mammals) and as an 
output one may get integral seasonal maps showing comparative spatial and tem-
poral sensitivity of the study area. A preference is usually given to quantitative 
data, and high attention is paid to the seasonal dynamics. Data on the distribution 
of organisms presented in the form of by-season maps for each species or a group 
of organisms are used as a basis. The maps are digitized and presented as individ-
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ual GIS “layers”. As an individual “layer”, a regular grid is constructed whose cell 
size is determined based on the minimum contour size on the maps. Data on the 
object presence or the indicators characterizing its abundance are written at the 
table margins. Data on the object distribution are multiplied by the sensitivity 
coefficients and summed up for all objects. For compiling the end maps the sensi-
tivity values are ranked according to a 5-point scale (from green to red, the latter 
characterizing the highest sensitivity). Ranking is made simultaneously for all 
seasons so that the assessment scale took into account the indicator variability over 
the year. The results of such an approach usage for the southeastern Barents Sea 
are presented in Fig. 29.20 (the analysis includes evidence on the distribution of 
about 30 species and groups of organisms for the water area considered). 
 As a result, it is shown that the so-called Pechora Sea is the most sensitive area 
of the region to the accidental oil spills in all seasons. The least sensitive period is 
spring with winter being the least sensitive. The potential sensitivity zone occupies 
the maximum area in the winter-spring period and the minimum area in spring. 
The most sensitive locations are in the vicinity of Gulyayevskiye Koshki, Dolgy, 
Bolshoy and Maly Zelentsy and Matveyev Islands and in the western part of the 
Pechora Sea coast. On the Kola Peninsula, the sensitive water areas are in the 
vicinity of bird colonies. The especially valuable objects also include Kildin Island, 
Motovskoy Bay, archipelagos of Seven Islands and the Ainovy Islands. 
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1. Introduction 

The Bering Sea (Fig. 30.1) is a northern extension of the North Pacific Ocean, and 
is the world’s third-largest semi-enclosed sea. A continental shelf underlies about 
one-half of the Bering Sea, consisting of a broad (>500 km) eastern portion be-
tween the Alaska Peninsula and Cape Navarin, and a narrower (<100 km) western 
portion between Cape Navarin and Kamchatka Strait. Mean northward transport 
(~0.8 x 106 m3 s–1) through Bering Strait is driven by an ~0.5 m sea level difference 
between the Bering Sea and Arctic Ocean (Coachman, 1993). This transport pro-
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vides the only connection and exchange of water between the Pacific and Atlantic 
Oceans in the northern hemisphere. This northward flow requires transport onto 
the shelf of nutrient-rich slope waters from the Bering Slope Current, the eastern 
boundary current of the cyclonic gyre that dominates circulation in the Bering Sea 
gyre (Stabeno et al., 1999). Over the northern shelf, nutrient-rich water up-wells 
due to shoaling topography, thereby stimulating primary production (Nihoul et al., 
1993). Ice forms predominantly in the polynyas over the northern shelf. The cold, 
saline water formed from brine rejection sinks and flows northward through Ber-
ing Strait. Globally, this water plays a role in maintaining the Arctic Ocean halo-
cline and hence ventilation of the deep waters (Aagaard et al., 1985). 

 

Figure 30.1   Geography and place names of the Bering Sea. The location of the M2 is indicated. Depth 
contours are in meters. (From Schumacher and Stabeno, 1998 or Stabeno et al., 1999.) 

 The eastern Bering Sea is home to a rich variety of biota, including the world’s 
most extensive eelgrass beds; at least 450 species of fish, crustaceans, and mollusks; 
50 species of seabirds; and 25 species of marine mammals. It has been classified as 
its own bio-geographic province (Longhurst, 1998) and as a Class II, moderately 
high (150–300 gC/m2/yr) productivity, ecosystem based on satellite remote sensing 
estimates (www.edc.uri.edu/lme/text/east-bering-sea.htm), although primary pro-
duction estimates for sub-regions are much higher (e.g., Springer and McRoy, 
1993). The abundant fish and wildlife of the Bering Sea have supported the lives 
and livelihoods of Asians and North Americans since prehistoric times. For the 
65,000 Alaskan natives living on the shores of the eastern Bering Sea (NRC 1996), 
subsistence is not just a means of providing food; it is the wellspring of spiritual 
and cultural traditions. Presently (2002), the U.S. Bering Sea fishery provides 
about 40% of the U.S. and about 5% of the world harvest of fish and shellfish with 
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walleye pollock (Theragra chalcogramma) comprising much of the fish landings; 
the tanner crab (Chionoecetes bairdi) fishery currently is the largest crustacean 
fishery (by weight) in the U.S. Bristol Bay supports the world’s largest sockeye 
salmon (Onchorhynchus nerka) fishery. In addition to supporting a large portion 
of the nation’s fishery production, the Bering Sea supports ~80% of the U.S. nest-
ing seabird population, comprising approximately 36 million birds. Furthermore, 
many endemic species such as red-legged kittiwakes (Rissa brevirostris) and 
whiskered auklets (Aethia pygmaea) are found in the Bering Sea and further high-
light the significance of this region. Prior to the 1960s, there were much larger 
populations of northern fur seals (Callorhinus ursinus), Steller sea lions (Eumeto-
pias jubatas), whales and birds. The U.S. government has listed the Steller sea lion 
and spectacled eider (Somateria fischeri) as endangered species, sea otters (Enhy-
dra lutris) as threatened and there are declines of some salmon populations that 
have adversely affected commercial and subsistence harvest. This region’s wet-
lands, coastlines and islands provide globally significant habitats for many addi-
tional wildlife species, and its natural history holds answers to important questions 
about world history including the introduction of hominids to North America. 
 The current state of this ecosystem is a product of its history that includes sub-
stantial human and natural impacts. Western knowledge of the Bering Sea’s rich 
ecosystem began with Vitus Bering’s voyage in 1741 (Ford, 1966). Over the next 
two centuries, commercial exploitation brought the Steller sea cow to extinction, 
and the sea otter, fur seal, walrus and bowhead whale nearly to extinction (Fay, 
1981). In the early 1950s, the “commercial fishing period” began and that, together 
with the removal of marine mammals (until the early 1970s), had a marked impact 
on the composition of the ecosystem (NRC, 1996). These factors form the basis of 
the Trophic Cascade Hypothesis (Merrick, 1997; NRC, 1996). As the large popula-
tions of mammals (particularly whales) and fish were removed, there was an in-
creased amount of food (zooplankton and small fish) for other vertebrate 
predators. There is little doubt that the over-exploitation and reductions of these 
populations, together with a regime shift in the physical environment, led to a 
switch in the late 1960s and early 1970s to a system dominated by pollock, which 
has persisted since then (NRC, 1996). 
 Much of the early oceanographic research was conducted to address questions 
relating to the international fishery (Takenouti and Ohtani, 1974; Arsenev, 1967; 
Hood and Kelley, 1974; and Favorite et al., 1976). In the early 1950s, Hokkaido 
University began annual training cruises to the Bering Sea and established what 
has become one of the longest physical and biological time series available in the 
region (e.g., Sugimoto and Tadokoro, 1997). Between the mid-1970s and late 
1980s, the focus changed to resource assessment on the eastern shelf as part of the 
Outer Continental Shelf Environmental Assessment Program (OCSEAP; Hood 
and Calder, 1981). Annual groundfish and crab assessment continues to this day by 
NOAA/National Marine Fisheries Service. OCSEAP was followed by ecosystem 
research over the southeastern (PROBES; Processes and Resources of the Bering 
Sea: Hood, 1999) and northern shelf (ISHTAR; Inner Shelf Transfer and Recy-
cling in the Bering and Chukchi Seas: McRoy, 1999), and examination of ice re-
lated phenomenon during the Bering Sea Marginal Ice Zone Experiment 
(MIZEX: Muench, 1983). During the 1990s, research focused again on fisheries 
and the influence of the physical factors on the ecosystem. Major contributions 
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included those from the Fisheries Oceanography Coordinated Investigations pro-
gram (FOCI: Schumacher and Kendall, 1995); NOAA’s Coastal Ocean Programs, 
Bering Sea FOCI (BSFOCI: Bailey et al., 1999, Brodeur et al., 1999b; Napp et al., 
2000) and the Southeast Bering Sea Carrying Capacity program (SEBSCC: Sta-
beno and Hunt, 2002; Macklin et al., 2002); the National Science Foundation (Polar 
Programs) “Study of prolonged production, trophic transfer, and processes at the 
Bering Sea inner front” (hereafter called Inner Front Study: Stabeno and Hunt, 
2002) and a program to conduct long-term ecological research on marine ecosys-
tems in the Arctic and Pacific Oceans (BERPAC: Tsyban, 1999). Alexander (1999) 
provides a review of many of the interdisciplinary studies of the Bering Sea. 
 Features of the Bering Sea (including solar radiation, atmospheric phenome-
non, sea ice cover, and water column structure and temperature, and biological 
production) vary over a wide range of time scales. These include strong seasonal 
and annual signals and smaller, but potentially important longer-period fluctua-
tions. Over the vast region of the eastern shelf, most of the physical phenomena 
also vary greatly with both latitude and longitude. The variability in physical fea-
tures, together with the flux of nutrient-rich slope waters onto the eastern shelf, 
shapes one of the world’s most productive ecosystems (Walsh et al., 1989). Obser-
vations suggest that a highly productive region also exists over the edge of the 
continental shelf (Springer et al., 1996). This “green belt” extends around the en-
tire perimeter of the continental shelf and estimates of both primary and secon-
dary production in this belt are more than 60% greater than production over the 
adjacent shelf waters. 
 In this chapter, we first present a conceptual model of the pathways by which 
changes in atmospheric phenomenon can influence sea ice, oceanic features and 
biota. While some of the pathways may be specific to the Bering Sea, much is 
directly applicable to other subarctic seas. We then present the salient features of 
the physical environment summarized from Schumacher and Stabeno (1998), 
updated to include more recent findings (e.g., Kachel et al., 2002; Overland et al., 
1999a; Stabeno et al., 2002). Our focus here is on interdisciplinary ocean science, 
with a particular focus on several phenomena whose influence on biota has been 
established: water temperature, transport and turbulence. Following Schumacher 
and Stabeno (1998), we partition the continental shelf of the Bering Sea into east-
ern (primarily U.S. waters) and western regions, with the former further differen-
tiated into southeastern, central and northern sub-regions. The following sections 
describe processes of the eastern Bering Sea shelf and those over the northern and 
western shelf. We conclude with a discussion of suggestions for future research. 

2. Pathways from Physics to Biology 

The complex pathways that weave together the biotic and abiotic components of 
the Bering Sea ecosystem are not all known, nor are all the interactions among the 
various components well understood. Yet, identifying and understanding mecha-
nisms that transfer climate change in the atmosphere and ocean to biota is essen-
tial if we are to comprehend ecosystem dynamics (Francis et al., 1998). 
Fluctuations in the physical environment can impact the ecosystem through both 
changes in the nutrient-phytoplankton-zooplankton sequence (i.e., bottom-up 
control), and/or by altering habitat or some other condition that results in changes 
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in abundance and/or spatial composition of higher trophic level animals (i.e., top-
down control). Temperature, turbulence and transport are mechanisms through 
which the physics influences the biology. These, in turn, respond to wind and, for 
high latitude seas, sea ice. All of these phenomena are included in a conceptual 
model (Fig. 30.2) that provides a schematic of the pathways in which changes in 
the physical environment impact biota. While the sequence is generally thought of 
as unidirectional starting with changes in the atmospheric climate driving those in 
the ocean and on to biota, changes in oceanic environment (e.g. heat fluxes) can 
alter atmospheric features (a feedback loop). In this conceptual model, the direct 
influence of the physical environment is a function of trophic level; the arrows 
between levels represent both biological interactions and the communication of 
physical influences. 

 

Figure 30.2   Pathways whereby changes in physical environment influence the biological processes 
(after Schumacher et al., 2003). Sea ice appears twice because it represents pathways for different 
processes. 

 The pathways in the conceptual model also include biological interactions (e.g. 
density dependence) that can be a dominant factor in population dynamics; for 
example, cannibalism has a marked influence on recruitment processes of pollock 
in the eastern Bering Sea (Livingston and Methot, 1998). In a recent examination 
of variations in the strength of pollock year classes (Wespestad et al., 2000), physi-
cal and biological mechanisms set survival. For instance, the availability of young 
pollock as prey for adult fish may be related to transport of larval stage animals. A 
switch model of larval pollock dynamics (e.g., Napp et al., 2000) also highlights that 
physical and biological factors interact to influence survival. 
 Understanding the influence of changes in the physical environment on the 
ecosystem is confounded by many factors. Physical conditions favorable for one 
life history stage may be detrimental for another. In addition, many marine popu-
lations are likely to respond to change in a nonlinear fashion (e.g., Bailey et al., 
2002; Cury et al., 1995; Stenseth et al., 2002). For example, it is hypothesized that 
during cold years in the Bering Sea, the spatial domain of age-1 pollock over the 
shelf is restricted to warmer waters (a behavioral response to temperature) and 
that increased local densities of these fish result in higher predation mortality by 
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older fish (Ohtani and Azumaya, 1995). Cold winters with extensive ice cover can 
also provide conditions that support rapid increases of primary production associ-
ated with the presence of sea ice. Due to the cold-water temperatures and related 
low physiological rates, the limited zooplankton biomass is unable to consume a 
significant portion of the primary production. Thus, most of the carbon sinks to the 
sea floor feeding the benthic food web (Walsh and McRoy, 1986). In addition, it 
has been demonstrated that nitrate uptake on the southeastern Bering Sea shelf 
has a nonlinear relationship to wind-induced mixing, and timing of storms relative 
to the phase of the production system (i.e., respiration or nutrient limited period) 
is critical (Sambrotto et al., 1986). 

3. Physical Features 

3.1 Direct Solar Forcing 

 

Figure 30.3   Average net short wave radiation (NSWR) from April 1–June 30 (Wm–2). Note negative 
indicates a downward flux. 

While many environmental features have been well documented (e.g., Schumacher 
and Stabeno, 1998; Stabeno et al., 2001; Hunt et al., 2002), temporal and spatial 
variations in the amount of solar radiation and its potential impact on ecosystem 
dynamics has not been well addressed, yet such variations are evident in time 
series of net short wave radiation (Fig. 30.3). The effect of latitude is apparent in 
these time series, with the northernmost station receiving approximately 19% less 
energy. The other two net short-wave radiation time series, which are at similar 
latitudes, appear coherent. The northern and the two southern time series show 
similar patterns of variability in 1972–1983 and 1995–2001. During the intervening 
period the time series appear to be out of phase by ~180

 
degrees with the magni-

tude of variability of the northern series much less than that seen in the southern 
time series. While the two series at approximately the same latitude are often 
similar in magnitude, there are some years (e.g., 1995) when they differ by more 
than 10 Wm–2. Some of the longer-term variation may be due to the sun spot cycle 
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that results in a solar flux variation of ~0.1% or ~2 Wm–2 at sea level. It is likely, 
however, that regional differences in cloud cover account for the majority of this 
signal. It is not presently known how these differences influence ecosystem dynam-
ics, although the latitudinal differences relate to a shorter more intense period of 
production over the northern shelf than exists over the southeastern shelf. This 
likely contributes to the observed differences in the dominant pathway of carbon 
cycling (pelagic versus benthic): the northern shelf is predominately a benthic 
system whereas the southeastern shelf may be either pelagic or benthic depending 
on timing of spring blooms (Walsh and McRoy, 1986; McRoy, 1993). 

3.2 Atmospheric Features 

Recent research (e.g., Minobe, 1999, 2002; Hare and Mantua, 2000) has high-
lighted atmospheric variations that exist on multi-decadal time scales (typically, 10 
to 70 years), which cause significant alterations throughout the ecosystem. These 
changes, known as regime shifts, are seen in the biological environment primarily 
as changes in community composition and/or biomass of a given species. The 
mechanisms that initiate a climate regime shift, however, are presently unknown. 
In a review of how climate variability impacts biota in the eastern Bering Sea, 
Schumacher and Alexander (1999) identify the following four candidates for forc-
ing interdecadal signals in that region. First, changes in solar activity are correlated 
with temperature and pressure in the atmosphere over the North Pole (Labitzke 
and van Loon, 1988), and may provide a forcing mechanism for decadal oscilla-
tions in the coupled air–ice–sea system in the northern hemisphere (Ikeda, 1990). 
The lunar nodal cycle of the moon (period of 18.6 yrs) affects mixed layer depths 
and has been linked to oceanic conditions in the North Pacific Ocean (Royer, 1998; 
Royer et al., 2001). Third, atmospheric interactions exist between the Southern 
Oscillation and the Aleutian Low as proposed by Wooster and Hollowed (1995). 
Finally, Latif and Barnett (1994) suggest that an unstable air-sea interaction exists 
between circulation in the North Pacific subtropical gyre and the Aleutian Low 
pressure system. Since 1999, other candidates have been proposed, including 
changes in mid-latitude wind stress (Parrish et al., 2000), subtropical oceanic 
Rossby waves (Jin et al., 2001), and subsurface changes in the ocean south of the 
equator as part of an oscillation intrinsic to the equatorial and southern tropical 
Pacific Ocean (Giese et al., 2002). 
 The primary atmospheric pressure features influencing the Bering Sea include 
weather patterns in the tropical South Pacific (El Nino-Southern Oscillation: 
ENSO), North Pacific (Pacific-North America: PNA) and Arctic (Arctic Oscilla-
tion: AO). The mode of connectivity between these hemispheric-scale features and 
the regional weather appears to be mainly a perturbation in the magnitude, path-
way, and frequency of storm passage along the Aleutian Island chain (Stabeno et 
al., 1999). The frequent migration of storms results in a statistical feature known as 
the Aleutian Low. During summer, with its long periods of daylight and high solar 
radiation, the Aleutian Low is typically weak and the weather benign. During 
winter, a marked change occurs in atmospheric pressure fields. High sea level 
pressure (Siberian High) dominates Asia, while the Aleutian Low deepens and 
dominates weather over the North Pacific and Bering Sea. The juxtaposition of 
these features results in strong, frigid winds from the northeast. The frequency and 
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intensity of storms in the southern Bering Sea decreases temporally from winter to 
summer, but the frequency also decreases with increasing latitude (Overland, 1981; 
Overland and Pease, 1982). 

3.3 Hydrographic Features 

3.3.1 Southeastern Bering Sea 
 The physical features of the oceanic and shelf region of the eastern Bering Sea 
were reviewed by Schumacher and Stabeno (1998) and Stabeno et al. (1999). Over 
the southeastern shelf during summer, three distinct cross shelf domains exist 
which are characterized by water column structure, currents and biota (Cooney 
and Coyle, 1982; Coachman, 1986; Schumacher and Stabeno, 1998). These are the 
coastal (depth <50 m and characterized by weak stratification), middle shelf (50–
100 m deep, characterized by a wind-mixed surface layer abutting a tidally-mixed 
bottom layer), and outer shelf (100–180 m deep, mixed upper and lower layers 
separated by a layer with slowly increasing density). Over much of the southeast-
ern shelf during summer, temperature is an excellent indicator of vertical water-
column structure. The primary source of freshwater is the melting of sea ice; the 
sea ice is advected southward during the winter and early spring. During early 
spring, the combination of tidal and wind mixing tend to weaken the halocline. For 
waters < 30 m deep, tidal mixing energy tends to stir the entire water column. In 
the deeper waters (30 < z <90 m), there is some vertical structure in salinity, but it 
is typically < 0.3 psu (Overland et al, 1999b). It is only in late spring and summer 
when the storms weaken and solar heating begins, that pronounced vertical strati-
fication occurs over the middle domain. During winter, the domains are poorly 
defined since storms mix the water column to >90m. 
 These summer (April-October) domains are separated by a system of transi-
tional zones or fronts (Coachman, 1986; Iverson et al., 1979; Schumacher and Sta-
beno, 1998). The shelf-break front separates the outer shelf from slope waters; the 
broad middle shelf transition zone lies between outer and middle shelf waters; and 
an inner (structure) front separates the well-mixed coastal waters and the two-
layered middle shelf domain. Knowledge of the characteristics of the inner front 
was recently refined: the inner front is wider than previously thought and its loca-
tion varies by tens of kilometers (Kachel et al., 2002), rather than being relatively 
fixed to the 50-m isobath as earlier hypothesized. The balance of wind and tidal 
energy plays a major role in shaping the vertical structure of both the coastal and 
middle shelf domains (Schumacher and Stabeno, 1998; Coachman, 1986). The 
domains provide unique habitats for biota. For example, the meso-zooplankton 
community in the two shallower domains is comprised primarily of the small to 
medium-sized copepods, whereas in the outer shelf domain and oceanic region, 
large copepods dominate (Cooney and Coyle, 1982; Smith and Vidal, 1986). 

3.3.2 Northeastern Bering Sea 
 We consider the northern shelf to be that portion of the eastern shelf north of 
~62°N where changes in topography, tidal energy, and river discharge (primarily 
from the Yukon River) modify the boundaries between domains. The width of 
both the coastal and middle shelf domains increase. Nearly the entire shelf east of 
the Anadyr Strait has depths <50 m, and much of the Gulf of Anadyr lies in the 
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middle domain. North of Nunivak Island, the inner front moves to the vicinity of 
the 30-m isobath as tidal mixing energy decreases (Schumacher and Stabeno, 
1998). In the vicinity of the Yukon River delta, however, the substantial freshwater 
discharge can result in stratification in waters <30 m. The water column (generally 
<20 m) in Norton Sound typically exhibits a two-layered structure during summer 
as opposed to the coastal domain in the southeast, which is at most weakly strati-
fied. During winter, strong heat and salt fluxes result in a vertically mixed water 
column (Muench et al., 1981). 
 Across the shelf south of St. Lawrence Island, three water masses exist: Alaskan 
Coastal, Bering Shelf, and Anadyr (Coachman et al., 1975). The accompanying 
regional salinity field is characterized by a zonal gradient with salinity increasing 
from east to west (Coachman et al., 1975; Schumacher et al., 1983). In water where 
the temperature is <0°C, the salinity between ~30 to 60 m increases by 2.5 psu 
from east to west across the shelf. During ice-free conditions, salinity from St. 
Lawrence Island to the Gulf of Anadyr seldom exceeds 32.8 psu; however, during 
ice formation values >34.2 psu occur. In the Gulf of Anadyr, salinity during sum-
mer ranges between 33.0 and 33.5 psu. The saline waters which flow northwest-
ward across the mouth of the Gulf of Anadyr carry relatively warm temperatures 
and nutrients which suggests the presence of outer shelf water. North of St. Law-
rence Island, all three water masses are present and can be identified as they flow 
northward through Bering Strait (Coachman et al., 1975) 

3.3.3 Western Bering Sea 
 A system of three hydrological zones exists over the western shelf that are 
somewhat analogous to those found on the eastern shelf (Verkhunov, 1994). These 
hydrological zones (coastal, transitional and oceanic) are easily distinguished in 
temperature/salinity diagrams (Khen, 1999). The coastal zone has low (<31.0 psu) 
salinity surface water and a strong pycnocline. Due to a less pronounced halocline, 
the transitional zone exhibits a more weakly two-layered structure than the coastal 
zone. In both zones, a strong seasonal thermocline develops over summer. The 
oceanic zone is identified by a three-layered vertical structure with relatively warm 
(~1.0°C) bottom temperatures that indicate the presence of slope waters. 
 While there is some similarity to the hydrographic structure of the eastern shelf, 
fundamental differences exist. The locations of the zones over the western shelf 
are not stationary, although they can at times be associated with depth contours as 
occurs on the eastern shelf (Verkhunov, 1994). The western shelf is relatively 
narrow and divided by peninsulas into three separate and somewhat isolated gulfs. 
The immense width of the eastern shelf eliminates the direct influence of gyre 
circulation on all but the outer domain. Such is not the case on the western side, 
where the Kamchatka Current, the western boundary current of the Bering Sea 
gyre, has a profound impact on the location of hydrographic zones. When this 
current moves shoreward and flows over the continental slope, all the zones are 
compressed and their frontal divisions are shifted shoreward (Khen, 1999). 

3.4 Circulation 

A schematic of the general circulation is shown in Fig. 30.4. The portion of the 
Alaskan Stream that flows through Aleutian passes, especially Amchitka and 
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Amukta Passes, forms the eastward flowing Aleutian North Slope Current 
(ANSC: Reed and Stabeno, 1999; Stabeno et al., 1999). The ANSC provides the 
main source of the Bering Slope Current (BSC), which is often characterized as 
variable flow replete with eddies and meanders, although at times it appears as a 
more organized northwestward flowing current (Stabeno et al., 1999). The BSC 
separates from the slope, resulting in a broad weak westward flow across the basin. 
Along the west coast the current intensifies, forming the southward flowing Kam-
chatka Current. Exchange between the slope and eastern shelf likely varies de-
pending upon which mode of the BSC is dominant. Transport in the ANSC/BSC 
system is highly variable ranging from ~2 x 106 m3 s-1 to ~9 x 106 m3 s-1 (Stabeno et 
al., 1999). The importance of these slope currents to ecosystem dynamics of the 
eastern shelf is threefold. First, they transport material northward along the slope 
that can be advected onto the shelf through various onshelf mechanisms 
(Schumacher and Stabeno, 1994; Stabeno et al., 2001). Second, eddies, which are 
common seaward of the shelf break (Schumacher and Reed, 1992), apparently 
provide a temporary habitat that favors survival of larvae (Schumacher and Sta-
beno, 1994) and are regions of enhanced primary production (Mizobata et al., 
2002). Finally, the vertical temperature structure of the slope current with its warm 
subsurface maximum is potentially important to fish stocks (Reed, 1995). 

 

Figure 30.4   Schematic of mean circulation in the upper 40 m over the basin and shelf (from Stabeno et 
al., 1999). The arrows with large heads represent currents with mean speeds >50 cm s–1. The Alaskan 
Stream, Aleutian North Slope Current (ANSC), Bering Slope Current (BSC) and Kamchatka Current 
are indicated. Depth contours indicate 1000 m isobath and in the Bering Sea the 200m isobath. 

 Low frequency flow on the shelves is much weaker than in the basin. Over the 
eastern shelf, the net flow from late spring through mid autumn is northward. 
Enhanced, more organized flow occurs along the 100 m isobath and the 50m iso-
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bath. Both of these coincide with frontal or transition zones on the shelf. The flow 
along the 50m isobath, which we call the Bering Coastal Current (BCC), is weak 
(1– 5 cm s-1). The BCC consists of waters from the Gulf of Alaska’s Alaska Coastal 
Current (ACC) that flows through Unimak Pass with a transport of ~ 0.3 x 106 m3 s-1 
(Schumacher and Stabeno, 1998; Stabeno after al, 2002). Some of this transport 
flows along the Alaska Peninsula and the west coast of Alaska where freshwater is 
added from widely distributed riverine sources. Unlike other buoyancy driven 
flows that are strengthened and compressed to the coastline by alongshore wind 
stress (e.g., the ACC; Stabeno et al., 1995), the BCC is strongest in the vicinity of 
the 50 m isobath, which can be more than 100 km offshore (Schumacher and Sta-
beno, 1998; Schumacher and Kinder, 1983). After flowing around the entire pe-
rimeter of the eastern shelf, the BCC exits the Bering Sea through Bering Strait. 
 While some of the transport through Unimak Pass forms the BCC, the remain-
der flows northwestward in the vicinity of the 100m isobath to the Pribilof Islands. 
The strongest mean current over the central and southeastern shelf is found south 
of St. George Island, where the outer shelf narrows and the bottom slope increases 
and thus narrowing the flow along the 100m isobath. Daily average currents can 
exceed 40 cm s-1. The mean flow over the rest of the central and southeastern shelf 
is weak (generally <5 cm s-1). The currents over the northern shelf are stronger, 
especially the Anadyr Current which is the primary source of water flowing 
through Bering Strait. During winter, the flow becomes less organized over the 
shelf as the frontal structures break down and strong winter storms mix the water 
to the bottom. 
 Tidal currents are a major circulation feature of the southeastern shelf, but over 
the northern and western shelves their importance is greatly diminished 
(Schumacher and Stabeno, 1998; Stabeno et al, 1999; Kowalik and Stabeno, 1999). 
Over the southeastern shelf, tides are the dominant source of kinetic energy and 
they typically mix the coastal waters (z < ~ 50 m) and the lower 30 – 40 m of the 
deeper portions of the shelf. In addition, their interaction with bathymetric fea-
tures can result in residual flow, particularly in canyons (Schumacher and Reed, 
1992; Kowalik and Stabeno, 1999) and around islands such as the Pribilof Islands 
(Kowalik and Stabeno, 1999 Stabeno after al. 1999). 

3.5 Sea Ice 

The eastern Bering shelf is a marginal ice zone, and sea ice markedly impacts the 
ecosystem. Ice-free conditions typically exist from June through October. Forma-
tion of sea ice generally begins in the polynyas of the northern shelf in November, 
with maximum ice extent occurring as early as January or as late as April, but 
more typically in March. The mechanism of ice formation for the eastern Bering 
Sea has been described by analogy to a “conveyor belt” (Overland and Pease, 
1982). Ice is produced along leeward (south-facing) coasts of the northern shelf, 
and is driven southward by wind to the vicinity of its thermodynamic limit where it 
melts. This limit advances southward as cold northerly winds and ice-melt cool the 
shelf waters. The amount of production and advection of ice depends upon which 
storm track dominates, with greatest ice production occurring in years when the 
Aleutian Low is well developed and displaced eastward so that storms migrate 
along a primary storm track south of the Alaska Peninsula. Satellite observations 
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of ice cover show ~40% variation about the mean (Niebauer, 1998). Using the 
same sea ice data set, but resolved along a longitude, Wyllie-Echeverria (1995) 
showed that other characteristics also exhibit large interannual variability. These 
characteristics include: duration of ice at its southern extent (3–15 weeks), time of 
retreat from the southernmost extent (between February and June), and the num-
ber of weeks that ice remained over the middle shelf (3–28 weeks, with a mean of 
20). 
 Changes in characteristics of sea ice over the southeastern shelf (including the 
time of arrival, departure and persistence), indicate that the most extensive ice 
years coincided with the negative phase of the Pacific Decadal Oscillation (the first 
mode of decadal variability in sea surface temperature over the North Pacific 
Ocean), although considerable interannual variability occurs (Stabeno et al., 1998 
and 2001). These authors characterized temporal variability in spatial patterns by 
dividing the time series of ice observations into three subsets according to gener-
ally agreed upon periods: 1972–76 (cold), 1977–88 (warm), and 1989–98 (weaker 
cold). A marked difference exists in persistence and spatial distribution of ice 
between the first and the latter two periods. During the cold period, ice covered 
the shelf out to and over the slope, and remained around St. Paul Island for more 
than a month. During the later years, ice did not extend as far seaward and its 
residence time was typically 2–4 weeks less than during the cold period. The dif-
ferences between the two latter regimes are more subtle, but still evident. Between 
the mid-shelf and slope northwest of the Pribilof Islands, ice remained for 2–4 
weeks longer during 1989–1998 than during 1977–1988. North and west of St. Law-
rence Island and along the coast of Alaska north of Kuskokwim Bay, there were 1–
2 less weeks of ice cover in 1989–1998 than in 1977–1988. Changes in the Arctic 
Oscillation and the attendant changes in wind patterns are likely the causal 
mechanism for these recent alterations in sea ice (Stabeno and Overland, 2001). In 
addition, marked differences existed in the ice distribution and extent along the 
Alaskan Peninsula. During the cold period, ice extended seaward nearly to Uni-
mak Pass, whereas in the other periods contours of ice persistence were con-
strained or limited to inner Bristol Bay. This pattern is likely related to variations 
of inflow and/or temperature of shelf waters from the Gulf of Alaska, which flows 
through Unimak Pass onto the Bering Sea shelf (Schumacher and Stabeno, 1998). 
 Cold northerly winds, which advect the ice southward, and melting play a criti-
cal role in fluxes of heat and salt, and in generation of both baroclinic flow and the 
cold lower layer (cold pool) which persists all summer over the middle shelf do-
main (Schumacher and Stabeno, 1998; Wyllie-Echeverria and Ohtani, 1999). The 
positive buoyancy from melting ice initiates both baroclinic transport along the 
marginal ice zone and stratification. Cooling and mixing associated with ice-
advance help to condition the entire water column over the middle shelf domain 
(Stabeno et al., 1998). With subsequent seasonal heating of the upper layer, the 
lower layer becomes insulated and temperatures often remain below 2°C (Reed, 
1995). The annual area of this cold pool varies by ~2.0 x 105 km2 between maxi-
mum and minimum extent. 
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4. Processes in the Southeastern Bering Sea 

Natural fluctuations in climate dramatically influence biota in the Bering Sea (e.g., 
Napp and Hunt, 2001). Trends observed in 11 species (fish, marine birds, and ma-
rine mammals) found in the eastern Bering Sea/Aleutian Islands ecosystem show 
marked changes in relative abundance (Fig. 30.5). Using 100 physical and biologi-
cal time series (29 of these from eastern Bering Sea marine biota), Hare and Man-
tua (2000) showed a significant change occurred in 1976/77 and to a lesser degree 
in 1989. While the mechanisms that link climate to biota were not addressed, it 
appears that a shift in the decadal patterns of climate (indicated by changes in the 
Pacific Decadal Oscillation and the Arctic Oscillation) contributed to changes in 
biota. More recently the change in the Pacific Decadal Oscillation (PDO) in the 
late 1990s has been interpreted as a regime shift (McFarlane et al., 2000; Macklin et 
al., 2002; Peterson and Schwing, 2003) or more recently as a shift in the dominate 
mode of variability in sea surface temperature (Bond et al., 2004). It is not neces-
sary for the climate shift to be immediately manifest as biological change; shifts in 
the demersal fish communities are characterized by lags from the climate/ocean 
regime shift (Conners et al., 2002) and buildup of demersal fish stocks can exert 
top down control on populations of commercially important fish well after the 
climate shift (Bailey, 2000). 

 

Figure 30.5   Schematic of ecosystem changes in the eastern Bering Sea showing trends of the relative 
abundance of select marine mammals, fish, and shellfish in the eastern Bering Sea. (after NRC 2003) 

 In the mid to late 1990s, the Eastern Bering Sea exhibited a host of noteworthy 
changes in physical and biological conditions (Kruse, 1998; Vance et al., 1998; 
Tynan, 1998; Baduini et al., 2001; Napp and Hunt, 2001; Hunt et al., 1999; Stabeno 
et al., 2001; Stabeno and Overland, 2001; Macklin et al., 2002; Napp et al., 2002; 
Olson and Strom, 2002): the first recorded major Bering Sea coccolithophorid 
blooms (1997, followed by blooms in 1998 through 2001), a large die-off of shear-
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waters (1997), salmon returns far below predictions (1997 and 1998), unusually 
warm summer sea surface temperatures (1997), unusually high ocean heat content 
(1998), and a decrease in the onshore transport of slope water (1997). While in the 
eastern Bering Sea, the abundance of pollock decreased (but continued to domi-
nate biomass), a substantial increase occurred in gelatinous zooplankton (Brodeur 
et al., 1999a, 2002), arrowtooth flounder and other flatfish (Wilderbuer et al., 2002). 
Further, populations of Steller sea lions have continued their 30-year decline 
throughout the eastern Bering Sea. Below we address processes where the ocean 
temperature is directly related to sea ice processes and distribution, and to either 
wind or tidally generated turbulence and transport. 

4.1. Processes Related to Sea Ice 

The pathways model (Fig. 30.2) considers sea ice as an important parameter, par-
ticularly fluctuations in extent, time of advance and subsequent melt-back, which 
are among the most striking physical phenomena (Schumacher and Stabeno, 1998) 
that also have profound impacts on biota (e.g., Hunt et al., 2002; Schumacher et al., 
2003). Sea ice also provides habitat (e.g., haul outs) for some marine mammals, 
and once adequate solar radiation is available (early March), an under ice phyto-
plankton bloom occurs (Stabeno et al., 2001). The recent Oscillating Control Hy-
pothesis (OCH; Hunt et al., 2002) relates climate change to energy flow and the 
timing of the plankton blooms, i.e., the timing of sea ice presence and melt-back is 
a critical aspect. 
 The interrelationships among the presence of sea ice, water column tempera-
ture, stability, and phytoplankton blooms (Fig. 30.6) have been observed from a 
long-term monitoring site on the middle shelf of the southeastern Bering Sea (Sta-
beno et al., 2001, Hunt et al., 2002). When ice is present in or after mid March, a 
strong peak occurs in chlorophyll fluorescence under the ice (e.g., 1995, 1997). The 
level of incoming short wave radiation prior to this time is likely insufficient to 
initiate a bloom of most phytoplankton species. The ice itself is relatively “thin” 
first year ice (<1 m) and has very little snow cover to attenuate or reflect incident 
radiation. When there is no ice present at this monitoring site (e.g., 2001), or the 
ice retreats before mid March (e.g., 1998, 2000), the bloom occurs in May or June. 
In 1999, sea ice was present at the site in late March, and returned in early May. As 
a result, there was an initial bloom in late March and another weaker and pro-
longed period of elevated fluorescence in late May and June. 
 The spring bloom of phytoplankton associated with the sea ice accounts for 10–
65% of the total annual primary production (Niebauer et al., 1995). A large pro-
portion of the primary production from the sea-ice associated bloom eventually 
falls, unused, to the sea floor. This occurs, because cold temperatures likely impact 
the ability of micro- and meso-zooplankton grazers to effectively utilize the in-
crease in production. Estimated total zooplankton production in 1999, a cold year, 
was 8–52% that of the two previous years when winter temperatures were average 
to above average (Coyle and Pinchuk, 2002a). While the total zooplankton produc-
tion is dominated by small species that respond positively to temperature, at least 
one key species over the middle domain (Calayus marshallae) has higher standing 
stocks in colder years (Baier and Napp, 2003. In years when sea ice either does not 
exist over the southeastern shelf or retreats prior to the time when adequate light  
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Figure 30.6   Time series of temperature contours at the long-term monitoring site in the middle domain 
(Site 2). Areas of black indicate cold water resulting from the presence of melting sea ice. The yellow 
line near the bottom of each panel indicates fluorescence at 11–13 m depth. For each year, the fluoro-
meter tracts have been scaled to the highest value in that year. Gaps in this record occur due to fouling 
of the instrument or loss of mooring. (After Stabeno and Hunt, 2002.) 

exists for a bloom (mid March), the spring bloom is delayed until later in the sea-
son when thermal stratification of the water column occurs (Stabeno et al., 2001). 
Under this scenario, phytoplankton biomass accumulates in the water column, but 
a much larger fraction of the primary production is utilized by zooplankton. The 
frequency of alternation between cold and warm regimes and the lengths of the 
individual stanzas may determine whether higher trophic levels are predominantly 
controlled by bottom-up or top-down mechanisms (Hunt et al., 2002; Hunt and 
Stabeno, 2002). In addition to how ice effects bottom up control of energy flow in 
the pelagic ecosystem, ice and its attendant cold pool directly influence the spatial 
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distributions of higher trophic level biota (Ohtani and Azumaya, 1995; Wyllie-
Echeverria and Ohtani, 1999; Brodeur et al., 1999b). As previously mentioned, 
avoidance of the cold pool often has the affect increasing predation and cannibal-
ism on larval and juvenile fishes by increasing the spatial overlap (or separation) of 
predator and prey. 

4.2 Processes Related to Turbulence 

In the Bering Sea, wind stress is another important physical force that strongly 
influences biological production as well as the flux of heat and nutrients (Fig. 30.2). 
Wind mixing largely determines the timing of the spring phytoplankton bloom 
when ice is not present, and helps to set annual new production through control-
ling the resupply of nitrate into the euphotic zone during summer (Sambrotto, et 
al., 1986). Over the southeast shelf, the effect of wind mixing (through changes in 
water column stability) on nitrate uptake (primary production) can either decrease 
uptake during the respiration-limited phase or increase nitrate uptake once nutri-
ents are limiting through resupply from deeper waters (Sambrotto et al., 1986). Not 
included in the pathway model are tides that strongly influence the southeastern 
Bering Sea. These two sources of turbulence are important to the region’s biology 
and sediment processes. 
 The Inner Front Study, which began in 1997, focused on the importance of 
physical processes of the inner front to prolonged primary production. Results 
from Kachel et al. (2002) not only enhanced our knowledge of the inner front’s 
physical characteristics, but they also elucidated some of its biological importance. 
During summer, nutrients could be pumped into the euphotic zone at the front , 
thereby stimulating production. The effectiveness of this process depends on two 
factors. First, a deep (sub-pycnocline) reservoir of nutrients must exist, and this is 
usually found within the middle shelf’s bottom layer, the cold/cool pool. Typically, 
high concentrations of nutrients exist in the bottom layer over the middle shelf. An 
exception was 1997, when two factors (late spring storm and a shallow summer 
mixed layer) conspired to deplete nutrients from the cold pool. The strong, late 
spring storm vertically mixed the water column to a depth >50m. Since nutrients in 
the euphotic zone had been depleted by an earlier, ice-associated, phytoplankton 
bloom, this caused the nutrient concentration in the cold pool to be reduced by 
almost half. Next, the very shallow mixed layer during the summer, allowed a 
phytoplankton bloom to occur beneath the surface mixed layer, which slowly con-
sumed the nutrients in the cold pool (Stabeno et al., 2001; Stockwell et al., 2001). In 
addition to nutrients being available, sufficient mixing energy must occur to erode 
the extant vertical stratification. This can happen either by intensification of wind 
mixing and/or tidal mixing (throughout the fortnightly cycle); both of these proc-
esses move the inner front seaward. When this occurs, nutrients are made available 
to the frontal region, and are mixed upward where they can be utilized by phyto-
plankton. An example of this process can be seen in temperature and nitrate data 
collected across the inner front (Fig. 30.7). High concentrations occur within the 
cold/cool pool while those in the upper layer of the middle shelf and in the coastal 
domain are low. At the inner front, vertical finger-like structures with elevated 
concentrations of nitrate coincide with the 5.5°C isotherm. This structure was 
observed several days after an intense (wind speeds >14 m s–1) storm passed 
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through the region and tidal currents were near their fortnightly maxima (Kachel 
et al., 2002). 

 

Figure 30.7   Contours of temperature (color; °C) and nitrate (black lines; mmoles l–1). The locations of 
the CTD stations are marked along the bottom axis. Nutrients were measured on each cast. (From 
Kachel et al., in 2002). 

 Turbulence also can directly affect the efficiency of larval feeding. Megrey and 
Hinckley (2001) used a process-oriented individual based model (IBM) of larval 
pollock that incorporated a turbulence-contact rate-feeding success mechanism, 
thus relating wind-generated turbulence to feeding. Output from the model agreed 
with hydrodynamic theory, with a well-defined peak in consumption at intermedi-
ate wind speeds (MacKenzie et al., 1994). The functional form of wind speed ver-
sus maximum consumption was determined by a quadratic fit to model results. 
Optimum feeding (540 μg dry weight per day per individual) occurred at a wind 
speed of ~7 m s–1. At wind speeds >9.5 m s–1 increased turbulence negatively af-
fected feeding, and at wind speeds <4.8 m s–1 feeding was less than optimal because 
turbulence was not sufficient to enhance contact rate. Fish and plankton can regu-
late their exposure to turbulence by adjusting their vertical position in the water 
column (Incze et al., 2001; Olla and Davis, 1990). In the Gulf of Alaska, survival of 
larval pollock cohorts has been tied to coincidence of the critical first feeding pe-
riod and calm weather (Bailey and Macklin, 1994). 

4.3 Processes Related to Transport 

Transport, which is indicated in the pathway model as changes in horizontal flow, 
is critical to many aspects of ecosystem dynamics, including advection of nutrients 
and plankton. Several studies suggest a connection between changes in climate and 
changes in recruitment of fish and shellfish species (e.g., Incze et al., 1987, Rosenk-
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ranz, et al., 2001, Wilderbuer et al., 2002,). One mechanism often cited is a change 
in the direction of transport of the planktonic stages (towards or away from favor-
able habitat or predators). Wespestad et al. (2000) related changes in climate, and 
their regional impact on wind fields and transport of larval pollock in an attempt to 
identify sources of recruitment variability. 
 Recent studies have shown this shelf has considerable north-south variability. 
The southeastern shelf contains three distinct regions or latitudinal zones along the 
70-m isobath: a strong two-layered system with cold/cool pool that lies south of 
about 57°N, an intermediate zone consisting of more well-mixed water; and a two-
layered system with the northern cold pool that extends northward from about 
58°N (Stabeno et al., 2002). In the bottom layer over the middle shelf, distributions 
of salinity and nutrients (nitrate) appear correlated. The greatest salinities and 
nitrate concentrations occurred in the northernmost zone and may represent the 
impact of across-shelf transport due to the mean flow in this region (Reed, 1998). 
Slope/outer shelf domain plankton taxa have been observed near the inner front as 
further evidence of this cross-shelf transport (Coyle and Pinchuk, 2002b). 
 Transport has important ramifications for dissolved and planktonic material, 
including larval fish (Wespestad et al., 2000; Wilderbuer et al., 2002) and crabs 
(Rosenkranz et al., 2001). Wespestad et al. (2000) used a simple wind drift model to 
generate trajectories of pollock eggs and larvae over the southeastern shelf. After 
a time period related to larval development, the young pollock were subjected to 
cannibalism by age-2 and older adults. While this pattern was consistent with some 
year-classes of high recruitment, it did not fit the recruitment every year. One 
caveat is that the wind drift model only applies to the upper few meters of the 
water column, and both pollock eggs (Kendall, 2001) and larvae exist deeper in the 
water column (Napp et al., 2000). In addition, using a single initial point for the 
eggs/larvae is an oversimplification of the actual spawning regions for pollock 
(Hinckley, 1987). 
 To address these disparities, a different transport model was used to simulate 
transport. The North-eastern Pacific Regional Ocean Model System (NEPROMS) 
was selected to simulate drifter trajectories that more closely simulate pollock egg 
and larval transport (D. Ridgi, personnel communications). The simulated pollock 
eggs were initialized in a grid, which contained the initial point used by Wespestad 
et al. (2000), but the drifter initial positions are denser near the surface, replicating 
egg distribution data collected in the Bering Sea (Kendall, 2001). A prominent 
feature in this region (north and east of Unimak Pass) is the confluence of flow of 
the Alaska Coastal Current into the Bering Sea through Unimak Pass and the 
upslope flow of the ANSC in Bering Canyon (Stabeno et al., 2002). The initial 
drifter positions were a seven by seven grid with horizontal separations of about 10 
km at the confluence of two flows. Vertically, there were 15 drifters initialized at 
each grid point to a maximum depth just over 40 m. Drifters were released on 
April 1 of each year and tracked for 90 days. 
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Figure 30.8   Trajectories simulated for a 90-day period starting on 1 April 2001. The upper left panel 
shows all drifters, while the other panels show drifters divided as a function of initial release depth. 
Note that with increasing depth there is a greater tendency for drifters to flow northwestward and even 
become involved in the eddy-like circulation associated with the Bering Slope Current. This suggests a 
mechanism for planktonic transport between oceanic and shelf waters. 

 Simulations were conducted for the period 1997–2001. In all years there was a 
tendency for drifters to move either toward the northeast along the Alaska Penin-
sula, or toward the northwest along the 100 m isobath. This result is in agreement 
with a schematic of mean circulation (Fig. 30.4) and satellite tracked drifter trajec-
tories (Schumacher and Stabeno, 1998). Recently, abundances of age-0 pollock in 
and around the inner front at Cape Newenham were estimated to be the same 
order of magnitude as those around the Pribilof Islands (Coyle and Pinchuk, 
2002b). Model trajectories of drifters from 1997 show that a subset of the drifters 
that began by following the 100 m isobath and then veered to the northeast. In 
2000, trajectories revealed a strong turning to the northwest of trajectories that had 
been moving along the Alaska Peninsula. Fig. 8 shows trajectories for 2001. The 
simulations also suggest the importance of interannual variations in transport. 
They also suggest how dependent the end points of the “larval drift” are to small 
variations in both horizontal (order 10 km) and vertical (order 5–10 m) initial 
positions. Numerous trajectories generated by a model, which includes only wind 
drift (OSCURS: Wespestad et al., 2002) were toward the northeast along the Alas-
kan Peninsula, as were the majority of the NEPROMS simulations in the upper 
five meters of the water column (Fig. 30.8). With deeper initial start points, how-
ever, comes a stronger divergence of the trajectories. In the 5–20 m and 20–40 m 
release bins there were many drifters that followed the 100 m isobath to the 
northwest, with some even moving through Unimak Pass into the North Pacific 
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Ocean before turning back. Further examination is required to determine the 
environmental parameters that resulted in the interannual differences in trajecto-
ries, and therefore to help understand how transport affects year class strength of 
pollock and other plankton. 

5. Processes in the Northern Shelf of the Eastern Bering Sea 

While many of the observations of recent changes come from the southeastern 
shelf, similar ecosystem-level change has been observed in the northern Bering 
Sea. There are indications of changes in benthic biomass south of St. Lawrence 
Island, and in the Chirikov Basin between Lawrence Island and Bering Strait 
(Grebmeier and Cooper, 2002). Studies begun in the mid-1980s have shown de-
clines in the biomass (Grebmeier, 1993; Sirenko and Koltun, 1992; Grebmeier and 
Dunton, 2000), and mean sizes of the dominant bivalves in the area (Grebmeier 
and Cooper, 2002). Sediment respiration rates, which indicate carbon loading to 
the sea floor, have also declined since the late 1980s. Seasonal patterns of sediment 
chlorophyll concentrations show that deposition of carbon in this area is related to 
the ice-edge spring bloom (Cooper et al., 2002), thus any change in the timing of 
ice retreat during the late winter/early spring will likely have a major impact on 
this ecosystem. Although commercial fishing may have played a role in changes to 
the southern Bering Sea ecosystem, there is little commercial fishing on the north-
ern shelf where changes in benthic faunal populations and declines in dominant 
fauna have occurred, resulting in a cascade effect on higher trophic levels (Greb-
meier and Dunton, 2000; Grebmeier and Cooper, 2002). 
 Ecosystem processes related to sea ice are dominant features of the northern 
shelf. In years with extreme occurrences of sea ice (e.g., extremely high in 1975/76 
and extremely light in 1978/79), sea ice can be present at 62°N over the northern 
shelf from mid-November until mid-June, or only from late January to late April. 
While the presence of sea ice provides a substrate for marine mammals, it also 
limits at-sea observations. In other regions, under-ice algae provide a wintertime 
food source for zooplankton during periods of reduced water column production 
(Toureaugu and Runge, 1991). Most of our knowledge of this high latitude ecosys-
tem comes from summertime observations. Primary production here is not con-
sumed by pelagic secondary consumers (Coyle and Cooney, 1988, Springer and 
McRoy, 1993), but rather by a rich macro-benthic community. Large populations 
of benthic, rather than pelagic-feeding marine mammals and birds serve as apex 
predators in this food chain (Grebmeier and Cooper, 1995). 
 The primary physical process that results in high primary production over the 
northern shelf is the onshelf transport of nutrient-rich waters, which are then ad-
vected across the shelf. This current, known as the Anadyr Current (Shuert and 
Walsh, 1993), flows through Anadyr Strait and then northward through Bering 
Strait (Schumacher and Stabeno, 1998). As the bathymetry shoals (<40 m) in the 
northern Gulf of Anadyr, nutrients enter the euphotic zone and a production-
deposition center is formed (Coachman, 1993). Another center is located over the 
Chirikov basin north of St. Lawrence Island. As the Anadyr Current flows be-
tween St. Lawrence Island and Siberia, the bathymetry deepens (50–60 m) and 
bottom-generated turbulence results in strong vertical mixing. This tends to mix 
phytoplankton below the critical depth and interrupts the bloom in the strait 
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(Springer and McRoy, 1993). As the current speed is reduced over Chirikov Basin, 
a region of extremely high primary production occurs (12–16 gCm–2 day–1; Springer 
and McRoy, 1993). The strength of the Anadyr Current is related to the magnitude 
of flow through Bering Strait. This net northward flow is driven by the difference 
between sea level in the North Pacific and Arctic Oceans (0.4–0.5 m). On short 
time scales, this northward flow is modified by wind generated coastal changes in 
sea level (Aagaard et al., 1985; Overland and Roach, 1987). During weak winds of 
summer, northward transport is greatest (Coachman, 1993) and provides the 
strong flux of nutrients for primary production. The Anadyr Current also trans-
ports a high biomass of large oceanic copepods from the slope regions of the basin 
onto the northern shelf (Springer et al., 1989). In the Chirikov Basin, these support 
high numbers of planktivorous auklets (Springer and Roseneau, 1985; Springer et 
al., 1987) that forage in stratified Bering shelf water (Hunt et al., 1990) or in frontal 
regions on aggregations of these copepods (Hunt and Harrison, 1990). This combi-
nation of biophysical coupling supports a pelagic seabird community far from the 
origin of the zooplankton on which they are dependent. 
 Flow along the Alaskan coast of the northern Bering Sea is a combination of 
river runoff (mainly the Yukon River) and a continuation of the BCC of the 
southeastern Bering Sea (Schumacher and Stabeno, 1998). Production here has 
been identified as typical of shallow shelves elsewhere: once nutrients are ex-
hausted during an initial bloom, production is low and only ~10% of that for 
Chirikov Basin and the Gulf of Anadyr (Springer and McRoy, 1993). The east–
west gradient in water properties, nutrients, primary production and fauna (trans-
ported in the Anadyr Current) result in two different community structures, a rich 
benthic system to the west and a less productive eastern system (McRoy, 1993). 
Benthic macro faunal biomass ranges from ~30–60 gCm–2 for the western portion 
and <10 gCm–2 in the Alaskan coastal waters. 
 Over the northern shelf, regions exist that are usually ice-free throughout win-
tertime, and these regions are known as polynyas. These features often are found 
on down-wind facing coasts (e.g., the south coast of St. Lawrence Island). In the 
polynyas ice formation is caused by frigid winds blowing from the northeast. This 
and the resulting brine rejection are important features of the physical environ-
ment. As ice is formed, brine is released and sinks to the bottom. The current field 
generated by this process results in both offshore flow and sometimes a reversal of 
the mean eastward flow of the branch of the Anadyr Current that flows south of 
St. Lawrence Island (Schumacher et al., 1983). This wintertime set of physical 
processes apparently affects sediment patterns, e.g., surface C/N ratios, total or-
ganic carbon, sediment oxygen uptake, and benthic biomass (Grebmeier and Coo-
per, 1995). As a result of the enhanced production, the region southwest of St. 
Lawrence Island has long been a favorite feeding ground for gray whales. 

6. Processes of the Western Shelf of the Bering Sea 

Recent changes have been observed in the ecosystem of the western Bering Sea 
(Radchenko et al., 2001). Although the Bering Sea responds to climate shifts, a 
significant portion of the variability occurs on year-to-year time scales, which can 
make the identification of regime shifts difficult. This year-to-year variability is 
clearly evident in recent years. For instance, 1999 was an unusually cold year, 
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characterized by negative anomalies in atmosphere and sea surface temperatures, 
and extensive and prolonged sea ice cover. In contrast, positive sea surface tem-
perature anomalies were predominant throughout the northwestern shelf of the 
Bering Sea in 1997 (spring and summer) and 1998 (summer). In response to the 
physical conditions in 1999, some biological processes were less active and/or de-
layed. During 1999, the return of Pacific salmon to streams in northeastern Kam-
chatka was approximately two weeks later than typical. 
 Over the continental shelf of the western Bering Sea, the importance of trans-
port to distribution of gonatid squid (Berryteuthis magister) has recently been 
investigated (Arkhipkin et al., 1998). This squid is one of the most abundant in the 
North Pacific Ocean/Bering Sea and is exploited commercially by both Russian 
and Japanese bottom trawl fisheries. Distinct patterns of size composition, age 
structure and growth occur over the western shelf, and given the life history of this 
squid, time-dependent transport of planktonic stages provides the most likely 
explanation (Arkhipkin et al., 1998). While much of the counter-clockwise current 
over the Bering Sea basin is related to inflow of the Alaskan Stream through 
passes in the Aleutian Island Chain (Overland et al., 1994, Stabeno et al., 1999, 
Stabeno et al., 2005), seasonal changes in wind stress can alter transport in the gyre 
by ~50% (Bond et al., 1994). As a result of this strong seasonal signal, regional 
shelf edge current patterns in the western Bering Sea apparently have two modes: 
a strong along slope mode and an eddy mode that exists as the current relaxes 
(Verkhunov and Tkachenko, 1992). As noted in Section 3.4, this is also the case in 
for the eastern BSC. Associated with these modes are two primary transport 
routes for the juvenile squid: winter and spring hatched juveniles are first trans-
ported into the eastern region of the shelf and then westward along the shelf; 
spring/summer hatched juveniles are transported directly across the basin into the 
western region of the shelf (Verkhunov and Tkachenko, 1992). 
 In an analysis of long-term fluctuations in several species of pelagic and benthic 
fishes of the western Bering Sea, Naumenko (1996) notes the correspondence 
between changes in fish biomass and conditions in the ecosystem. Using catch 
data, he discerned that the fish community could be divided into four periods: 
1958–1964 when herring dominated, 1965–1974 a transitional period when no 
single species dominated and stocks were highly variable, 1975–1987, when pollock 
dominated in both biomass and abundance, and 1987–1993 (last data set pre-
sented) when pollock declined and groundfish populations increased. While some 
of the fluctuations could be accounted for by fishing mortality, it appeared that 
environmental conditions have played an important role in the fluctuations. The 
first connection Naumenko (1996) made was between bottom water temperatures 
in fall and surface temperatures in spring and summer, with the four fish commu-
nity periods. The first period was moderately warm, the second abnormally cold, 
the third abnormally warm. The fourth period appeared to be one of transition. He 
notes that changes in the biomass of zooplankton closely correlated with the tem-
perature changes, with zooplankton biomass being greatest during the warm pe-
riod and lowest in the cold period. Note the correspondence of these observations 
to the OCH (discussed in section 7): cold regime implies low zooplankton biomass 
and warm regime high biomass. Changes in recruitment of pollock in the western 
Bering Sea have also been attributed to changes in the climate/oceanic regime 
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(Balykin, 1996), although the processes that might link the climate/oceanic system 
to fish survival were not discussed. 

7. Models of Ecosystem Dynamics 

Efforts to model the eastern Bering Sea ecosystem were reviewed by Francis et al. 
(1999). Models of ecosystem dynamics of the southeastern Bering Sea shelf span 
the full spectrum from conceptual models (e.g., the OCH, Hunt et al., 2002; the 
Trophic Cascade Hypothesis, Merrick, 1995; NRC 1996), to trophic or food web 
models (e.g., Laevastu and Larkins, 1981; Trites et al., 1999), to models that explic-
itly include links between specific ecological processes, such as physical processes 
and primary/secondary production (Hood, 1999; Walsh and McRoy, 1986). After 
providing some essential background information on the ecosystem, we focus on 
the OCH conceptual model. This model encompasses most of the previous results 
and ideas regarding how the ecosystem of the southeastern Bering Sea functions, 
and it extends the conceptual linkages of processes, which were initially developed 
in the PROBES study (Walsh and McRoy, 1986). 
 Currently, pollock is the most abundant fish species harvested in the Bering Sea, 
accounting for >65% of the total groundfish biomass; during the 1980s their total 
biomass exceeded 20 million metric tons (Napp et al., 2000). The biomass trends in 
the eastern Bering Sea (1979 to 1998: Schumacher et al., 2003) show that while the 
total biomass of pollock in the 1990s was less than in the 1980s, they still domi-
nated biomass in any of the trophic guilds which include marine birds, mammals, 
other fishes and crabs. Walleye pollock is a nodal species in the food web (NRC 
Report, 1996) with juveniles being the dominant prey of fishes (including adult 
pollock), seabirds, and marine mammals (Springer and Byrd, 1989; Livingston, 
1993). The abundance of pollock is determined by episodic occurrence of strong 
year-classes. Such a strong year-class occurred in 1978, the remaining year-classes 
fluctuating about the long-term mean abundance (Fig. 30.9). 

 

Figure 30.9   Time series of year class abundance of age-1 of pollock. Error bars represent ~95% confi-
dence interval. (From Ianelli et al., 2001.) 
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 The observational basis for the OCH includes many of the elements of the 
pathway model, including sea ice, wind generated turbulence, water column tem-
perature and chlorophyll fluorescence (Fig. 30.10). The observations of biota in-
cluded zooplankton, jellyfish, and four species of fish, marine mammals and sea 
birds. After an analysis of these data, Hunt et al. (2002) formulated the OCH. The 
OCH recognizes that late retreat of sea ice with the attendant cold temperatures in 
the water column and early, short phytoplankton blooms are hallmarks of cold 
regimes. The associated impacts on biota include reduced survival of fish eggs 
(Blood, 2002) and diminished production of zooplankton prey for larval fish. Un-
der this set of conditions, the hypothesis predicts that recruitment of pollock will 
be nominal or weak, and strong year-classes are not expected. Bottom-up proc-
esses dictate the flow of energy through the ecosystem during a cold regime (Fig. 
30.11). Cold water-column temperatures can directly impact distributions of some 
forage fish species. The OCH allows that pinnipeds and piscivorous seabirds may 
thrive, even under cold conditions, if the population centers of forage fish change 
and become more available as prey. During years when sea ice is either not present 
or retreats before there is sufficient net short wave radiation to initiate a bloom, 
the spring bloom occurs later than during the cold regime, and water column tem-
peratures are warmer. Under this set of conditions, the spring bloom is expected to 
be prolonged and zooplankton production is expected to be strong, resulting in 
readily available prey for larval and juvenile fish. The potential then would be high 
for strong year-classes of pollock and other piscivorous fish (Fig. 30.11). 
 There are years when the observed regime conditions (e.g., 1976 – cold with low 
recruitment; 1996 – warm with high recruitment) and estimated pollock production 
fit the outcomes predicted by the OCH; however, there are also years when the fit 
is poor (e.g., 1987 – warm with low recruitment, 1992 – cold with high recruitment). 
The history of the predator field (i.e., top-down process) on young pollock, there-
fore, must also be taken into account. The marked predatory impact of adult pol-
lock on age-1 and younger fish, together with other fish (e.g., arrowtooth flounder 
and Pacific cod) is well documented (Livingston et al., 1999; Livingston and 
Methot, 1998). The OCH weaves in such biological mechanisms as follows. When 
there is a sequence of warm regime years, recruitment is above average and the 
populations of adult predatory fish will eventually increase to a point where the 
control of future year-class strength is mainly a top-down process. This switch to 
top-down dominance may have already occurred for the pollock population in the 
Gulf of Alaska (Bailey, 2000). There, as the arrowtooth flounder population 
markedly increased, the pollock population underwent a severe decline and the 
“critical period” for determining year class strength switched from the egg and 
larval stages to the juvenile period. The hypothesis predicts that as predation be-
comes greater, the abundance of young pollock and forage fish decline and zoo-
plankton become available for other populations (e.g., jellyfish, salmon, baleen 
whales). In addition, the reduction in abundance of forage fish could cause de-
clines in populations and/or productivity of pinnipeds and piscivorous seabirds 
(Hunt and Stabeno, 2002). 



 P. J. STABENO, G. L. HUNT, JR., J. M. NAPP, J. D. SCHUMACHER 1201 

 

Figure 30.10   A synthesis of physical phenomena that help dictate the timing of the spring phytoplank-
ton bloom of the southeastern Bering Sea shelf. The top panel includes the timing of the last retreat of 
sea ice, the timing of the shift between winter and summers wind conditions, and their effect on the 
timing of the spring bloom over the southern portion of the middle domain. Note that ice-related or 
early blooms occur in years when the ice retreat comes in mid March or later. In 1975 there was an ice-
related bloom in May. The date of the last winter storm was defined as when the wind speed cubed fell 
below 2500 m3 s–3 for the summer. The winds were measured at St. Paul Island. (From Hunt et al., 2002) 
The lower panel shows the relationship between ice retreat and date of last winter storm with the years 
divided into regimes. If the relationship between timing of ice retreat and spring phytoplankton bloom 
hold, then the timing of the spring bloom can be inferred for each regime. 

 While decadal time scale or regime shifts have been identified for the Bering 
Sea (e.g., Stabeno et al., 2001; Minobe, 2002; Hare and Mantua, 2000), much of the 
variance of physical variables lies in the interannual frequency band. The OCH 
addresses the impact of annual changes in the following manner. When a cold year 
occurs in a warm regime, the inertia of the large biomass of predatory adult fish 
maintains a top-down energy flow. If sufficiently large year-classes of piscivorous 
predators (e.g., pollock) result from one or two warm years in a cold regime, the 
control could switch from bottom-up to top-down. Variations in forage fish and 
pollock year-class strength can also occur within a regime as a result of the redis-
tribution of their predators. 
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Figure 30.11   Schematic of the OCH. The number of pollock recruits affects not only pollock popula-
tion dynamics, but also the availability of age-1 pollock to predators such as marine birds and mammals. 
Top Panel: In a cold regime, copepod production is limited by water temperature and larval/juvenile 
pollock survival is prey limited. Upper Middle Panel: At the beginning of a warm regime, copepods 
flourish and provide ample food resources to support strong survival of larval and juvenile pollock; 
juvenile pollock survival is high because there are few large piscivorous fish to consume them. Lower 
Middle Panel: In a warm regime, the production of copepod food for larval and juvenile pollock re-
mains strong, but survival of juveniles and recruitment is limited by cannibalism from the growing 
biomass of adult pollock and other predators such as Pacific cod and arrowtooth flounder. Bottom 
Panel: At the beginning of a cold regime, copepod production is limited and larval and juvenile pollock 
are food limited. In addition, cannibalism by adult pollock and other predators further limits recruit-
ment. Thus, there are asymmetries in how pollock recruitment will respond to changes from a cold to a 
warm regime versus from a warm to a cold regime. 

8. Future Directions 

A substantial amount of information has been compiled which identifies detailed 
needs for future interdisciplinary research in coastal waters of the eastern Bering 
Sea (e.g., NRC, 1996; Draft Bering Sea Ecosystem Research Plan, 1998; Springer, 
1999). Further, Hunt et al. (2002) present seven testable relationships among 
physical and biological processes that would lead toward substantiation or refuta-
tion of the OCH. Of these, five require comprehensive monitoring of biophysical 
features of the shelf. 
 At present, there are several monitoring efforts underway in the Bering Sea. 
Among the most notable are the annual trawl and acoustic surveys conducted by 
the National Marine Fisheries Service. The ensuing time series of water tempera-
ture, and biomass/abundance of many fish and other marine biota form the basis of 
numerous publications regarding the Bering Sea ecosystem Ianelli et al., 2001. Bird 
(Dragoo et al., 2000) and marine mammal counts (National Marine Mammal 
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Laboratory, Seattle, WA) are being conducted at many sites in the region and 
supplement the survey observations. Sea ice is well monitored by satellite observa-
tions; water column currents and properties, chemistry, and ichthyo-zooplankton 
populations, however, are greatly under-sampled. When we consider that the east-
ern shelf is approximately the same size as the states of California, Oregon, and 
Washington combined and that at present there is only one continuously occupied 
site (1995–present, Site 2 in the middle shelf of the southeastern Bering Sea) where 
biophysical moored instruments are maintained, it is amazing we have learned as 
much as we have. Recent re-analyses of long biological time series exemplify the 
great degree of inherent variability on the Bering Sea shelf that must be taken into 
account when attempting to design new monitoring studies (Napp et al., 2002). We 
note that the time-series from Site 2 (Fig. 30.6) were a keystone in formulating the 
OCH and have formed the basis for more than a dozen publications and suppor-
tive data for many others. A more comprehensive, permanent monitoring program 
is needed for Alaskan coastal waters. 
 The realization that there is value to the traditional knowledge and wisdom 
(TKW) of the local Native Peoples has come slowly, but is now gaining recognition 
(NRC, 1996). Native people rely on their ability to see the patterns in all elements 
of their environment: the weather, sea ice, fish, marine mammals and birds for 
their existence. This knowledge is now finding its way into scientific literature (e.g., 
Pungowiyi, 2000; Noongwook, 2000; Huntington, 2000). While TKW is not quanti-
tative, it has the potential to make contributions to both retrospective and current 
studies. Its use as an integrative tool will help us to better understand the ecosys-
tem of the Bering Sea. Further, it is obvious that the Native Peoples could provide 
a valuable component for monitoring the vast Bering Sea (e.g., Harwood et al., 
2002). 
 On the national level, the National Ocean Research Leadership Council 
(NORLC), a Cabinet-level group of 14 Federal agencies, has designated the estab-
lishment of the U.S. Integrated Ocean Observing System (IOOS) as its highest 
priority. The process was accelerated in 2000 with the creation of Ocean.US, a 
federal interagency office established by the National Oceanographic Partnership 
Program (NOPP). To date, nine agencies have agreed to participate in the 
Ocean.US endeavor. Establishment of an IOOS is driven by both national and 
regional (multi-state) priorities for data and informational products. Among the 
objectives of this proposed program are: to improve predictions of climate change 
and its effects on coastal communities, to protect more effectively and restore 
healthy coastal marine ecosystems, and to enable the sustained use of marine re-
sources. 
 In addition to observations, expansion of the modeling effort is necessary to 
better understand dynamies of the Bering Sea ecosystem. Modeling can be por-
tioned into two aspects. Hydrodynamic models can treat biological components 
(e.g., pollock eggs and larvae) as “floats” so that the model becomes an individual 
based model of ecosystem dynamics containing many of the elements of the con-
ceptual pathway model (e.g., Walsh and McRoy, 1986). Another approach is the 
application of the ECOSIM model (e.g., Walters et al., 1999; Aydin, 2002), which is 
a population-scale quantitative food web model that adheres to a mass-balance 
(not necessarily equilibrium), where the linkage to physics can enter though bot-
tom-up forcing on primary production. Both approaches have value and both 
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suffer because of the complex nature of using them as simple tools to examine 
biophysical processes and mechanisms. We believe that models and/or their infor-
mational products need to become more “user friendly” and generally available 
for all investigators. 
 How can the NEPROMS become a user-friendlier tool? The answer to this 
question could take the form of developing informational products from model 
simulations. Computed and averaged (perhaps on a daily time step) water prop-
erty and velocity field distributions could be stored. Coupling these averaged fields 
with an interactive interface, which would allow a naive user to choose particular 
simulations and then access them in selected time/space domains, would permit far 
more research into questions of how the ecosystem functions than is possible to-
day. 
 The Bering Sea supports a rich and productive ecosystem, with strong physical 
forcing and a well-defined climate signal. Economically, it is extremely valuable, 
providing nearly half of the US catch of fish and shellfish. It provides sustenance 
and the basis for important cultural traditions of native communities throughout 
the region. Although its economic importance has been acknowledged for some 
time, long-term biological and physical observations do not adequately cover the 
vast area of the Bering Sea. New technologies of satellite observation, moored 
autonomous samplers, and autonomous vehicles may help to solve the problems of 
under sampling. Multi-national research endeavors in this region would also help 
us to obtain sufficient sample densities to describe the mechanisms that structure 
this ecosystem. The Bering Sea ecosystem is ripe for description and improving our 
understanding of the biophysical mechanisms that lead to its high productivity. 
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1. Introduction 

One of the greatest quests in exploration was the European search for the North-
west Passage (NWP), an oceanic short-cut from the Atlantic to the Pacific via the 
Canadian Arctic Archipelago (CAA; Figure 1). This same passage is now scientifi-
cally recognized to be a key pathway of oceanic waters that move in the opposite 
direction, from the Pacific and Arctic oceans into the North Atlantic via Baffin 
Bay and the Labrador Sea. It is our intent to review the general features of the 
CAA with particular focus on the NWP. We summarize basic physical, chemical 
and biological features of the region, and examine the dynamical constraints gov-
erning the movement of water masses through the system. Data from the direct 
(deepwater) NWP is presented: that is, the West-East passage that connects 
M’Clure Strait with Lancaster Sound via Barrow Strait. This differs from the more 
southerly practical NWP via Coronation Gulf, which allows easier ice navigation 
but also presents dangers due to shallow waters. 



1214 OCEANOGRAPHY OF THE NORTHWEST PASSAGE 

 

Figure 31.1: Maps of the Canadian Arctic Archipelago (CAA) showing (a) place names and (b) 
bathymetry. Hell Gate, Cardigan Strait, Penny Strait, Byam Martin Channel, Resolute Strait, Kennedy 
Channel and Fury and Hecla Strait are indicated by HG, CS, PS, BMC, RS, KC and FH, respectively.  
Bathurst Island is indicated by BI. Resolute and Pond Inlet locations are identified by white circles. 

 The quest for the NWP began with the first voyage of Martin Frobisher in 1576, 
less than 90 years after the voyage of Columbus, and reached its apex with the 
tragic voyage of Sir John Franklin in 1845–48 (Berton, 1988; Delgado, 1999). The 
ensuing search for Franklin resulted in the charting of the NWP by the mid-1850s, 
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a feat driven mainly by the dogged persistence of his wife Lady Jane Franklin. The 
eleven-year search for Franklin was unsuccessful however and ultimately the Ad-
miralty Prize for discovery of the direct NWP was awarded to Robert M’Clure 
aboard the Investigator, despite the fact that his ship was lost en route and he had 
to walk the final distance. The practical NWP was established by Amundsen’s 
1903–06 voyage aboard the Goja and is today the major supply- route for the small 
northern communities of the CAA. Despite M’Clure’s accomplishment, the ex-
treme environmental conditions encountered by the early explorers left doubt as 
to the economic significance of the NWP. Indeed, the severity of the voyage led 
Johann Miert, who served on M’Clure’s expedition as ship’s interpreter, to state 
that the ‘now-discovered’ NWP was: 

“…without significance and useless for navigation as long as the climate in 
these parts is so severe and the sea so covered with ice…” 

 Will climate evolution prompt a re-evaluation of Johann Miert’s words? Will 
global warming alter the accessibility of the NWP? The palaeo-record clearly 
shows that climate variability has had a large impact on human settlement and the 
use of resources in the CAA over the past 3,000 - 4,000 years (cf. Schledermann, 
1990; McGhee, 1996; Dyke et al., 1996; Dyke and Savelle, 2001). Archaeological 
artefacts demonstrated that pre-historic settlement was largely determined by the 
extent and duration of sea-ice cover, enabling some populations (e.g. the Dorset 
seal hunters) and limiting others (e.g. the Thule bowhead whale hunters). In addi-
tion, the presence of recurrent open-water areas (polynyas) allowed hunters access 
to marine mammals. Fluctuations in climate greatly conditioned areas and dates of 
settlement, thus demonstrating the vital links among humans, the marine ecosys-
tem and the climate, as well as providing a valuable historical socio-economic 
lesson. 

2. Regional Description 

2.1 Hypsometry and Channel Characteristics 

The CAA is a large, island-studded continental shelf and vast portions of this area 
remain oceanographically unsurveyed. The total surface area, including the Queen 
Elizabeth Shelf, Foxe Basin and Hudson Strait, is ~ 2.9 x 106 km2; the area of the 
marine component is ~ 1.5 x 106 km2 and its volume is 0.38 x 106km3. A summary of 
the area and volume of the marine CAA in comparison to the world ocean and 
Arctic Ocean is shown by the hypsometric curves in Figure 2 (see also Jacobsson, 
2002). Here the significance of the large shelf-to-basin ratio for both the entire 
Arctic Ocean and the sector defined as the CAA is evident. The areal distribution 
of depth is especially evident in the log-depth representation which shows that 
about 70% of the CAA is shallower than 500 m. 
 The direct NWP is one of three main routes connecting the Arctic Ocean to the 
Labrador Sea and North Atlantic. On the west, the sill depth between the Arctic 
Ocean and M’Clure Strait is ~375m then water depths gradually increase and reach 
depths ~550 m in the sub-basin of Viscount Melville Sound. The limiting sill of the 
NWP is located further east in Barrow Strait where the depth is ~125 m. Continu-
ing eastward water depths again increase gradually to ~ 500m in Lancaster Sound, 
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then increase rapidly to over 2000 m in the center of Baffin Bay. The other two 
routes connecting the Arctic Ocean to the Labrador Sea are Cardigan Strait/Hell 
Gate and Nares Strait and their limiting sill depths are 85m and 220m, respectively. 
Melling (2000) demonstrates the relevance of these key routes in a comparison 
with Bering Strait, showing that a flow of only 4 cm s-1 through the CAA would 
deliver the same amount of water that enters through Bering Strait (about 1 Sver-
drup with an average current speed of 32 cm s-1; 1 Sv = 106m3 s-1). 

 

Figure 31.2   Hypsometric curves showing (a) normalized area versus depth curves for the world ocean, the 
Arctic Ocean and the CAA, and (b) the same data plotted as log depth. 

2.2 Regional Hydrology 

Freshwater input to the channels of the CAA includes advection from the rela-
tively fresh upper layers of the Arctic Ocean, ice melt, local river discharge and net 
precipitation. These sources control stratification within the CAA and are an im-
portant component of the Arctic Ocean’s freshwater budget (cf. Aagaard and 
Carmack, 1989). The two main drainage areas that supply local river discharge are 
the Arctic mainland coast east of the Mackenzie Basin to Fury and Hecla Strait (~ 
0.6 km2) and the archipelago islands west of Fury and Hecla Strait (~ 0.9 km2). The 
major mainland rivers that directly affect the CAA include the Coppermine, 
Bathurst and Back. However, only a small fraction of these watersheds are gauged. 
Vuglinsky (1997) estimated the ungauged discharge from the North American 
arctic islands to be 211 km3 yr-1, identifying the potential importance of ungauged 
rivers. Walker (1977) also estimated the total fresh water discharge to the CAA 
(excluding Foxe Basin and Hudson Strait) at 219 km3 yr-1. Immediately west of the 
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CAA, the Mackenzie River drains a watershed of 1.7 x 106 km2 and discharges 
approximately 340 km3 yr-1into the Beaufort Sea. The volume of fresh water subse-
quently delivered into the CAA from this source is major but unquantified. 

 

Figure 31.3   Annual river discharge (m3 s-1) for (a) the Burnside River, Arctic mainland and (b) Fresh 
Water Creek, Victoria Island. 

 Arctic rivers typically exhibit large seasonal and annual variation in discharge. 
Rivers within the CAA draw from watersheds ranging in latitude from 55 – 82 °N 
and the variety of landscape (vegetation, elevation and terrain) and climate (tem-
perature and precipitation) within this latitude range places additional variability 
on the hydrological retention characteristics of these diverse drainage systems (cf. 
Bjornsson et al., 1995). Rivers with major headwater lakes will exhibit different 
annual discharge patterns than those without. The Mackenzie, for example, draws 
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water from the Athabaska, Great Slave and Great Bear lakes and moderate win-
tertime flows are maintained. Other large mainland rivers (Coppermine, Burnside 
and Back) drain tundra comprised of numerous, small lakes and thus wintertime 
discharge is diminished. Nivel, or meltwater, rivers of the high arctic islands are 
frozen solid for most of the year and exhibit extreme seasonal runoff events (see 
Woo et al., 2000). Nivel rivers in the high Arctic only flow for a brief time in sum-
mer, whereas the Mackenzie River exhibits about a five-fold difference in flow 
between summer and winter. A comparison of discharge from the Burnside River 
(Arctic mainland) and Fresh Water Creek (Victoria Island), shown in Figure 3, 
illustrates the difference between a tundra-draining river and a nivel river, respec-
tively. The freshets of both rivers occur in early summer due to the melting of 
snow, however discharge from the Burnside commences approximately two weeks 
earlier and is over ten-fold larger. The Burnside discharge also has a second peak 
in the autumn in some years due to storms prior to freeze-up. Both rivers show far 
greater interannual variability than the Mackenzie. A comprehensive overview of 
hydrological information in the CAA is presented in Prowse and Flegg (2000) and 
the water balance of Hudson Bay is reviewed by Prinsenberg (1984). 

2.2 Meteorology and Sea Ice 

The CAA experiences great variability in solar radiation over the annual cycle: for 
example at Resolute, north of Barrow Strait, there is 24-hour darkness between 
November 6 and February 5 and 24-hour daylight between April 29 and August 
13. Although radiation values are relatively high in summer, the high reflectance of 
snow and ice reduce absorption levels. Air temperatures are very cold during win-
ter with mean temperatures below -30 °C and cool in summer with mean tempera-
tures near 4 °C. Winds are usually about 5 cm s-1 and from the northwest. The 
meteorology in the western part of the CAA is similar to that found in the Beau-
fort Sea and varies with the large-scale atmospheric fluctuations of the Arctic 
Oscillation (Barber and Hanesiak, 2004). In winter this region is influenced by a 
semi-permanent high pressure system located over the Beaufort Sea, and in sum-
mer, storms move in from the west, southwest, and north (Agnew and Silas, 1995). 
In the central and eastern CAA, wind forcing and weather conditions are linked to 
local topographic features and conditions in Baffin Bay (Ingram and Prinsenberg, 
1998; Ingram et al, 2002). Although the Baffin Bay region is influenced by the high 
frequency of storms that track across North America (Zishka and Smith, 1980), the 
central CAA is protected by the mountainous terrain of Ellesmere, Devon, and 
Baffin islands (Agnew and Silas, 1995). 
 Sea ice is generally present year-round in the CAA and undergoes large sea-
sonal changes in distribution. The onset of freezing occurs from late September to 
late October along the NWP and break-up begins in mid-June in the east and late 
August-early September in the west (Canadian Ice Service, 2002). Sea ice statistics 
for the period 1971–2000 have been compiled by the Canadian Ice Service (2002) 
and show that the minimum sea ice cover for both the practical and direct NWP 
occurs in early September. A useful statistical property is the “frequency of pres-
ence of sea ice” which shows the likelihood that ice - of concentration equal to or 
greater than 1/10 - would occur at a particular location. This statistical property, 
presented in Figure 4a for 10 September, shows that ice is always encountered in 
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the Arctic Ocean north of the CAA. In the western region of the NWP there is a 
50–100% chance of encountering ice and in the eastern part there is a less than 
50% chance of encountering ice. Coronation gulf and parts of Baltin Bay are al-
ways ice free. 

 

Figure 31.4   Ice climatology and structures in the CAA: (a) Frequency of presence of sea ice (%) that 
ice is present on 10 September for the period 1971–2000, adapted from Canadian Ice Service (2002); 
and (b) locations of recurrent ice bridges and polynyas, adapted from Topham et al.(1983) and Melling 
(2000). 

 As a result the flux of freshwater through the CAA in the form of ice has a 
strong seasonal signal. Typical values from mobile pack ice flow are 5–10 cm s-1 in 
the west and north and 10–15 cm s-1 in the east and central channels of the CAA 
(cf. Melling, 2000). Heavily deformed floes of pack ice from the Arctic Ocean west 
of M’Clure Strait and north of the Queen Elizabeth Islands also enter the NWP 
and supplement freshwater flux. A comprehensive analysis and discussion of sea 
ice motion and physical forcing in the northern CAA is given in Melling (2002). 
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 The thickness of first year sea ice in the CAA varies from maximum values 
(away from ridging areas) of 2.5 m in the northern to 2.0 m in the southern sections 
(Canadian Ice Service, 2002). Multi-year ice can reach a thickness of 3–5 m. Al-
though there is less interannual variability in ice cover extent here than in most 
other Arctic areas (Comiso, 2003), there is more open water during late spring-
early fall in the eastern regions of the CAA than in the west (Agnew and Howell, 
2003). Early break up in Lancaster Sound is caused by a combination of the domi-
nant winds and currents, which advect ice eastward into Baffin Bay. Sea ice forma-
tion in early fall may also be delayed by the advection of warmer and saltier water 
from Baffin Bay into the entrance of Lancaster Sound (Prinsenberg and Hamilton, 
in press). 
 Between freeze-up in January and break-up in late July the ice is generally 
immobilized by attachment to the land (landfast) and by establishment of stable 
arches across passages (Figure 4b). Another important characteristic of winter ice 
cover is the occurrence of polynyas, which, due to physical forcing, are recurrent 
areas of open-water, or of much reduced sea ice cover, that would otherwise be 
fully covered by sea ice (Dunbar, 1969). Polynyas are generally classified by their 
mechanism of formation: either as sensible heat polynyas, formed by vertical mix-
ing of warm deep water; or latent heat polynyas, formed by wind-driven removal 
of ice in the lee of islands and ice bridges (cf. Smith et al, 1990 and Melling, 2000). 
The presence of a polynya reflects intense physical forcing (e.g. mixing, winds) 
which, in turn, strongly affects biological processes by influencing the upwelling of 
nutrients, underwater light climate, stratification and the timing of seasonal pro-
ductivity events (cf. Stirling, 1980; Tremblay et al., 2002a). The largest polynyas in 
the CAA are located in Smith Sound (North Water), Lancaster Sound and 
Amundsen Gulf. Others, influenced by strong tidal flows and vertical mixing, are 
found in various straits of the CAA: Hell Gate, Cardigan, Penny, Bellot and Fury 
and Hecla (Figure 4b). A case study of the physical forcing of an arctic polynya is 
given by Topham et al. (1983) and an introduction to biological processes in the 
North Water polynya is given by Deming et al. (2002). 

3. Physical and Chemical Oceanography 

3.1 Mean-Flow Characteristics 

 Early oceanographic descriptions of the CAA were produced by Bailey (1957), 
Collin (1962) and Walker (1977). Flow through the CAA, from the Pacific to Arc-
tic to Atlantic oceans, is due to the higher (steric) sea-level of the Pacific. This sea 
level difference occurs because Pacific waters are fresher, lighter and, assuming a 
level of no-motion among the three ocean basins, the Arctic is thought to be 0.15 
m higher than the Atlantic (Stigebrandt, 1984). The steric drop across the CAA 
from the Arctic to Baffin Bay (relative to 250 db) was calculated by Muench 
(1971) to be 0.3 m. 
 The flow of water through the CAA from the Arctic to the Atlantic Ocean is 
neither well known nor dynamically well understood (Melling, 2000). Neverthe-
less, the general near-surface circulation of the CAA as we know it is shown in 
Figure 5. Arctic surface waters flow westward and south-westward via channels in 
the CAA into Baffin Bay and, via Foxe Basin and Hudson Strait, into the Labra-
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dor Sea. There are a small number of narrow, shallow straits through which all 
flow must pass. These are Kennedy Channel, Barrow Strait, Wellington Channel, 
Cardigan Strait/Hell Gate and Bellot Strait. Barrow Strait, for example, has a 
minimum cross-sectional area of 7.9 x 106 m2 (about 2.5 times the area of Bering 
Strait) and a mean depth of 152 m. The dynamics of flow in these straits are com-
plex, involving rotational hydraulics, flows and counter flows, and tidal mixing. 
These processes are discussed below. 

 

Figure 31.5   Schematic of mean near-surface circulation in the CAA, adapted from Ingram and Prin-
senberg (1998). 

 Estimating flow through the CAA is difficult since few data are available and 
direct measurement is challenging. Total transport estimates of the flow through 
Lancaster, Jones and Smith Sounds were made by Collin (1962) who, using the 
dynamic method, found values ranging from 0.7 to 1.7 Sv. Applying the same tech-
nique, Muench (1971) estimated a mean southward flow in northern Baffin Bay of 
2.1 Sv, although this number included the return flow of the West Greenland Cur-
rent. Rudels (1986) used a two-layer approximation to compute a total transport of 
1 Sv through the CAA. Fissel et al. (1988) synthesized the results of the few direct 
current measurements in major channels of the CAA and found a net transport of 
1.7 Sv. Prinsenberg and Bennett (1989a) collected current meter and hydrographic 
data at the northern entrance of Peel Sound and obtained a transport contribution 
of 0.17 Sv. 
 To address the needs of climate prediction and modelling, an estimate of the 
freshwater transport through the CAA is needed. Here it is important to distin-
guish between total and freshwater transport because the latter is of particular 
climate significance (Carmack, 2000). Freshwater is delivered to the Arctic by 
atmospheric transport and by river and ocean inflows. As mentioned above, river 
inflow was estimated by Vuglinsky to be 4270 km3 yr-1 and, of this, 711 km3 yr-1 was 
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from arctic islands. Based on a mean throughflow salinity of S=34.2 and a refer-
ence salinity of S=34.8, Aagaard and Carmack (1989) estimated that the major 
oceanic freshwater influx to the Arctic was 1670 km3 yr-1 through Bering Strait. 
They estimated outflow through Fram Strait to be 2790 km3 yr-1 as ice and 820 km3 
yr-1 as water and outflow through the CAA to be 155 km3 yr-1 as ice and 920 km3 yr-1 
as water. The importance of freshwater flow through Bering Strait and the CAA 
on thermohaline circulation in the North Atlantic has been recently demonstrated 
in global climate models by Goosse et al. (1997) and Wadley and Bigg (2002). 

3.2 Flow dynamics 

3.2.1 Buoyancy-driven Flow Characteristics 
 The Arctic Ocean and its marginal seas are essentially a large estuarine system 
wherein the inputs and disposition of freshwater components provide thermoha-
line (buoyancy) forcing (cf. Stigebrandt, 1984; Carmack, 1986). A key parameter 
governing buoyancy-driven flow is the internal Rossby radius of deformation, Ri = 
g’H½/f, where g’= gΔρ/ρ is reduced gravity, g is gravity, ρ is density, H is layer depth 
and f is the Coriolis parameter. In the Arctic, owing to its high latitude and a rela-
tively weakly stratified water column, the Ri of a buoyant upper layer is quite 
small, about 5–10 km. Most of the straits in the CAA are much wider than this, 
allowing the formation of complex flow structures across channels. For example, 
distinct and oppositely-directed buoyancy currents on either side of the strait are 
possible. Accordingly, the CAA cannot be regarded as a network of channels that 
simply convey water from the Arctic Ocean. 
 It is likely that most rivers flowing into the CAA generate surface-trapped 
plumes (e.g. Ingram and Larouche, 1987). Each plume can either form a buoyancy-
boundary current against the coast directly, or drive a cyclostrophically-balanced 
‘pool’ that collects near the river mouth and subsequently leaks to form a reduced 
coastal current (Fong and Geyer, 2001; Yankovsky and Chapman, 1997). The 
buoyant water pool is susceptible to advection by mean flow and wind forcing. For 
example, Yanovsky (2000) shows that a mean flow opposing the coastal current 
can cause the buoyant pool to be ‘shed’, as an eddy, and advected downstream, 
while another buoyant pool subsequently forms at the river mouth. In another 
example Fong and Geyer (2001) shows that an along-shore current in the direction 
of Kelvin wave propagation tends to cause the buoyant pool to be advected down-
stream and become elongated against the coast, essentially forming a localised 
coastal current. Such a current is enhanced by Ekman transport under downwel-
ling-favourable wind conditions, but under upwelling-favourable conditions the 
buoyant pool is pushed offshore instead. Wind forcing within the islands of the 
Archipelago may cause buoyant plumes to come into contact with the opposite 
side of the strait and thereby reverse the direction of flow (Arfeuille, 2001). Varied 
configurations of such plume-spreading are evident in satellite images of the 
Mackenzie River plume. 
 Much of the year the Archipelago is covered with sea ice and this has two dis-
tinct effects on plume dynamics. When ice concentration is low enough for the ice 
to be mobile, the enhanced drag between water and ice can effectively increase 
wind-stress and Ekman transport. When ice is immobile however, it acts as a rigid 
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lid and the surface boundary layer beneath the ice will tend to widen the plume 
and dissipate the flow. 
 Buoyant plume water flowing across a strait due to Ekman transport is likely to 
augment the coastal current on that side of the strait in a similar fashion to the 
‘leakage’ of the buoyant pool of a surface-trapped plume. Buoyant water can also 
cross a strait by forming eddies. Two mechanisms are known to exist for this. 
Firstly if the plume is sufficiently wide so that the Froude number Fd = U / (g’H) 1/2 
(where U is speed, H is depth and g’= gΔρ/ρ is reduced gravity and ρ is density) is 
small (<1), then the surface- trapped coastal current is likely to form eddies 
through a baroclinic instability mechanism (Griffiths and Linden, 1981; Williams, 
2003). These eddies cause an offshore flux of the buoyant water and a broadening 
of the plume. Secondly, topographically induced eddies are likely to occur in a 
coastal current at sharp bends in the coastline such as at the entrance to straits, 
where the radius of curvature of the coast is less than the Rossby radius of defor-
mation (LeBlond, 1980; Klinger, 1994a). Here eddies can grow (Klinger, 1994b; 
Cenedese & Whitehead, 2000) in a similar fashion to the pool of buoyant inflow 
water for a surface-trapped plume. These eddies may detach from the coastal 
current (Cenedese & Whitehead, 2000) or may grow large enough to bridge the 
gap across the strait, allowing the coastal current to continue both along the 
straight and across it to the next island. In some cases, such as Bellot Strait, the gap 
between islands may be significantly less than the Rossby radius of deformation 
and this eddy formation process may not be needed for the coastal current to cross 
the gap. Flow through the Bellot Strait is still expected, however, because the sea-
surface height is elevated near the coast, due to the presence of boundary currents. 

 

Figure 31.6   Cartoon of mechanisms affecting buoyancy-driven flow among the islands and gaps in the 
CAA. See text for explanation and discussion. 

 A cartoon illustrating these mechanisms affecting the dynamics and transport of 
buoyancy-driven flow in regions of complex topography is shown in Figure 6. The 
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initial buoyancy input by river inflow (Qf) forms a cyclostrophically-balanced pool 
(I), which subsequently leaks to form a buoyancy-boundary current (BBC) along 
the right-hand shoreline. Instabilities along this flow may form eddies which sub-
sequently detach and migrate offshore and, in the presence of islands, reattach to 
form a secondary BBC (V). When the primary BBC encounters a gap or a sharp 
corner an eddy is formed within the gap (II). If the eddy is becomes large enough 
to bridge the gap it too may re-attach and allow the BBC to continue along the 
right-hand shore (III). Depending on the topography south of the gap this eddy 
(II) may prompt development of a paired eddy (IV) to the south, which subse-
quently flows along its right-hand shoreline. 

3.2.1 Channel Dynamics 
 It has long been recognised that flow through the irregular topography of the 
CAA is complex (LeBlond, 1980). Within the NWP, Barrow Strait is a constriction 
through which all flow must pass, being the shallowest (125 m deep) and narrowest 
(~52 km wide) part. A simple barotropic, geostrophically-determined model of 
flow through a strait, driven by a sea-level difference between the ends of the 
strait, is given by Toulany and Garrett (1984). Because sea level is higher in the 
Arctic than the Atlantic, this model would prescribe an eastward flow through 
Barrow Strait such that the sea level difference across the Strait would be equal to 
the sea level difference between the ends of the Strait. The water column in Bar-
row Strait is stratified however (Prinsenberg and Bennett, 1987; also see Figure 10) 
and therefore baroclinic dynamics also contribute to flow in the Strait. Rudels 
(1986), in comparing stratification in the Canada Basin with that in Baffin Bay 
(above the sill depth of Barrow Strait), found evidence of flow reversal above sill 
depth. That is, the along-channel pressure gradient in the upper water column is 
towards Baffin Bay, in keeping with the sea-level difference, whereas the pressure 
gradient near the sill depth of Barrow Strait is towards the Canada Basin. A 
geostrophic model allowing maximum flow in the strait then leads to a flow of 
fresher, surface water towards Baffin Bay and flow at depth towards the Arctic. 
Flows of this type within a channel resemble rotating “lock exchange flow” 
(Whitehead, 1998; Hunkins and Whitehead, 1992) where separate reservoirs of 
different density are joined by a channel and equal and opposite flows from each 
reservoir are exchanged through the channel. Hydraulic control then gives the 
volume flux of the exchange as proportional to g’H2/f, for a dynamically wide 
channel, and should also prescribe the mixing within the channel. The condition of 
equal exchange is not strictly necessary within Barrow Strait however because any 
volume flux imbalance can be corrected via exchange elsewhere in the Arctic 
system. If such hydraulic control occurs in Barrow Strait, the exchange flow should 
increase during summer, when g’ is large due to freshwater influx, and decrease 
during winter when g’ is smaller and sea-ice provides additional friction to surface 
flow (cf. Melling, 2000). Tidal flows in Barrow Strait will further complicate mat-
ters and may lead to a complex, time-dependent hydraulic exchange flow, such as 
described by Helfrich (1995), where exchange is enhanced by the tides and com-
plete information of the entire strait geometry is needed to determine the flow. 
 Frictional effects can also be an important factor governing flow through the 
NWP. For frictionally-controlled barotropic flow through a strait, the requirement 
that sea-level difference across the strait due to geostrophy be equal to the sea-
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level difference along the strait necessary to maintain flow against friction leads to 
development of a parameter fWH/LCdU, where f is the Coriolis parameter, W is 
the width of the channel, L the length of the channel, H the depth, Cd a coefficient 
of drag and U the flow speed (H. Johnson and C. Garrett, pers comm.). For long 
narrow channels in the CAA, frictional decay of barotropic flow may be signifi-
cant, especially during winter when sea ice effectively doubles friction. Also, at 
choke points in the CAA such as Barrow Strait, tidal flows are amplified and cause 
increased mixing. In this case, the flow speed U would be augmented by a larger 
tidal velocity and thus increase the effects of friction. Frictional effects on ex-
change flow were also considered by Johnson and Ohlsen (1994) who found that 
the addition of frictional boundary layers to the top and bottom walls of the chan-
nel and the fluid interface cause a significant flow reduction that is curiously inde-
pendent of channel length. 
 Increased mixing within straits by shear flow and tides also lessens stratification 
and g’, thereby reducing buoyancy forcing and affecting geostrophic flow and any 
hydraulic controls. In an extreme case, sill regions can be fully mixed if the tidal 
mixing parameter H/U3 is sufficiently small. The removal of the baroclinic struc-
ture within the strait would then block along-strait baroclinic geostrophic flow. 

3.3 Tides and Tidal Mixing 

Tidal energy enters the CAA predominantly from the Atlantic Ocean and is 
mainly semi-diurnal. As a result waters transiting the NWP are significantly modi-
fied by tidally-driven mixing and, in the vicinity of Barrow Strait, tidal currents are 
especially strong, reaching 50–150 cm s-1 (Prinsenberg and Bennett, 1989b). Nu-
merical models have been used by Kowalik and Proshutinsky (1993), Lyard (1997) 
and Greenberg (pers. comm.) to estimate tidal current amplitudes in the CAA. 
Maximum tidal currents due to the M2, S2, K1, and O1 constituents in the NWP 
were typically 0.2- 0.4 m s-1, except south of Bathurst Island, where maximum val-
ues reached 1–1.5 m s-1. Observational descriptions for northern Baffin Bay are 
given by Fissel (1982). 
 A useful parameter for evaluating the effectiveness of tidal mixing is H/U3 
where H is depth and U is tidal velocity (Simpson and Hunter, 1974) and low val-
ues indicate strong mixing. The most intense areas of mixing in the CAA are the 
Gulf of Boothia, Queen Maud Gulf, Dolphin and Union Strait, Barrow Strait and 
Hell Gate/Cardigan Strait (Figure 7). As a result the water column in Barrow 
Strait is more homogeneous than in the reservoirs to the east or west and thus the 
surface density has a local maximum (see below). Tidal mixing also enhances the 
vertical flux of nutrients and thus increases productivity of ice algae (cf. Cota and 
Horne, 1989). 
 The occurrence of critical latitudes in the CAA further contributes to the effi-
ciency of tidal mixing (Furevik and Foldvik, 1996; Kulikov et al., 2004). At these 
critical latitudes (71 °N, 74.5 °N and 85.7 °N for the N2, M2 and S2 tides) semi-
diurnal tidal constituents resonate with inertial waves, causing a thickening of the 
bottom Ekman layer of the clockwise rotary tidal component and local trapping of 
baroclinic tides generated at topographic discontinuities. It is especially notewor-
thy that the direct NWP is located along the M2 critical latitude where semi-
diurnal tides are strong and therefore the effect of boundary friction on mixing  
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Figure 31.7   Map showing the tidal mixing parameter of the H/U3 (adapted from Greenberg, pers. comm.) 

may be enhanced (cf. Stronach et al., 1987). 
 Prinsenberg (1988) showed that significant changes in tidal amplitude and phase 
for both diurnal and semi-diurnal components, occurred in Hudson Bay in the 
presence of sea ice. Although a similar response is expected in the NWP, there are 
few tidal observations to confirm whether this occurs. 

3.4 Water mass transformation 

The Arctic Ocean receives water from the Pacific and Atlantic oceans via Bering 
and Fram straits, respectively. The CAA, in turn, receives water from the Canada 
Basin through Amundsen Gulf, M’Clure Strait and straits along the Queen Elisa-
beth Islands and also from the Makarov Basin and the Lincoln Sea via Nares 
Strait. In the Canada Basin waters of Pacific-origin, being relatively fresh, occupy 
the upper ~ 200 m of the water column and overlie Atlantic-origin waters. This 
upper 200 m contains three water mass components: a seasonal mixed layer, Pa-
cific-origin summer water and Pacific-origin winter water. Atlantic-origin waters 
are found between 200–1600 m and consist of lower halocline, Fram Strait Branch 
and Barents Sea Branch components. Deep waters occupy the remainder of the 
Canada Basin water column. 
 The direct NWP receives inflowing arctic waters from the Canada Basin via 
M’Clure Strait on the west and Byam Martin Channel and Penny Strait to the 
north. Inflow from the Canada Basin is restricted by a shallow sill (~125 m) at 
Barrow Strait that, oceanographically, separates the NWP into its western and 
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eastern parts. Canada Basin waters (depth ~ 3500 m) are separated from Viscount 
Melville Sound (depth ~ 600 m) by a deep sill (~ 375) and m’Clure Strait (depth ~ 
475m). Canada Basin waters (depth ~ 3500 m) are separated from M’Clure Strait 
waters (depth ~ 475 m) by a deep sill (~375 m) and further east is a sub-basin in 
Viscount Melville Sound (depth ~ 600 m). Both Pacific and Atlantic-origin waters 
are found in M’Clure Strait and Viscount Melville Sound. The direct throughflow 
of Atlantic-origin water, however, is strongly constrained by the shallow sill depth 
at Barrow Strait and by the mixing processes discussed above. Nutrient concentra-
tions, being higher in Pacific-origin waters, are used to identify water masses in the 
NWP. Codispoti and Owens (1975) used silicate and phosphate measurements to 
estimate that ~60% of the waters in Lancaster Sound were from Bering Strait. 
Similarly, Jones et al. (2003) used the nitrate to phosphate relationship to deter-
mine that almost all of the water flowing through Lancaster Sound was of Pacific-
origin. 
 During transit through the NWP, Pacific- and Atlantic-origin water masses 
undergo mixing and geochemical modification, as seen in Figures 8 and 9 where 
data from the Canada Basin is compared to data from five locations across the 
NWP, from west to east: M’Clure Strait, Viscount Melville Sound, Barrow Strait, 
Lancaster Sound and Baffin Bay. In the Canada Basin, the seasonal mixed layer in 
summer contains river water and sea-ice melt and is ~ 40 m thick (Figure 8). Tem-
peratures are warm, salinities are low (S>24), nitrate concentrations are zero (lim-
iting nutrient) and oxygen concentrations are high (Figure 9). Below lie Pacific-
origin waters that have entered via Bering Strait in summer and winter (Coachman 
and Barnes, 1961). Summer waters are found from ~ 40–75 m and are character-
ised by relatively warm temperatures at 31<S<32, increasing nutrient and decreas-
ing oxygen concentrations. Winter waters, found from 125–180 m, identified by a 
temperature minimum near S=33.1 and a maximum in nutrient concentrations. 
The transition to Atlantic-origin waters begins near ~200 m. The core of lower 
halocline water is located near ~225 m at 34.0<S<34.4 and is characterised by in-
creasing temperature, decreasing nutrients and an oxygen minimum. The core of 
Fram Strait Branch is identified by a deep (~ 450 m) temperature maximum (0.4 
°C) and deep nutrient minimum near S=34.8. The underlying Barents Sea Branch 
waters contain higher concentrations of oxygen and nutrients and its core is found 
near S=34.88 and 900 m (not shown). 
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Figure 31.8   Vertical profiles of (a) temperature (T), (b) salinity (S), and (c) T/S correlation plots at six 
sites from the Canada Basin to Baffin Bay. See color plate for detail. 

 

Figure 31.9   Vertical profile of (a) Nitrate, and property-salinity plots of (b) Silicate (c) Oxygen and (d) 
Nitrate/Phosphate correlation diagrams at six sites from the Canada Basin to Baffin Bay. See clolor 
plate. 
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 In the NWP the base of the seasonal mixed layer becomes progressively shal-
lower, colder and more saline moving east from the Canada Basin to Barrow 
Strait. The depth of nitrate depletion decreases from ~50 m in the Canada Basin to 
30 m in M’Clure and Barrow straits. In Lancaster Sound however, surface layer 
nitrate concentrations were above 5 mmol/m3 due to enhanced mixing as descibed 
above. Pacific-origin winter waters are identified by a temperature minimum in the 
western NWP but further eastward this feature disappears and the nutrient maxi-
mum is used instead as a tracer of Pacific-origin water. From M’Clure to Barrow 
Strait the nutrient maximum is ~50 m shallower than outside in the Canada Basin 
and occurs at progressively higher salinities as a result of turbulent mixing 
(33.2<S<33.3 near 125 m; Figure 9a and 9b). Nutrients identify three layers. In the 
upper layer, which shallows from west to east, nitrate is zero and silicate and phos-
phate remain above zero. In the mid-depth nutrient maximum layer near S=33.1, 
nitrate concentrations are similar from the Canada Basin to Barrow Strait, then 
are much lower in Lancaster Sound and Baffin Bay. Silicate and phosphate con-
centrations decrease progressively from the Canada Basin to Baffin Bay. In the 
near bottom layers nutrients increase due to regeneration of particulate matter 
settling from the euphotic zone. Thus the general pattern for pacific-origin waters 
transiting the NWP is the decrease in concentration of the mid-depth nutrient 
maximum layer and the concentration increase in the near-bottom layer. Waters in 
Lancaster Sound are noticeably different (i.e. presence of a local nutrient and 
temperature maximum at S=32.8), due to mixing caused by the physical processes 
described above. 
 Atlantic-origin waters are found in the NWP where water depths are greater 
than ~135 m. They are identified by temperatures increasing with depth (Figure 
8a), by a change in slope in salinity profiles (Figure 8b) and by a decrease in nutri-
ent concentration (Figure 9b). In the lower halocline at S~34, temperatures are 
warmer than in the Canada Basin and are progressively warmer as one moves 
eastward across the NWP. Temperature increases for two reasons: heat transport 
from below and the absence of lateral intrusions of shelf-water at the freezing 
temperature (Melling et al., 1984). The lower halocline’s oxygen minimum at 
34.0<S<34.4 is much lower in concentration than in the Canada Basin and is lowest 
in Barrow Strait (Figure 9c). Nutrient concentrations at these salinities are higher 
than in the Canada Basin which, taken together with the decrease in oxygen, indi-
cate that nutrients are regenerated locally. 
 Fram Strait Branch waters in M’Clure Strait and Viscount Melville Sound are 
slightly colder than in the Canada Basin. Below ~350 m and at S>34.8, oxygen 
concentrations decrease and nutrient concentrations increase with increasing 
depth, indicative of nutrient regeneration. These data, together with CFC data 
showing the absence of CFC-113 in Viscount Melville Sound deep waters, suggest 
that M’Clure Strait and Viscount Melville Sound sub-basins are not renewed regu-
larly by inflow from the Canada Basin (McLaughlin and Carmack, 1998; in prep.). 
 The nitrate to phosphate relationship, shown in Figure 9d, illustrates the modi-
fication of water masses while flowing through the NWP. In the Canada Basin 
there is a distinctive “Z-like” pattern, where the upper line denotes the range in 
Pacific-origin water concentrations and the lower line, much shorter, the range of 
Atlantic-origin water concentrations. In M’Clure Strait the pattern is similar but 
shows the effects of mixing between Pacific and Atlantic-origin water by the 
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change in the slope of the connecting line and of regeneration by the increase in 
concentration of both nutrients in deeper waters. At Barrow Strait the Z-like pat-
tern has been strongly altered by tidal mixing, and further east in Lancaster Sound 
and Baffin Bay the separation between the two parallel lines has decreased signifi-
cantly. 
 Waters in the western NWP are clearly influenced by inflow of Pacific and At-
lantic-origin waters from the Canada Basin. In the eastern NWP, however, Lancas-
ter Sound waters appear to be more influenced by waters flowing in from Baffin 
Bay in the east. Jones and Coote (1980) observed that eastern NWP waters are a 
mixture of eastward flow from the Canada Basin, southward flow from the Arctic 
Ocean via Nares Strait and Jones Sound and northward flow of Atlantic-origin 
water via the western coast of Greenland. They associated higher nutrient concen-
trations on the southern side of Barrow Strait with eastward flowing Canadian 
Basin waters and, as Figures 9a and 9b show, Pacific-origin waters are found in the 
upper 100m. Flow into Lancaster Sound from the north was also demonstrated by 
direct current meter measurements (Lemon and Fissel, 1982). Temperature and 
salinity data from Lancaster Sound (Figure 8) show that surface waters are colder 
and more saline and the slope of the T/S plot at S>33 is steeper than at locations in 
the western NWP, all suggesting that waters in the center of Lancaster Sound have 
travelled via a different pathway. Nutrients are regenerated in Lancaster Sound 
below ~175 m and S>33.2 in Atlantic-origin waters as indicated by the increase in 
nutrient and decrease in oxygen concentrations (Figures 9a, 9c). 
 Both Pacific- and Atlantic-origin water mass properties are evident in northern 
Baffin Bay. The small nutrient maximum at S~33.2 indicates the presence of Pa-
cific-origin water in the upper 50–60 m and therefore outflow from the Arctic 
Ocean. The temperature maximum, indicative of Atlantic-origin water, is much 
higher (i.e. warmer) and found at a much lower salinity than the equivalent maxi-
mum observed in the Canada Basin, which indicates the presence of Atlantic-
origin waters that have followed a different pathway, i.e. via Davis strait (Bacle et 
al., 2002). Nutrient regeneration is evident in waters below 500 m in the Baffin Bay 
sub-basin, as was observed by Jones et al. (1984). Silicate is especially enriched, 
which Michel et al. (2002) and Tremblay et al. (2002b) attributed to the large ex-
port of biogenic silica from sinking diatoms and their dissolution at depth. 
 As discussed above, the transport of freshwater from the Arctic Ocean to the 
North Atlantic is of particular importance in the balance of the global freshwater 
budget. In east-west channels freshwater flow is predominant along the southern 
shoreline. For example, a salinity section across Barrow Strait (Figure 10) illus-
trates the presence of a buoyancy-boundary current located in the upper 30 m on 
the southern side of the channel. In north-south channels, the freshwater flow is 
predominantly located on the western side. For example, Tan and Strain (1980) 
used the ratio of 18O/16O to distinguish sea ice melt from its “lighter” meteoric 
(precipitation, land run-off and glacial melt) counterpart and showed its presence 
on the western side of Davis Strait. They also determined that sea ice melt pene-
tration varied from 50 m in Baffin Bay to 140 m in Lancaster Sound. Bedard et al. 
(1981) also showed that waters in the CAA were diluted with sea ice melt. 
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Figure 31.10   Section across Barrow Strait showing typical flow within a broad channel of the CAA. The 
vertical dashed lines illustrate the size of the Rossby radius as measured from the coast. The circle with 
a dot in the centre represents the narrow, shallow bouyancy boundary current, and the direction of flow 
is toward the reader. 

 

Figure 31.11   Cartoon showing idealised modes of flow within a broad channel of the CAA. Circles 
with a dot in the center denote flow toward the reader; circles with an x in the center denote flow away 
from the reader, (into the page). 

 In summary, flow through the NWP cannot be regarded as simple channel flow 
and a conceptual model of flow regimes is shown in Figure 11. Three distinct flow 
regimes are identified: a shallow, buoyancy-boundary current located along the 
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southern (right-hand) shore; a thermohaline flow further offshore; and if the chan-
nel is sufficiently wide and deep, sub-basin circulation of waters below sill depth. 
Of these, the buoyancy-boundary current is most rapid. Sub-basin waters are gen-
erally trapped within cyclonic gyres. CFC profiles indicate that renewal of deeper 
waters is on the order of many decades and this permits substantial nutrient regen-
eration to occur (McLaughlin and Carmack, in preparation). Another point, not 
shown, is that the major fraction of freshwater transport occurs in the upper tens of 
meters where waters are transported more rapidly than at depth. 

4. Biological Perspectives 

Low temperatures, extreme seasonal variation in light regime, and the presence of 
a permanent or seasonal ice cover are obvious constraining factors for biological 
production in the Arctic Archipelago. The presence of polynyas, shore lead sys-
tems and ice edges also play key roles, influencing the abundance and distribution 
of marine mammals and seabirds. Because of these factors, production in the CAA 
is considered to be highly pulsed and highly variable over space and time. Although 
various data sets exist in technical or data reports (the so-called grey literature), little 
biological data have been published for many areas of the NWP. Most of the published 
studies, reported here, were carried out in the eastern part of the NWP, including Reso-
lute Passage, Lancaster Sound and Barrow Strait. 
 During late spring and early summer, large numbers of seabirds and marine 
mammals congregate at the edges of landfast ice in the eastern NWP (e.g. Brad-
street, 1979 and 1980; Finlay et al., 1980; McLaren, 1982). Arctic cod plays a cen-
tral role in the diet of the large colonies of thick-billed murres (> 650,000 adults 
and juveniles), northern fulmars (>450,000 adults and juveniles), black-legged 
kittiwakes (300,000 adults and juveniles) and black guillemots (>50,000 adults and 
juveniles) that come to breed in Lancaster Sound in summer (Welch et al., 1992). 
The amphipod Parathemisto spp. also constitutes an important part of the thick-
billed murre’s diet and can represent, by weight, the equivalent of arctic cod 
(Bradstreet and Cross, 1982). As for marine mammals, narwhal, beluga, walrus, 
killer whale, polar bear, and three species of seals (beaded, harp and ringed) are 
found in abundance in the Lancaster Sound region. Again, arctic cod constitute a 
key component of the diet of many of these mammals, thereby playing a key role 
in the flow of energy through the marine food web (Fig. 12, adapted from Welch et 
al., 1992). Overall, an estimate of 148,000 tonnes of arctic cod would be consumed 
annually by seabirds and marine mammals in the Lancaster Sound region. Accord-
ing to Welch et al.’s (1992) estimate, 16% would be channelled to the four species 
of seabirds mentioned above, 47% to ringed seals, and the rest consumed by nar-
whal, beluga and harp seals (see their Table 8).  
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Figure 31.12   Schematic of energy flow (in kJm-2yr-1) through the marine food within Lancaster Sound. 
Numbers at the top of boxes are ingestion; numbers within boxes are growth. Heavy arrows highlight 
energy flow mediated by arctic cod (adapted from Welch et al., 1992). 

 In order to sustain the large populations of marine mammals and seabirds ob-
served in the area, Lancaster Sound waters, appear to be able to support a high 
level of primary production. In a study comparing benthic communities in Lancas-
ter Sound, Pond Inlet and Baffin Bay areas, Thomson (1982) reported that the 
mean biomass of benthic animals at 50–100 m in Lancaster Sound is among the 
highest recorded for the Arctic. He attributed this high biomass to the high pro-
ductivity of the region and high current speed. Primary production in the Lancas-
ter Sound region is estimated (within a factor of two), to be about 60 g C m-2 fixed 
annually  of which approximately 90% is contributed by phytoplankton, 10% by 
ice algae, and a small amount by kelp (Welch et al., 1992). 
 A phytoplankton bloom typically develops in July-August after ice melt causes 
stratification of the surface layer, or at marginal ice zones. Chlorophyll a (chl a) 
concentrations near Resolute Passage reached 5 mg m-3 in July following ice melt 
(Conover et al., 1999). In the same area, Fortier et al. (2002) reported the unusual 
occurrence of an early under-ice phytoplankton bloom during the month of June, 
due to rapid and early snow melt and release of ice algae. On average, phytoplank-
ton chl a standing crop appears to be moderate and comparable to other Arctic regions 
(69 mg m-2 in the top 35 m), although a strong subsurface chl a maxima (up to 18 mg m-3) 
has been observed in association with the pycnocline due to local ice melt (Borstad and 
Gower, 1984). The distribution of chl a shows large spatial heterogeneity and reveals 
the presence of “biological hot spots” where high localized primary production is asso-
ciated with physical mixing processes that provide abundant nutrients for phytoplank-
ton growth. The fact that major seabird colonies in the Lancaster Sound area are 
located near semi-permanent ice edges or energetic eddy zones where strong oceano-
graphic fronts are common (McLaren, 1982) demonstrates the importance of these 
“biological hot spots” for the feeding of marine fauna. 
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 In a trophic diet study conducted at Pond Inlet, Bradstreet and Cross (1982) 
concluded that copepods and amphipods dominate the diet of arctic cod, regard-
less of the age class of the fish or whether they were collected inshore or offshore. 
They also reported that ice algae species dominate the diet of all amphipod and 
copepod species studied, with ice algae genera Nitzschia and Navicula being most 
abundant. These results reflect the importance of ice algae to herbivorous grazers 
who, in turn by being consumed, subsequently channel energy to arctic cod, marine 
birds and mammals. The role and contribution of ice algae is more than just its 
relative biomass because it also extends the grazing season of herbivores and con-
centrates food resources on or near a two-dimensional environment (Bradstreet 
and Cross, 1982). Indeed, under-ice copepods have been shown to feed upon ice 
algae during the algal growth season (Conover et al., 1986; Head et al., 1988). A 
carbon budget of ice algae production and export for a 60-d period in spring-
summer in Resolute Passage showed that ca. 60% of the ice algae production was 
transferred to water column zooplankton grazers, mainly Pseudocalanus spp, 
which fed on ice algae in or released from the ice (Michel et al., 1996). They sug-
gested that the timing of processes that drives the release of ice algae from the 
under-ice surface, rather than the actual period of ice algal production, may be 
critical for the feeding success of pelagic grazers at a time when the phytoplankton 
crop is at a minimum. In a later study, Fortier et al. (2002) showed high interan-
nual variability in the timing, magnitude and nature of under-ice vertical fluxes of 
organic matter and related this variability to meterological forcing events that 
controlled snow thickness and to differences in the zooplankton community. 
 First-year sea ice covers most of the NWP and can support a high production of ice 
algae, with values up to 23 g C m-2 y-1 in Resolute Passage (Smith et al., 1988). Here 
a complex microbial under-ice community was observed, dominated by pennate 
diatoms (e.g. Michel et al., 1996), but also comprised of active protozoa (Laurion 
et al., 1995), nematodes (Riemann and Sime-Ngando, 1997), and high DOC con-
centrations (Smith et al., 1997). Light is often considered as the most important 
factor in driving primary production in the ice (e.g. Smith et al., 1988), however 
nutrient availability can also play a key role for ice algae production. During the 
spring-summer transition period, the period of ice algal growth, the optical proper-
ties of sea ice exhibit considerable seasonal, spatial and spectral variability. Al-
bedo, the ratio of reflected to incident shortwave radiation (Maykut, 1985), varies 
greatly, from 0.6–0.8 in snow-covered ice to 0.2–0.4 in melt ponds, and this causes 
large temporal and horizontal variability in the amount of radiation that reaches 
the ice algae (Perovich et al., 1998). And, because snow cover strongly attenuates 
the photosynthetically active radiation (PAR), its distribution largely influences 
ice algal biomass (Welch and Bergmann, 1989). Smith et al. (1988) showed that the 
biomass maximum attained by ice algae under natural snow cover in Resolute 
Passage was equivalent to the maximum imposed by self-shading, with values 
ranging from 77 to 225 mg chl a m-2. The presence of ice algae and other particulate 
or dissolved material in the ice also influences the amount and spectral composi-
tion of PAR (Legendre and Gosselin, 1991) and attenuation of UV radiation 
through the ice (Belzile et al., 2000). As a result there is very low irradiance be-
neath the ice and under-ice phytoplankton biomass are typically < 0.5 mg chl a m-3 
(Conover et al., 1999). 
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 Nutrient replenishment at the ice-water interface has been shown to occur dur-
ing neap tides in Resolute, fuelling ice algae production that would otherwise be 
nutrient-limited (Cota et al., 1987). Current measurements in the same area sug-
gest that internal waves could also support nutrient replenishment (Marsden et al., 
1994). High phosphate and silicate concentrations in the Arctic Ocean surface 
layer waters exiting through Lancaster Sound and Jones Sounds (Jones and Coote, 
1980), together with physical mixing processes bringing nutrients back to the ice 
interface most likely contribute to explain the high ice algae biomass observed in 
this region (max. bottom ice chl a of ca. 160 mg m-2, Michel et al., 1996 and 250 mg 
m-2, Smith et al., 1988). 
 In summary, for the eastern part of the NWP, Welch et al., (1992) suggest that 
four copepod species, Pseudocalanus acuspes, Calanus hyperboreus, Calanus gla-
cialis, and Metridia longa, dominate the energy flow through herbivorous grazers 
and that arctic cod constitute a major trophic link within the marine ecosystem. Ice 
algae are believed to play a more important role than simply their primary produc-
tion levels would suggest. Spatial heterogeneity in phytoplankton distributions 
results in “biological hot spots” where high primary production support abundant 
populations of marine birds and mammals. Inter-annual fluctuations in the abun-
dance of certain species, e.g. Pseudocalanus spp. whose abundance can vary ten-
fold, are believed to have little influence on the channelling of energy through the 
food chain (Welch et al., 1992). Inter-annual fluctuations in other species however 
can strongly impact their predators. For example, polar bears depend almost ex-
clusively on ringed seals for their diet (Stirling and Oritsland, 1995). Ringed seal 
abundance shows strong inter-annual variability (Stirling et al., 1982; Harwood and 
Stirling, 1992) because their abundance is linked to ice conditions (Kingsley et al., 
1985), which consequently has a significant impact on the distribution, reproduc-
tive success, and survival of polar bears. Stirling (2002) describes the relationship 
between polar bears, seals and sea ice conditions in Amundsen Gulf and showed 
that heavy ice conditions in the mid-1970s and mid-1980s caused significant de-
clines in productivity of ringed seals, which led to decreased populations of polar 
bears. 
 There are fewer observations for the western NWP and other regions of CAA. 
Beluga whales belonging to the western Beaufort Sea stock were observed in 
M’Clure Strait, Viscount Melville Sound, and Amundsen Gulf (Richard et al., 
2001; Harwood and Smith, 2002). In summer hundreds, perhaps thousands, of 
male belugas from this stock travel to Viscount Melville Sound where they likely 
feed on arctic cod and benthic flat fish. Although this does not occur yearly it 
indicates Viscount Melville Sound may be another “hot spot”. McLaughlin and 
Carmack (1998), using geochemical correlations, estimated new production in 
Viscount Melville Sound, a region mostly ice-covered, was ~ 40 gC m-2 yr-1. 
 Although the CAA is believed to be a pristine and isolated environment, the 
atmospheric and oceanic transport of contaminants from southern industrial re-
gions northward into the Arctic and subsequent entry into the marine food web is 
well documented (e.g. Muir et al., 1999; Fisk et al., 2003). Some contaminants, such 
as organochlorines and mercury, biomagnify in the marine food web, showing that 
more than just carbon and nutrients are transferred to upper trophic levels. Fol-
lowing the ban of organochlorines (OCs) in the US, Canada and Western Europe 
OC concentrations declined rapidly in the 1980s but in the 1990s the rate of de-
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crease slowed or stopped in many species. The slowest decline is in beluga and 
polar bears and the most rapid is in ringed seals and seabirds. There are large 
regional differences in specific OC distributions. For example, hexachlorobenzene 
and hexachlorocyclohexane (HCH) concentrations in zooplankton were higher in 
Amundsen Gulf than in Barrow Strait, reflecting the effects of long-range atmos-
pheric transport and geographic proximity to Asian sources, but toxaphene con-
centrations were higher in the east (Hoekstra et al., 2002). Total PCBs are the 
dominant OC contaminant in Arctic cod (Buckman et al., 2002) and also seabirds 
(Buckman et al., 2002). PCB concentrations in seals are lower in the west, and 
HCH concentrations are higher, reflecting trends at lower trophic levels. Gener-
ally, concentrations of PCBs, DDT, chlordane-related compounds and toxaphene 
in marine biota are slightly higher in the eastern Canadian Arctic, consistent with 
circumpolar trends. Only HCH concentrations are higher in the west. With the 
exception of HCH, OC levels in ringed seal, polar bears and seabirds are lower in 
the Canadian Arctic than in the European and Russian Arctic. 
 Mercury concentrations in Arctic biota have increased 10–17-fold from pre-
industrial time to the present but temporal trends are regional and species specific. 
For example mercury levels in Beaufort Sea beluga have increased 4-fold in the 
past ten years but only 2.5-fold in western Hudson Bay. Levels of mercury have 
slowly but steadily increased over the last thirty years in Lancaster Sound seabird 
eggs. Mercury concentrations in ringed seal livers from Pond Inlet have increased 
three-fold over the past thirty years but no significant increase was observed in 
Amundsen Gulf ringed seal livers. Cadmium concentrations also vary regionally 
and are higher in the east. 
 Tynan and deMaster (1997) discuss the effect of decreasing sea ice extent in the 
Arctic Ocean and its potential impact on marine mammals. Sea ice variations may 
alter the seasonal distributions, geographic ranges, patterns of migration, nutri-
tional status, reproductive success, and ultimately the abundance and stock struc-
ture of some species. Seals may be more affected than others because of their 
dependence on the presence of sea ice. Likewise, species (e.g. arctic cod) that 
depend on the magnitude of productivity at ice-edges may be negatively affected 
and as the ice edge retreats northward beyond the shelf to locations over the slope 
and basin the benthos will be affected (see Loeng et al., in press). Macdonald et al 
(2003) indicate the importance of climate change on the distribution and abundance of 
different species and on contaminant burdens. 

5. Summary and Outlook 

The CAA has long been considered an oceanographic backwater by both observa-
tions and modellers, largely because of logistical difficulties, dynamical complexity, 
economic insignificance and a general lack of appreciation for its connectivity to 
the global system. It is now recognized, however, that the CAA plays a critical role 
in global climate, mainly through the export of ice and low salinity waters to the 
convective centers of the North Atlantic (see Weaver, et. al., 1999, for review). 
Abrupt changes in global climate during the last glacial epoch, such as Heinrich 
events, have been explained by releases of massive volumes of glacial ice from the 
CAA (see Bard, 2002 for synthesis). On decadal time scales, fluctuations in the 
export of fresh water from the Arctic Ocean may alter conditions downstream in 



 F.A. MCLAUGHLIN, E.C. CARMACK, R.G. INGRAM, W. J. WILLIAMS AND C. MICHEL 1237 

the Labrador Sea and North Atlantic (Belkin et al., 1998; Proshutinsky et al., 2002) 
and as far south as the shelf waters of the Middle Atlantic Bight (Chapman and 
Beardsley, 1989). Pioneering work by Stigebrant (1981) and Rudels (1987) provide 
a framework for evaluating such fluxes. Recent models have demonstrated the 
climatic importance of freshwater transport from the Pacific to the Atlantic via 
Bering Strait (Shaffer and Bendtsen, 1994) and via the CAA (Goosse et al., 1997; 
Wadley and Bigg, 2002). 
 Processes within the CAA may impact global climate, but, global climate 
change may also alter conditions with the CAA: both aspects of this “two-way 
street” must be considered. The consequences of global climate evolution on ice 
and oceanographic conditions in the CAA under scenarios of greenhouse gas 
(GHG) warming are especially topical. Such changes will clearly impact transpor-
tation, resource development and human settlement. Most coupled air/ice/sea 
GCMs predict a warming of the CAA and a significant reduction in ice cover 
through the 21st century (cf. Arctic Climate Impact Assessment, 2004). However, 
much uncertainty exists. As noted by Melling (2002), a thinning and reduction in 
landfast ice in the CAA may simply allow a greater advection of multi-year floes 
from the Arctic Ocean into the CAA which would act as an impediment to marine 
transportation. Increased precipitation, also predicted under GHG warming sce-
narios, may lead to thicker snow-on-ice, and this insulating effect may impact ice 
thickness more than changes in temperature (Brown and Cote, 1992). Due to 
increased net precipitation in the high-latitudes, some models predict a counter-
intuitive slowing-down of the thermohaline circulation, and a subsequent cooling 
of northern Europe (Ganopolski et al., 1998). Such uncertainty in both the sign 
and magnitude of change can only be reduced by better understanding and param-
eterization of the processes and feedbacks that govern the high-latitude disposition 
and export of freshwater components (Hopkins, 2001). 
 The ecological impacts of anticipated changes in the CAA deserve special atten-
tion. Carmack and McLaughlin (2001) argue that climate change in regions cur-
rently covered by ice will affect the structure of marine ecosystems through both 
bottom-up and top-down reactions. Bottom-up changes in trophic structure would 
be the result of changes in ice cover extent that affect underwater light, mixing and 
nutrient fluxes into the euphotic zone. For example, Brodeur et al. (1999) docu-
mented an immense increase in gelatinous zooplankton in the Bering Sea concomi-
tant with extreme weather anomalies. Top-down changes would be the result of 
changes in the distribution and abundance of ice-dependant predators at various 
levels within the food- web and downward cascading of grazing effects. For exam-
ple, Tynan and deMaster (1997) discuss how cod, seals, whales, walrus and bears 
may all be impacted by changes in ice cover. 
 One might hope that the passion of the 19th century explorers to map the NWP 
will be re-kindled in the curiosity of 21st century scientists to understand and model 
this complex and important system. 
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1. Introduction 

The article reviews the most recent findings on the interdisciplinary characteristics 
of the Mediterranean Sea shelf areas, from the Northern to the southern shelf 
regions. First of all a classification of the shelves is carried out in terms of shelf 
extension, sedimentary and physical flow field properties. Secondly, the ecosystem 
functioning in the pelagic compartment is described as a function of the hydrody-
namic regimes, as well as in relationship to land derived river inputs, if present. 
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The shelf ecosystem is analysed up to the level of fish stocks and recruitment, 
making connections with lower trophic level dynamics and physical conditions. 
 The aim is to start a phenomenological and methodological synthesis toward the 
understanding of the coupled physical, sedimentary and ecological processes in the 
Mediterranean shelf areas. In order to do so, the physical, sedimentary and eco-
logical subsystems are reviewed for several shelf system study cases. The main aim 
is to discuss in these subsystems the coupling between physical-chemical-biological 
and sedimentary processes at the level of ecosystem functionality in the Mediter-
ranean Sea coastal areas. The main time scale of interest is the seasonal that cap-
tures the largest changes in amplitude for all the system state variables. 
 Six different shelf regimes are chosen to describe the characteristics of the proc-
esses present in the Mediterranean shelves. We selected two northern shelves, the 
Gulf of Lions and the Northern Adriatic Sea and three in the south, the Algerian, 
Egyptian and Israeli shelves. In addition, we describe the Sicily Strait that repre-
sents an extended shelf area without any relevant river input and with distinct 
characteristics from the other sites since it is a large channel area that allows the 
exchange of water masses between the Eastern and Western Mediterranean sub-
basins. 

2. The shelf scales of the Mediterranean 

The shelf areas of the world ocean as well as the Mediterranean are characterized 
first of all by their morphological extension, the connection with the land derived 
inputs and the open ocean currents. The land-derived inputs are determined by the 
flow rate or river runoff that is strongly forced by precipitation. Thus the shelf 
extension and the precipitation regimes are the background environmental factors 
that will allow a first classification of the Mediterranean shelf areas. In the follow-
ing we will describe the shelf extension and the hydrological cycle of the Mediter-
ranean Sea with the aim of classifying the main characteristics of the 
Mediterranean shelf areas on the basis of these two basic environmental field 
variables. 

2.1 Shelves of the basin 

The Mediterranean shelf areas are represented by a bathymetric chart in Fig. 1a. 
In this picture the 200 meters isobath has been chosen to define the seaward 
boundary of the continental shelf. The geographical names are shown in Fig.1b for 
future reference. Analysing Fig. 1a the impression is that the Mediterranean shelf 
areas are mainly narrow bands around deep basins. However, Manzella (1992) 
reports a shelf relative extension of 20% in Mediterranean against 7.6% for the 
World Ocean which is confirmed by our new computations. Thus shelf dynamics is 
relatively more important in the Mediterranean than in the rest of the world 
ocean. 
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Figure 32.1a   Shelf areas are indicated by different grey colors indicated in the palette. The numbers 
indicate 15 transects that are used to compute the topographic slopes in Table 1. 

 

Figure 32.1b   The coastlines and political geography of the Mediterranean Sea together with the major 
Sea names. 

 Taking as a reference Fig. 1a, it is evident that the major differences in shelf 
extension are between the northern and southern shores. The narrow and steep 
shelves of the Moroccan, Algerian and Libyan coasts contrast with the relatively 
extended shelves of the northern regions. There are exceptions to this north-south 
rule: for the northern coasts, narrow shelves are found along part of the Turkish 
coasts, in the Aegean Sea, in the Ligurian and the northern Alboran Sea. In the 
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southern coasts, extended shelves are found in the Tunisian shelf and near the Nile 
Delta. However, the Tunisian shelves are part of the Sicily Strait, which is an ex-
ception to many rules, as we will discuss later. Other very narrow shelves are along 
the eastern sides of the Mediterranean sub-basins, such as the Israeli and Syrian 
coasts, as well as the eastern part of the Aegean, the Adriatic Sea and the Tyrrhe-
nian Sea. 
 The island’s shelves are exceptions to a north-south rule. Most of them, are 
connected to the mainland by the 500 meters isobath. The islands shelves are dif-
ferent mainly between the western and eastern Mediterranean sub-basins. Eastern 
islands are dominated by narrow shelves (Crete and Cyprus) while more extended 
shelves are found in the western Mediterranean islands (Mallorca, Corsica and 
Sardinia). Moreover for the island of Sardinia, shelves are more extended on the 
western than the eastern side. 
 We continue our classification of the shelf areas by looking at the different 
topographic gradients of the shelves. We calculated such gradients along fifteen 
transects indicated in Fig. 1a and results are presented in Table 1. 

TABLE 32.1 
The topographic gradients along the 15 transects depicted in Fig. 1a in 
(km/km) and the approximate distance from the coast of the sea-ward limit 
of the continental shelf, chosen to be the 200 meters contour isobath. Some 
transects connect two continental boundaries and then two different shelf 
extensions and gradients are calculated and the transect number is repeated. 

Transect name  Shelf gradient Shelf extension Comments 

  (km/km) from coasts in km   
1-Morocco 1.7E-01 20-30   
1-Spain 4.2E-02 10-20  
2-Algeria 5.2E-01 10-20  
3-Spain 6.2E-02 50-60   
3-Mallorca 5.4E-02 10-20  
4-France 7.4E-02 70-80   
5-Italy  1.0E-01 10-20  
6-Tunisia  4.7E-02 110-120  This shelf area contains a 'deep pit'  
6-Italy  4.9E-02 30-40   
7-Libya 1.1E-01 10-20  
7-Italy  1.5E-02 140-150   
8-Italy  1.7E-01 10-20  

9-Italy  7.0E-03 330-340  This shelf area is considered without 
the middle Adriatic 

9-Italy  1.1E-02 520-530  This shelf area contains the pits of 
the middle Adriatic  

10-Libya/Egypt 3.2E-01 10-20  
11-Greece 8.0E-02 40-50   
12-Turkey 1.8E-01 10-20  
13-Turkey 1.8E-01 10-20  
13-Cyprus not determined < 10   
14-Israel not determined < 10   
15-Egypt 4.7E-02 70-80    
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 The gradient values are calculated with a grid spacing of 10 km along the tran-
sects and then an average value is obtained for each shelf transect. Most regions of 
Table 1 have shelves extending only for 10–30 km from land (12 shelves out of 20 
contained in the 15 transects) with gradients exceeding 0.01 (km/km). The wide 
shelf areas extend from 30 to 150 km offshore and they are all directly connected 
to major river runoffs (Spanish-Catalan coast, the Gulf of Lions region, the Adri-
atic, the Northern Aegean Sea, the Nile coastal area) except for the Sicily Strait. 
The Adriatic Sea is an exception since its shelf can be considered to extend for 
about 500 km along the longitudinal axis of the basin with an interruption due to 
the presence of the Middle Adriatic depressions (about 250 meters deep and lo-
cated in Fig. 2 at about 320 km from the northern end of the Adriatic). The shelf 
break practically occurs between the Middle and the Southern Adriatic, as we will 
see later. 
 In Fig. 2 we show some of the transects of Fig. 1a that are chosen as study cases 
for the present investigation. The narrow shelves of the Israeli and Algerian coasts 
are similar in shape to each other (for this reason, we have shown only transect 2, 
the Algerian transect), while the extended shelves are different and supposedly 
they are affected by very different physical, sedimentological and ecosystem proc-
esses. 

 

Figure 32.2   The topographic slope along the four transects: 2 (Algerian), 4 (Gulf of Lions), 9 (Adri-
atic) and 15 (Egypt).  
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 The concept of narrow shelves has been recently reviewed by Sanchez-Arcilla 
and Simpson (2002). They postulate that ‘narrow shelves may be regarded as re-
gions constrained by two “boundary layers” (one in the near-shore and the other 
on the slope) that merge and control processes across the continental shelf’. They 
also add that ‘in narrow shelves, therefore, the near-shore and slope processes 
effectively couple these regions to the shelf dynamics, while in the wide shelf areas 
the three areas will behave in a more uncoupled manner’. Sanchez-Arcilla and 
Simmons (2002) note that the nonlinear coupling between near-shore and slope 
processes can be large when the local Rossby number becomes larger than a 
threshold value, let’s say: 

 
o

U
Ro

f L
0.1= Ò   

where L is the shelf width, of  is the Coriolis parameter and U is the along slope 
current amplitude. 
 Supposing that everywhere in the Mediterranean the along slope currents are of 

the order of 
cm
s

20 30- , of s4 11. 10- -ª , the critical shelf width for strong nonlin-

ear coupling between near-shore and slope processes is: 

 [ ]
o

U
L km

f
10 20 30· = -   (1) 

Thus all the narrow shelves described in Table 1 with extensions less than 20–30 
km are narrow from both a morphological and a dynamical point of view. Sanchez-
Arcilla and Simpson (2002) classified the Ebro river shelf area as a mixture of 
narrow and extended shelves. Our transect 3, shown in Fig. 1a and Table 1, falls 
between the two chosen by Sanchez-Arcilla and Simpson (2002) and it is defined 
an ‘extended shelf area’. 
 To conclude this section we show in Fig. 3 the Sicily Strait transects 6 and 7 
since they are very peculiar. The westernmost transect contains two deep troughs 
that allow the intermediate waters of the Eastern Mediterranean to propagate 
westward. In addition, on the Tunisian side of the Strait the shelf break is inter-
rupted by a distinct trough that is occupied by the current flowing eastward, carry-
ing waters of Atlantic origin. Thus the continental shelf areas of Tunisia and Sicily 
in the transect 6 are well separated and different in character event tough they are 
both extended. The easternmost transect of Fig. 3 shows the steep continental shelf 
break and narrow shelf on the Libyan side, which partially confirms the rule that 
southern shelves are steeper than northern ones also in the Sicily Strait. The Ital-
ian side of the same transect has an extended shelf area partially connected to the 
Malta island shelf. In conclusion, the Sicily Strait offers a complex shelf area sce-
nario, with the continental shelf interrupted by deep troughs and a unique, very 
extended shelf area on the Tunisian side of the Strait. 
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Figure 32.3   The topography along transects 7 (left panel) and 6 (right panel) delimiting the Sicily 
Strait. 

2.2 Hydrological cycle of the basin 

As noted before, most of the extended shelf areas have relevant river runoff in-
puts. Thus, to initially characterize the shelf areas, we need to concentrate on the 
hydrological cycle of the Mediterranean basin. The difference between the north-
ern and southern shelf characteristics will be expressed here in terms of precipita-
tion regimes over the Mediterranean wide area. The precipitation regime over 
land in turn determines the river runoff and by consequence the shelf sedimentary 
structure and composition. The area in which precipitation is analyzed encom-
passes the river catchments excluding the Nile catchment that extends further 
south of 25 N, in the tropical African wind belt. 
 The hydrological cycle in the Mediterranean area has been studied extensively 
in the eighties (Peixoto et al., 1982) and a very recent study has revisited the hy-
drological balance of the Mediterranean from recent meteorological data sets 
(Mariotti et al, 2002, hereafter called MSZL). 
 MSZL revisited the various components of the hydrological cycle focusing on 
the ocean-atmosphere branch. In Fig. 4 we show the large latitudinal gradient in 
precipitation from the NCEP 50 years re-analysis data set (Kalnay et al., 1996). 
The precipitation latitudinal gradient is more evident during the summer months 
while during winter the precipitation maxima are centred on the sea, always em-
bedded in a positive northward gradient. 
 MSZL computed a new evaporation (E) minus precipitation (P) budget from 

the NCEP re-analyses, giving a range of E – P = [603 – 699]
mm

yr
 for the entire 

Mediterranean Sea. This is somewhat lower than published before from the data in 
the sixties and seventies, due to decadal variability connected to NAO. MSZL 
discuss the precipitation-NAO teleconnection and find significant correlations 
between the precipitation regime over the Mediterranean and the NAO index, as 
we will discuss later. 
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Figure 32.4   The climatological precipitation over the Mediterranean area computed by MSZL from 
the NCEP re-analysis data set. Upper panel: the December-January -February -DJF mean, lower panel: 
the June -July -August -JJA mean (units mm yr-1). 

 The Runoff (R) time mean budget for the Mediterranean is connected to the 
precipitation regime and it can be deduced considering the following steady state 
balance: 

 R E P G B= - - -  (2) 

where G is the net Gibraltar inflow and B is the Black Sea inflow and R the total 

runoff in the basin. Considering 
mm

B
yr

75=  (corresponding to a net inflow of 

m

s

3
36. 10  assuming an area of m12 22.5 10  as in MSZL) and 

mm
G

yr
500=  (or 

G Sv0.04= ) we obtain the range 
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 [ ] mm
R
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28 124= -  (3a) 

or 

 [ ] m
R

s

3

2200 9800= -  (3b) 

for the two extreme values of E-P range estimated by MSZL. 
 MSZL does not include a detailed breakdown of the land hydrological budget in 
terms of river runoff but they take a basin mean runoff value of 100 mm/yr or 

equivalently 
m

s

3
38. 10  which is well within our estimate (3b). This contribution is 

about 10% of the value of precipitation and evaporation but it is important during 
spring, becoming relatively comparable to the E-P budget. It is interesting to note 
that the traditional value for the runoff given by Anati and Gat (1989) is quite 

larger, of the order of 
m

s

3
314. 10  but the source of these estimates in unknown. 

Recently, Struglia et al. (2004) revisited the river discharges into the Mediterra-
nean Sea, utilizing different historical data sets. Keeping in mind all the possible 
shortcomings of these data sets, their total annual discharge estimate is 

m

s

3
38. 110  which is within the limits of our indirect calculation. Boukthir and 

Barnier (2000) give a value of 
m

s

3
311. 10  using a different data set. Thus we can 

say that the uncertainty in the river discharge coming from the best existing data 

sets is of several thousands of 
m

s

3

. 

 The distribution of runoff for the climatology (January and May) is given in Fig. 
5. All the northern rivers have a late winter-spring and autumn maximum dis-
charge regime connected to the ice-snow melting cycle and the precipitation 
maxima during autumn (not shown). The pattern of runoff magnifies the north-
south gradient already seen in the precipitation pattern but the quality of data for 
the runoff is more questionable. In our data set, all the African and the Middle 
East rivers are absent. Struglia et al. (2004) show instead that the Northern African 

rivers plus the Middle East rivers can account for 
m

s

3
32.4 10  about 25% of the 

total runoff. They however include a Nile runoff (
m

s

3
31.2 10 ) that is much larger 

than the one we show in Table 2 based upon more recent data. They also docu-
ment a much smaller influence of Adriatic rivers except the Po, because they do 
not consider the Croatian rivers and Albanian rivers that could account for a large 
part of the fresh water discharge in the Adriatic Sea (Raicich, 1996). 
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Figure 32.5   January and May mean observed runoff values from http://www.grdc.sr.unh.edu/(units mm 
mo-1). 

 The annual mean runoffs by the major rivers and areas are reported in Table 2 
for future reference. We use the largest estimate of the Adriatic river runoff by 
Raicich (1996) but our conclusions will not be changed by using a smaller estimate. 
The overall runoff budget (3b) can be made up for its largest part by summing 
solely the major rivers localized along the northern coasts (the Ebro, the Rhone, 
the Po, the other Adriatic rivers, the northern Aegean rivers). This result is also 
confirmed by Struglia et al. (2004): they show that European continental dis-
charges can account for over 75% of the annual runoff budget. 
 A particular attention has to be put in the Nile runoff that has been totally 
regulated by the Aswan dam and it is now lower than other river runoffs. The 
sedimentary remnants of the present interglacial period Nile runoff form the pre-
sent day extended Egyptian continental shelf. The same sedimentary remnants 
could be also present in the Tunisian shelf where there is evidence that, between 9 
and 7 thousand years ago, there was higher precipitation due to stronger telecon-
nections with the Arctic Oscillation Index (Arz et al., 2003), which supposedly 
gave rise to high runoff along the northern African coastal areas. 
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TABLE 32.2 
The major Mediterranean rivers and areas runoff values 

(major is considered to be a runoff greater than 100 m
s

3

). 

River  

Mean annual 
runoff 
(m 3

S ) Reference 

Ebro 150 Cruzado et al., 2002 
Rhone  1690 http://www.grdc.sr.unh.edu 
Po 1585 Raicich (1994) 
All other Adriatic rivers 4091 Raicich(1994) 
Northern Aegean rivers 515 Kourafalou et al. (2003) 
Nile  110 Hamza(2003) 
All other Nile Delta runoff 430 Hamza(2003) 
Total 8571  

 

 Struglia et al. (2004) document the seasonal changes in the annual mean runoff 

that amount to 
m

s

3
35 10  with minimum values reached during July-August-

September for all the rivers except the Nile, which is now totally regulated. This 
large seasonal variability is a major forcing of the Mediterranean coastal areas, 
which has profound influences on the shelf dynamics. 
 If we consider the NAO-precipitation correlation and variability, MSZL esti-

mate that the E-P budget could vary on a decadal frequency by 
mm
yr

100 which is of 

the same order of magnitude of the mean runoff value deduced before from the 
steady state budget calculation (3a). The NAO index (Hurrell, 1995) exhibits a 
large negative correlation with precipitation over the Mediterranean region on 
interannual and decadal time scales (MSZL compute a correlation coefficient of 
-0.84). This means that the decadal/interannual variability of the sedimentary and 
ecosystem dynamics in the shelf areas of the Mediterranean, dominated by runoff 
regimes, can be as large as the seasonal variability. On interannual time scales, 
Josey (2003) computes that changes in the E-P budget can be one order of magni-
tude less than the decadal changes. These E-P changes are mainly due to precipita-
tion variability, which in turn will affect the river runoff. 
 Another remarkable result about precipitation variability is that a systematic 
increase in winter droughts, all over Italy has been documented by Brunetti et al. 
(2000). The proportion of dry days has increased by almost 50% with respect to 
the previous 30 years average (see Fig. 5 of Brunetti et al., 2000). The change has 
been abrupt from the beginning of the 80’s until the end of 2000. This means that 
the river regimes have also changed, especially for large river catchment systems 
such the Ebro, Rhone and Po. 
 Struglia et al. (2004) discuss directly the runoff variability correlated with the 
NAO index. It is found that several rivers are significantly anti-correlated with 
NAO winter index and they loose the anti-correlation going toward spring and 
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summer. They also argue that this anti-correlation is strictly related to the anti-
correlation of precipitation with NAO. Struglia et al. (2004) compute then the 
changes in discharge due to the constant increase of the NAO index from the 
middle of the ‘70s to the ‘90s computing a decrease in total discharge in the basin 

of about 
m

s

3
31.7 10 which is 17% percent of the winter mean budget and that is 

concentrated on the Rhone, Ebro and Po rivers. 
 In conclusion, the atmospheric precipitation distribution determines the runoff 
budget of the basin that is determined for 75% or more of the total amount by the 
northern river discharges and the remaining by the runoff on the southern shores. 
Together with the shelf extension, this characterizes the overall structure of the 
Mediterranean shelf areas that mainly consists of narrow shelf areas without river 
runoff in the southern shores and extended shelf areas with runoff in the northern 
regions. 
 The river runoff spatial distribution could be also partially responsible for the 
surface chlorophyll latitudinal gradient: the northern shores are fertilized by the 
nutrient inputs (see section 6) and local chlorophyll maxima are established in 
every near-shore coastal area under river runoff influence (ROFI- areas or Region 
of Fresh Water Influence). As it can be seen in Fig. 6, the northern shores show 
higher chlorophyll concentrations with respect to the southern shores and local 
maxima appear near the northern river outflows. The other two local maxima, on 
the Tunisian and Egyptian shelves, are mainly connected to non-photosynthetic 
suspended matter. 
 Crispi et al. (2001) studied the longitudinal/latitudinal gradient in chlorophyll 
with a box model that demonstrated the importance of river loads in the mainte-
nance of the chlorophyll gradient of Fig. 6. In particular, they point out that the 
western basin is generally more productive because it has larger nutrient inputs 
due to the presence of both the Ebro and Rhone river runoffs and the Gibraltar 
inflow. We argue here that this demonstrates an extremely active role played by 
the shelf regions of the basin on the biochemical fluxes of the basin, driving the 
large scale north-south gradients at the same level of importance of the Gibraltar 
inflow. 



 N. PINARDI , M. ZAVATARELLI , E. ARNERI , A. CRISE AND M. RAVAIOLI  1257 

 

Figure 32.6   The SeaWiFs surface chlorophyll analysed for the winter of year 2000 (white areas are 
cloud covered). 

3. Sedimentary structures in the shelf areas 

 Sediment processes on the shelf are heavily influenced by topographic struc-
tures such as slopes and canyons and by river runoff. Seasonal variations in the 
atmospheric forcing influence the marine currents on the shelf that are responsible 
for transferring the suspended particulate to the sediments. The sedimentation rate 
and the sediment composition depend on all these environmental factors. In this 
section, we will take a detailed look at sedimentary structures in the shelf areas 
identified here as case studies. In the western Mediterranean, we will consider the 
Algerian and Gulf of Lions continental shelves; in the central Mediterranean, the 
Adriatic and Sicilian shelves and in the eastern Mediterranean, the Nile Delta zone 
and the Israeli coasts. 

3.1 Gulf of Lions 

The continental margin of the North West Mediterranean is characterised by a 
relatively extended continental shelf (see section 2) with a well-defined edge at a 
depth of 100–200 m. The shelf is eroded by numerous undersea canyons. The prin-
cipal sources of sediments are the main rivers, the Rhône and Ebro, and the at-
mosphere. The biogenic productivity of surface waters also plays a major role. 
 Holocene deposits in the Gulf of Lions can be divided into three separate zones 
according to their thickness. The first zone extends from the Rhône delta to the 
Têt (western side of the Gulf) and is characterised by large sediment accumula-
tions with a thickness between 30 and 50 m (Got and Aloisi, 1990). The second 
zone covers a large part of the middle shelf and the thickness drops from 30 m to 5 
m. The third zone occupies the outer shelf at a depth between 90 and 200 m and is 
characterised by thin Holocene deposits and outcrops of relict sand representing 
the coastline during the last phase of eustatic lowering, remoulded during the first 
phase of rising sea level (Figure 7a, Durrieu de Madron et al., 2000). 
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Figure 32.7   a Thickness of the Holocene sediments in the Gulf of Lions (Got and Aloisi, 1990). b 
Pelitic content in Holocene sediments in the Gulf of Lions (Got and Aloisi, 1990; Gensous et al., 1993). 
c Organic carbon content in Holocene sediments in the Gulf of Lions (Durrieu de Madron et al., 2000). 
d Accumulation rates in the Holocene sediments of the Gulf of Lions (Buscail and Germain, 1997; 
Durrieu de Madron et al., 2000, Zuo et al., 1991 and 1997). 

3.1.1 Grain size 
 The grain size of the inner shelf sands decreases seawards, with the muds of the 
middle shelf occurring at a depth of about 20–30 m. There is, in fact, a correlation 
between grain size and the attenuated effect of wave motion seawards (Jago and 
Barusseau, 1981). The only exceptions are the prodelta deposits accumulating at 
river mouths and consisting predominantly of silty mud. These sediment accumula-
tions are due to the fact that precipitation is large in the autumn and spring leading 
to a significant flow of terrigenous sediments into coastal marine environments. In 
this coastal environment, there is a high seasonal variation of geochemical parame-
ters and discontinuities in the typical prodelta sediment sequence are due to physi-
cal-chemical ra ther than sedimentological variations. In the case of the river Têt, 
the surface layers of the prodelta deposits are silty (60 µm median) and poor in 
carbonates (5%) and organic carbon (0.5%). The sediment water content in the 
surface layer is high (45–50%), compared to about 30% in underlying layers. The 
grain size of the silt is graduated as a result of hydrodynamic effects, but a relation-
ship between the intense bioturbation produced by a crustacean (Thalassinidean) 
and an increase in the coarser particle fraction has also been noted. In the spring, 
when this crustacean is excavating tunnels, the finer particles are eliminated in the 
overlying water, while the coarser particles accumulate in the tunnels (Buscail et 
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al., 1995). Deposits on the outer shelf and slope are predominantly pelitic (Figure 
7b). 

3.1.2 Organic carbon 
 The organic carbon content varies according to the type of sediments. It is gen-
erally low in the sandy deposits of the inner shelf (< 0.3%) and the relict sands 
(0.25–0.5%) (Buscail et al., 1995; Durrieu de Madron et al., 2000). In the muddy 
littoral deposits (between 40 and 100 meters depth) values remain low (0.4–0.6%) 
and drop to 0.3% in deep waters. The highest values are found in the muddy 
prodelta deposits with values between 1–2.2% (Figure 7c and Table 3). 

TABLE 32.3 
Figures indicating the organic carbon content in the delta zone of the princi -

pal rivers in the Gulf of Lions according to various authors. 

River 
Organic carbon 

(%) Notes Reference 

Aude 1.1–1.4  Buscail et al., 1995 
1.1–1.6  Buscail et al., 1995 
1–2  Durrieu de  Madron et al., 

2000 

Rhône  

2.17  Zuo et al., 1997 
Têt 0.5 in autumn the deposits are enriched 

with organic carbon (2.5%), pelite 
(92%) and fine bioclastic carbonates 
(20%) 

Buscail et al., 1995 

 

 The same variations occur for other trace elements, confirming that more than 
90% of particulate matter coming from the rivers is deposited in the prodelta, shelf 
and slope zones, with only a small quantity transported into the basin through the 
canyons. 
 These hydrodynamically active prodelta environments demonstrate that carbon 
degradation predominates over burial. Land and sea sources are important, but 
80% of the organic carbon flow is degraded at the interface on the continental 
shelf (Buscail et al., 1990). 

3.1.3 Sedimentation and accumulation rates 
 It is difficult to determine the sedimentation rate because there are low gradi-
ents in the Pb activity profile of core samples taken at river mouths due to the 
rapid sediment deposition and mixing (Zuo et al., 1997). The sediments consist of 
silt, silty shale and shale and a linear dependence can be noted (with a correlation 
coefficient of R=0.87) between the sedimentation rate and depth. The sedimenta-
tion rate in the prodelta zone is very high and near the mouth of the river Rhône 

may reach a few centimetres per year (5–9 cm
yr

). The same trend can be observed 

in the area of the Ebro and Têt rivers, although the sedimentation and mixing rates 
are lower as a result of the lower sediment transport (sedimentation rate in the Têt 

prodelta is estimated to be 0.1 cm
yr

, Courp and Monaco, 1990). 
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 In the shelf zone, the sedimentation rate is between (10–60cm)/(100 years) (Zuo 
et al., 1991). The sedimentation rate enables the sediment accumulation to be 
estimated. For an area of 15340 km2, the sediment accumulation is about 10. 106 
ton/year. This estimate does not include prodelta areas. In prodelta areas, consid-

ering an area of 150 km2, a sedimentation rate of 5–9 cm
yr

 (see above) and a mean 

density of 1.60 3

g
cm , the accumulation rate amounts to 2–3 106 ton/year (Zuo et al., 

1997). 
 According to Durrieu de Madron et al. (2000) the mean accumulation rate at 

the Rhône mouth amounts to 
g

cm yr240 . This value decreases rapidly seawards. 

In the distal part of the Rhône prodelta (20 km from the coast), the mean value is 
g

cm yr20.4 . The values are even lower for the rest of the shelf with a mean of 

g
cm yr20.15 . Figure 7d and Table 4 gives the accumulation rates from a number 

of authors. The discrepancies between the values in Table 4 are due to the fact that 
Zuo et al. consider the last 100 years, while Got and Aloisi consider the whole 
Holocene period (10,000 years), but the general sediment transport and deposition 
pattern is confirmed by both authors. 

TABLE 32.4 
Sedimentation rate and flows in the North West Mediterranean  

according to various a uthors. 

Area 
Sed. rate  

(cm/100years) 
Flow 

(g/cm2)/100years 
Accumulation  

(106ton) Reference 

Gulf of Lions (15340 
km2) 

7–41 5–31 10±4 Zuo et al., 1991 and 
1997 

NW Mediterranean 
(280000 km2): 
Shelf (10%) 
Slope and basin 
Tot. 

 
 
6 (2–12) 
1–2 

 
 
4 
0.9 

 
 
11 
23 
34±15 

Zuo et al., 1997 

NW Mediterranean 
(280000 km2): 
Shelf (10%) 
Holocene deposits:  
(2.6 10–11 m3) 
Slope and basin 
Tot. 

   
 
 
 
44 
20 
64 

Got and Aloisi, 1990 

 

 It is interesting to note that the Gulf of Lions, occupying just 5% of the total 
surface of the North West Mediterranean, represents about 30% of total sedimen-
tation. 
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3.2 The Algerian continental shelf 

The Algerian continental shelf is narrow (see section 2). In the bays and gulfs, the 
shelf extends for 10–20 km, such as in the Gulf of Oran, the Gulf of Arzew and the 
Gulf of Bône, where the edge of the shelf is located at a depth of 120 - 150 m. 
 Climatic and geodynamic variations during the Pliocene and Quaternary led to 
the temporal and spatial superimposition of two types of marine sediments; 1) 
autochthonous biogenic carbonate sediments deposited mainly during wet periods 
with abundant land plant cover and scarce rill erosion of continental zones; 2) 
allochthonous terrigenous sediments deposited during semi-arid periods such as 
the current African climate as a result of rill erosion of continental zones with 
scarce plant cover (Pauc, 1991). The carbonate sediments consist of silt and bio-
genic calcareous sands, composed mainly of bioclastic fragments, calcareous algae, 
bryozoans, pelecypods and gastropods (Caulet, 1972). 
 In the Gulf of Arzew, biogenic carbonates are distributed in the western part 
from Cape Carbon to the sea off Mostaganem. Towards the west, this facies is 
largely buried under more recent sediments (Figure 8a). Current terrigenous sedi-
ments come mainly from the River Chèliff, which drains silty and shaly debris. The 
finest fraction of these sediments (<2µm) is distributed towards the west under the 
influence of currents; the silty fraction (>10µm), is, on the other hand, distributed 
along the coastal belt at a depth of 40 m. The total organic carbon (TOC) content 
amounts to between 0.2 and 1.2% with the highest values occurring in the pelitic 
fraction (Figure 8b). 

 

Figure 32.8   A) Pelite distribution in surface sediments in the Gulf of Arzew (South West Mediterra-
nean) (Buscail et al., 1999). B) Total organic carbon distribution in surface sediments in the Gulf of 
Arzew (South West Mediterranean) (Buscail et al., 1999). C) Carbon/nitrogen (C/N) ratio distribution 
in surface sediments in the Gulf of Arzew (South West Mediterranean) (Buscail et al., 1999). Reprinted 
with permission. 
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 The nitrogen content varies between 0.05 and 0.35% with the highest values 
occurring near the port of Arzew, and the lowest in the coarser sediments near 
Cape Carbon. The C/N ratio varies from 5 to 7 (figure 8c). In the fine fraction 
(<40µm) the ratio is slightly higher (Buscail et al., 1999). This ratio is indicative of 
the origin and the degree of evolution of organic material present in the sediment. 
Values of C/N < 6, found in these areas, indicate the presence of organic material 
of essentially marine origin (Monoley et al., 1991; Müller and Suess, 1979), al-
though interpretation of the C/N ratio is somewhat delicate as nitrogen is more 
sensitive than carbon to degradation and a high ratio may thus also indicate the 
presence of degraded or already highly mineralised organic debris. 
 The same distribution, with the same facies, also occurs in the Bay of Algeri 
(Maouche, 1987). The TOC content (0.3–1.5), nitrogen values and C/N ratio are 
similar to those found in the Gulf of Arzew. 

3.3 Adriatic Sea 

The Adriatic itself is an epicontinental sea, in other words, a semi-closed basin 
within a continent. The eastern Adriatic coast is generally high and rocky, while 
the western coast is low and largely sandy. The northern part of the basin, by con-
vention bounded to the south by the transect approximately at 43.5o N (see Fig. 9), 
is shallow, with a mean depth of 35 m and a slight slope (0.35 m -1km ) towards the 
south east (see section 2). The middle Adriatic is moderately deep [basin] (on 
average 140 m) with two depressions dropping down to 260 m. South of the de-
pressions is the morphological elevation of the Pelagosa sill (see Fig. 9), oriented in 
a northeast – southwest direction and formed during the Quaternary. This repre-
sents really the shelf break for the Adriatic Sea. The south Adriatic extends south 
of the latitude of 42o N to the threshold of the Strait of Otranto and is character-
ised by a large depression more than 1,200 m deep (Fig. 9). Exchange of waters 
with the Mediterranean Sea occurs through the Strait of Otranto with a threshold 
of 800m. 
 Sediment dynamics forces a distribution of the coarser sediments close to the 
coasts and the formation of a band of fine sediment accumulation approximately 
parallel to the coast further offshore (Wang and Pinardi, 2002). Outward from the 
coasts, there are outcrops of relict sands from the Versilia transgression (Flan-
drian) covering a large part of the shelf with an irregular morphology inherited 
from the sub-aerial environment of the last ice age. A large number of rivers flow 
into the Adriatic, transporting suspended material. Of particular importance are 
the river Po in the northern basin and the group of Albanian rivers in the southern 
basin. 
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Figure 32.9   The Adriatic Sea geometry and bathymetry. The transect indicate the approximate limit of 
the Northern Adriatic Sea. 

3.3.1 Sedimentation and accumulation rates 
 In the area between the Gulf of Trieste and the Middle Adriatic, three zones 

can be identified on the basis of recent data on sedimentation rates (
cm
yr

) and 

accumulation rates (
g

cm yr2 ), obtained using 137Cs and 210Pb (Table 5). For the 

southern Adriatic and in the western-central zone, Frignani and Langone (1991) 

and Frignani et al. (1996) report accumulation rates of 0.06 
g

cm yr2 . The three 

northern and middle Adriatic areas are described below. 
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TABLE 32.5 
Accumulation and sedimentation rates in the Adriatic Sea 

Area 

Accumulation  

rates ( 2
g

cm yr ) 
Sedimentation rate 

( cmyr ) 
References 

Trieste-Adige Delta    
Isonzo mouth  8.2  Frignani et al., 1990 
Tagliamento mouth  2.1  Delfanti et al., 1994 
Gulf of Venice (15–20 m 
deep) 

0.45–1  Alvisi et al., 2000 

Adige prodelta (15–20 m 
deep) 

0.5->1.2   

Adige (20 m deep)  0.8   Frignani et al., 1990 
Delta Po-Ancona    
Po di Levante-Po di Pila    

0.86–1.86   Frignani et al., 1990; 1989 
0.77    
0.22–0.48    

Depth: 7 m 
 20 m 
 27 m 
 > 30 m 0.3–0.4    

1.6  Alvisi et al., 2000 Depth: 5 m 
 10 m 0.3   
Punta Maestra (20 m deep)  2  Frignani et al., 1990; 1989 
Po di Goro    

0.84   
1.8   
1.0   
0.37   

Depth: 14 m 
 18 m 
 21 m 
 23 m 
 24 m 0.39–1.20   

0.8–1.5  Alvisi et al., 2000 
0.3–1.4   

Depth: 10 m 
 20 m 
 <30 m 0.4–1   
 0.77  Frignani et al., 1996 
Porto Garibaldi    

0.26  Frignani et al., 1987 Depth: 13 m 
 26 m 0.39  Guerzoni et al., 1984 

0.3  Alvisi et al., 2000 Depth: 10–20 m 
 20–30 m 0.4   
Fiumi Uniti mouth (20 m 
deep) 

0.27  Frignani et al., 1987 
Guerzoni et al., 1984 

   
0.4   

Bevano mouth 
Depth: 14 m 
 21 m 0.31   
Rubicone mouth    

0.22  Giordani et al., 1992 
0.24   
0.22   
0.26   

Depth: 9 m 
 12 m 
 20 m 
 24 m 
 41 m 0.28   

0.2–0.4  Alvisi et al., 2000 Depth: 10 m 
 <20 m 0.2   
 0.3  Frignani and Langone 1991 
Ancona-Gargano    

   
0.52–0.8   
0.17   

Chienti mouth 
Depth: 28 m 
 62 m 
 90 m 0.07–0.08   



 N. PINARDI , M. ZAVATARELLI , E. ARNERI , A. CRISE AND M. RAVAIOLI  1265 

TABLE 32.5 (cont.) 
Accumulation and sedimentation rates in the Adriatic Sea 

  Frignani et al., 1987 
Sorgente et al., 1996 

0.05   

Middle Adriatic deep 
Depth: 176 m 
 >200 m 

0.04   
Central Adriatic 0.12  Frignani and Langone 

1991; Frignani et al. 1996 
Southern Adriatic Basin    
South Adriatic Pit 0.06   

 

3.3.2 Northern Adriatic: Trieste—Adige Delta 
 Near the mouth of the river Isonzo (Fig. 9), the sedimentation rate is seasonally 

high, in fact, short lived radionuclide dating shows a speed of 8.2 cm
yr

 (Frignani et 

al., 1990). Near the Tagliamento (Fig. 9), there is a high seasonal sedimentation 

rate (2.1 
cm
yr

) (Alvisi et al., 2000; Delfanti et al., 1994) together with a low accu-

mulation rate on century scale. It can be hypothesised that the difference is due to 
the erosive action of the currents. Off the mouth of the river Adige (Fig. 9), the 

accumulation rate amounts to 0.8 
g

cm yr2  (Frignani et al., 1990). Radiometric 

analysis indicates an absence of sedimentation in the sandy belt off the coast. 

3.3.3 Po Delta—Ancona area 
 In the area off the Po Delta, there are high accumulation and sedimentation 
rates as the inflow of material from the hinterland is very high. Data in the litera-
ture (Frignani et al., 1989; 1990) confirm that the sedimentation rate decreases as 
the water becomes deeper. The sedimentation rate values drop rapidly moving 
from around the Po delta in the southward direction due to the current action that 
advects sediments along the coasts, away from the delta. South of the Po Delta, the 
values are lower and more or less constant (Frignani and Langone, 1991; Frignani 
et al., 1996). Off the coast of Emilia Romagna, the accumulation rate is below 

0.5
g

cm yr2  (Frignani et al., 1990; Guerzoni et al., 1984; Giordani et al., 1992). Re-

cent studies of sediment resuspension and deposition due to the Po river delta 
runoff have established that the specific combination of wave and currents climate 
in the Adriatic determines the sediment deposition as a function of grain size along 
the western Adriatic coastlines (Wang and Pinardi, 2003). 

3.3.4 Ancona-Gargano area 
 The area is characterised by extreme spatial and temporal variations in sedi-
mentation. The greatest variability occurs in a land-sea direction and many pa-
rameters vary in bands parallel to the coast (Sorgente et al., 1996; Sorgente, 2002). 
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Off the mouth of the river Chienti, one of the rivers with the greatest solid flow in 

this section of coast (2.2 6 ton10 yr
), accumulation rates decrease gradually as water 

depth increases, with a high seasonal sedimentation rate at some points. The char-
acteristics at stations sampled in the Middle Adriatic depressions are similar, with 
shaly sedimentation from currents arriving from the north transporting fine mate-

rial from the Padana Plain. Sedimentation rates amount to about 0.05 
g

cm yr2  at a 

depth of 176 m and 0.04 
g

cm yr2  at a depth of more than 200 m (Frignani et al., 

1987; Sorgente et al., 1996). 

3.3.5 Organic carbon 
 Data gathered during recent surveys indicate that the highest organic carbon 
values are found near the mouth of the Po river and in the Middle Adriatic depres-
sions (Giordani et al., 2002 - Table 6). The Adriatic Sea is characterised by a nutri-
ent concentration and primary productivity trend decreasing in the land-sea and 
north-south directions, in accordance with inflow from the land and hydrodynamic 
patterns. The quantity of organic carbon reaching the water-sediment interface 
amounts to 42–56% of primary productivity in the shallower zones of the northern 
shelf and about 25% further out in the deeper sea. On the southern shelf, values 
vary between 26% and 3%, from zones nearest the coast to the deeper areas. The 
majority of the organic material characterising the Adriatic sediments is of land 
origin, but the autochthonous biogenic fraction increases proceeding southwards. 
The C/N ratio, whose southward decrease reflects these variations, can be used as 
an indicator of the degree of preservation of sediments (Faganeli et al., 1994). 

TABLE 32.6 
Primary productivity and organic carbon data for a number of stations in the Adri-

atic Sea (Giordani et al., 2002, modified). 

Area Station 
Depth 

(m) 

Primary 
productivity  

(gC m-2year-1) 
OrgC 
(%) C/N (at. ratio) 

S3 (44°20.07’-12°39.95’) 30 216 
 

0.85 6.7 North Adriatic 

S6 (43°42.20’-13°38.50’) 41  0.93 7.9 
Middle Adriatic  
Depressions  

P1 (42°51.00’-14°45.00’) 246 60 0.87 7.2 

Southern Adriatic  
Pit 

A1 (41°50.74’-17°44.71’) 1196 97 0.65 7.9 

Strait of Otranto O2 (39°49.72’-18°57.48’) 870 66 0.46 6.8 
Ionian sea I1 (38°29.10’-17°59.27’) 2360 62 0.55 6.3 

 

 In areas with high sediment accumulation rates (>0.1 
g

cm yr2 ), more than 50% 

of carbon produced is not oxidised and accumulates in the sediments, while in 
areas with a lower rate, only about 1% is conserved (Canfield, 1993). The Middle 
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Adriatic depression is a special case as, in addition to normal accumulation in the 
water column, there is also strong lateral transport from the more productive 
northern shelf (Hopkins et al., 1999). 

3.4 The Sicilian-Tunisian Platform 

 The Strait of Sicily is characterised by various depositional environments (Fig. 
10; Argnani, 1992; Bowles et al., 1992). The southern Sicilian shelf is characterised 
by the inflow of terrigenous material from the Atlantic Ionian Stream-AIS branch 
(see section 4) that forms a wedge of well-stratified sands and silty shale varying in 
thickness from about 5–6 metres near the coasts to almost zero at the edge of the 
shelf (Colantoni et al., 1985). An exception is the Adventure Bank (Fig. 10) char-
acterised by a virtually flat surface with a mean depth of about 80–90 metres. It is 
isolated from the inflow of terrigenous material by the strong currents and deposi-
tion is therefore authigenic: 1) heterometric carbonate sands consisting mainly of 
the remains of organisms (bryozoans, red algae, serpulidae, foraminiferida, gastro-
pods and corals) living in the extensive eelgrass and seaweed meadows and 2) 
fragments of biogenic concretions (coraligen) (Colantoni et al., 1985). 

 

Figure 32.10   General map showing the location of the Sicilian-Tunisian Platform (from Max and 
Colantoni, 1992). Reprinted with permission 

 In the Lampedusa Bank the sediments are very similar to those of the Adven-
ture Bank, but with a higher percentage of sandy fraction. The calcium carbonate 
content is very high (>90%) (Tonarelli et al., 1992). 
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 In marked contrast to the surface deposits of the Adventure and Lampedusa 
Banks, the Malta Plateau sediments are finer and consist largely of shaly silt with 
low carbonate content (about half). The carbonate sediments, consisting of or-
ganogenic and algal debris, are limited to waters shallower than 75 metres. In 
deeper waters of the Malta plateau, pelagic, hemipelagic and terrigenous debris, 
probably eolian in origin, represent the main clastic depositional components 
(Tonarelli et al., 1992). 
 The Tunisian continental shelf is the most extended in the Mediterranean Sea as 
a whole. Recently the littoral between Tunis and the Gulf of Gabes has suffered 
from eutrophication and, as a result, build-up of algae has gradually lead to the 
deposit of sediments rich in organic material. Information about the whole shelf is 
difficult to find but data are available for the Bay of Monastir, which is south of 
Tunis (Fig. 11). 

 

Figure 32.11   A) Percentage of sand (>63µm) in the surface sediments (from Sassi et al., 1998). B) 
Lateral distribution of organic carbon content (TOC) in the surface sediments (from Sassi et al., 1998). 
Reprinted with permission. 

 In this Bay, the sediments are largely sandy, while in the coastal zone of Khnis, 
the pelitic fraction predominates as a result of the high inflow of fine sediments 
from the drainage canal (Fig. 11a). The river runoff and waste-waters flow is di-
rected into a drainage canal discharging in the Khnis zone. The whole area is char-
acterised by currents of low amplitude (see section 4) due largely to the shallow 
water depth (Sassi et al., 1998). 
 There is a high organic carbon content (TOC) in the surface sediments, with 
values between 2–6%. The highest percentages (>4%) can be found in the Khnis 
area, confirming the high levels of organic pollution. In the rest of the coastal strip, 
they vary between 2–4%, attenuating beyond the 3m isobath (1% at a depth of 
greater than 5m). The nitrogen (N) content is also high (0.5–1%), reaching the 
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highest levels in the zones richest in organic carbon. The C/N ratio is indicative of 
the nature of the organic material present in the recent sediments and the degree 
of mineralisation. In this zone, the ratio is less than 6 beyond the 3m isobath and 
reflects the silty marine origin (algae, eelgrass, plankton, etc) of the organic mate-
rial, while the values of between 5 and 10 in the innermost areas indicate a com-
posite origin, predominantly marine, but with a continental component. Locally 
(mouth of the drainage canal and Monastir lagoon) there are values of more than 
10 (fig. 11b). 

3.5 The Nile Delta zone 

 In the Nile Delta, the predominant sediments are terrigenous debris, shale and 
dark grey silt. The dark grey colour of the sediments is largely due to the high 
percentage of finely scattered organic debris and crystalline pyrite aggregates. 
There are few calcareous skeletal remains (foraminiferida, pteropods and hetero-
pods) probably due to a dilution effect caused by the high percentage of clastic 
sediments. Mineralogical analysis indicates that the majority of the silts and sands 
are made up of mica and quartz (Herman, 1972). Construction of the Aswan Dam 
in 1964 drastically altered the water flow and the sedimentation pattern along the 
entire coast, considerably reducing the sedimentation rate. 
 In the absence of large quantities of sediment inflow from the Nile, wave and 
current action has caused heavy coastal erosion. However, in the Manzala lagoon 
(Fig. 12), accumulation rates are currently high (1.2 cm/yr), greater than those 
occurring during the Holocene period (0.7 cm/yr). This is due to the high input of 
water and sediment from the dense network of irrigation canals flowing into the 
lagoon (Benninger et al., 1998) and the high subsidence rates in the basin. 

 

Figure 32.12   Map of the main promontories in the Nile delta area (Rosetta, Burullus and Damietta) 
and the geomorphologic units present (from Frihy et al., 2003). Reprinted with permission. 

 In the western side of the delta area (Figure 12), the recent building of protec-
tive structures (1990–2000) near the principal promontories (Rosetta, Burullus and 
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Damietta) has reduced and modified coastal erosion. Previously erosion was con-
centrated in the most projecting part of the promontories with regression values of 
up to 88 m/yr (Rosetta promontory) and sediment was largely transported by 
currents running parallel to the coast in an easterly direction. Now erosion is dis-
tributed more uniformly along the coast with local areas of accumulation where 
the coast is growing by up to 37 m/yr (Frihy et al., 2003). 

3.6 The Israeli continental shelf 

On the basis of current and wind direction measurements (Emery and Neev, 1960; 
Golik, 1997) and the characteristics of the sediment (Pomerancblum, 1966; Ros-
signol, 1969), numerous authors consider that the sandy sediments deposited along 
the coasts of Sinai and Israel derive largely from the Nile outflow. More recent 
studies carried out after construction of the Aswan dam (1964) which considerably 
reduced the contribution of sediment from the Nile, showed that the contribution 
of Israeli rivers is also significant in this area (Stanley et al., 1997; 1998). 
 The Israeli continental shelf extends for a maximum of 60 km in the Gaza area, 
shrinking to 25 km off the coast corresponding to the border with Lebanon. It 
consists largely of Pliocene-Quaternary sediments transported by the Nile and the 
sedimentation rates drop as the distance from the Nile increases (Ross and Uch-
upi, 1977; Almagor, 1993). Currents parallel to the coast are the main sediment 
transport agent in the South East Mediterranean from Sinai to the Bay of Haifa. 
North of Haifa, near the border with Lebanon, transport along the coast is less 
significant and the sandy fraction consists almost entirely of biogenic debris 
(Golik, 1997). 
 Marine sediments on the inner shelf south of Haifa consist of quartz, biogenic 
and detrital carbonates (5–10%), small percentages of heavy minerals and feld-
spars and shaly minerals. Sands are widespread in areas near the coast to a depth 
of 25 m, while shaly silt occurs at a depth of > 30 m. The shaly fraction represents 
more than 50% of the sediment at a depth of > 50 m. 
 Mineralogical study of the shaly fraction suggests that only 30–40% derives 
from inflow from the Nile. It is calculated that about 5–10% consists of grains 
transported by sandstorms and that the net contribution from Israeli rivers 
amounts to about 50% (Sandler and Herut, 2000). 

4. The physical shelf regimes and the meteorological forcing 

4.1 Hydrodynamic regimes classification at the large scales 

The general circulation of the basin has been studied extensively in the past twenty 
years and it is now becoming very well mapped by observational data sets and 
reproduced by numerical simulations. One recent overview of the general circula-
tion is given by Theocharis et al. (1998). The circulation can be subdivided into 
three main components: the large scale vertical circulation or thermohaline circula-
tion, the sub-basin scale together with the Gibraltar-Atlantic water current system 
and the mesoscales. 
 As we have seen before, the Mediterranean is a concentration basin, i.e. water 
losses exceed water gains from precipitation and runoff. In addition, the net heat 
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budget of the basin is negative (Bethoux, 1979), so that the vertical thermohaline 
circulation is negative or anti-estuarine, with waters exiting the Mediterranean at 
depths and entering from the Atlantic at the surface (Bryden and Kinder, 1991). 
The general characteristics of the thermohaline circulation are schematized in Fig. 
13. This circulation is characterized by multi-decadal time scales and it is propelled 
by the water mass transformation processes that occur in the open ocean areas of 
the Northern Mediterranean. Both deep and intermediate waters form in the re-
gions offshore the Gulf of Lions, the southern Adriatic and the northern Levantine 
basin, forced by intense heat losses during late winter (February-March) and influ-
enced by the presence of large scale cyclonic circulations driven by wind stress 
curl. The new feature of such a conveyor belt is the introduction of the Aegean Sea 
as a source of deep waters for the Ionian Sea abyssal plains. This event has oc-
curred at the end of the eighties and first half of the nineties and it has been docu-
mented as the Eastern Mediterranean Transient (EMT, Roether et al., 1996). 
Recently, Manca et al. (2003) have found that the Aegean has stopped the produc-
tion of deep waters and that the Adriatic Sea has started to be again the unique 
site of production of the deep waters for the Eastern Mediterranean. 

 

Figure 32.13   The three conveyor belts of the Mediterranean Sea. The first, dashed and in the zonal 
direction, is the surface-intermedia te water masses circulation that is forced by Gibraltar and the 
Levantine Intermediate Water (LIW) formation processes occurring in the Northern Levantine basin. 
The second is the meridional vertical circulation in the Eastern Mediterranean, that is forced by deep 
water formation in the Southern Adriatic and Aegean Seas. The third is the meridional circulation in 
the western Mediterranean, forced by open ocean deep water convection in the Gulf of Lions. The 
spirals indicate the preferential site for strong heat losses from the ocean to the atmosphere during 
winter time. 

 The knowledge of the sub-basin scale circulation is relatively new (Robinson et 
al., 1991): it has several time scales and an important one is the steady state com-
ponent. The latter consists of cyclonic and anticyclonic permanent gyres that are 
wind and thermal fluxes driven, superimposed to and interacting with the Gibral-
tar inflow system (Pinardi and Masetti, 2000). In Fig. 14 we show the time mean 
sea surface height (SSH) from a long term simulation of an ocean general circula-
tion model devised for dynamical studies (Demirov and Pinardi, 2002): it shows 
the northern regions of the basin occupied by cyclonic gyres (the Gulf of Lions 



1272 STRUCTURE AND VARIABILITY OF SHELF AREAS  IN THE MEDITERRANEA N 

gyre, the Tyrrhenian gyre, the southern Adriatic gyre and the Rhodes gyre) and 
the southern regions interested by anticyclonic gyres and generally high values of 
SSH. This circulation bears a resemblance to the double gyre circulation of the 
middle-latitude oceanic regions with reduced space scales and amplitude, due to 
the limited meridional extension of the basin, the different wind stress strength and 
the peculiar forcing of Gibraltar. 

 

Figure 32.14   The mean sea surface height (ssh) from a 1993–1999 model simulation together with the 
surface velocity field. The grey bar is in cm and the basin average ssh is set equal to zero. 

 The time mean anticyclonic gyres of the circulation, while they are evident in 
theoretical studies of the wind driven circulation without Gibraltar inflow (Pinardi 
and Navarra, 1993, Molcard et al., 2001), are notably changed by interaction with 
the Gibraltar-Atlantic current system. The final result is that anticyclonic motion is 
either limited to a narrow band encompassing the continental slopes and shelves of 
the south-eastern Mediterranean (see for example the anticyclonic gyre centered 
at 280 E and 31.50 N or centered around 350 E and 350 N) or present in extended 
areas of the Algerian basin, the Sicily Strait and the southern Ionian Sea. These 
extended anticyclonic areas are normally occupied by mesoscales and non-
permanent anticyclonic gyre structures so that the time mean circulation results in 
a weak downwelling area. 
 The sub-basin scale cyclonic (anticyclonic) gyres imply that at their centers 
upwelling (downwelling) motion prevails while at their borders the contrary oc-
curs. This means that for cyclonic permanent gyres that impinge on the continental 
slope and sometimes on the shelf, there is an induced downwelling tendency on the 
shelf. In Fig. 15 we show the SSH again with the schematic of the upwell-
ing/downwelling motion as deduced from the SSH slope. In general we see that 
downwelling motion prevails near the shelf areas, thus inducing the conclusion that 
the average sub-basin scale circulation induces open ocean upwelling and shelf 
areas downwelling. This has a profound influence on the shelf scale ecosystem 
dynamics, as we will discuss later. The only large shelf upwelling centers are asso-



 N. PINARDI , M. ZAVATARELLI , E. ARNERI , A. CRISE AND M. RAVAIOLI  1273 

ciated with wind driven permanent or seasonal upwellings as in the case of the 
Sicilian and eastern Aegean coastal areas. 

 

Figure 32.15   The time mean sea surface height of Fig. 32. 14 shown here only with amplitude contours. 
Arrows indicate the large scale vertical motion direction. The arrows start and point to the specific 
areas where the motion has the largest amplitude. 

 The sub-basin scale structures have amplitudes that are seasonally varying 
mainly due to the large wind stress variability. Coupled to such a seasonal variabil-
ity there is also a large signal of interannual variability (Molcard et al., 2001, Kor-
res et al., 2000). This implies that the general circulation structure can be quite 
different each year from the long term mean shown in Fig. 14 and 15. The more 
realistic schematic of the sub-basin scale structures, which considers interannual 
structures is presented in Fig. 16. The striking feature of this new picture is that the 
number of sub-basin scale features has increased and the size of the gyres has 
decreased. 
 The Gibraltar forced flow field is now decomposed in several sub-basin current 
systems, notably the Algerian current in the western Mediterranean, the Atlantic-
Ionian Stream in the Ionian Sea and the Mid-Mediterranean jet in the Levantine 
basin. On the right side of the Gibraltar-Atlantic current system looking down-
stream (in the eastward direction), the prevailing motion is anticyclonic: we note 
the anticyclonic Algerian current eddies, the Mersa-Matruh and Shikmona gyres. 
The anticyclonic tendency in the southern Mediterranean is increased with respect 
to the steady state mean by the presence of sub-basin scale structures that vary at 
interannual time scales. Specifically, interannual atmospheric forcing helps to form 
anticyclonic gyres on the southern flank of the Gibraltar-Atlantic flow system 
(Korres et al., 2000) and in addition, flow instabilities would favor the formation of 
anticyclonic gyres on this side of the current system. This process will increase the 
amplitude of the open ocean downwelling areas thus increasing the north-south 
oligotrophic gradient suggested by Fig. 6. 
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Figure 32.16   Schematic of the surface circulation from recent observational data and model simula-
tions. Names of structures and currents are listed. 

 The last circulation scale, the mesoscales, has by definition a shorter time scale 
than the one associated with the thermohaline circulation and the subbasin scale 
flow field structures. However current amplitudes are large and eddies are perva-
sive in the basin (Robinson et al., 1996). The mesoscales have been studied in the 
past in several subregions of the Mediterranean Sea (Robinson et al., 1987, Hecht 
et al., 1987, Millot, 1987, Paschini et al., 1993). The eddy-mean flow interaction 
mechanisms have not been studied yet but there is evidence from satellite altim-
etry of westward eddy propagation and a seasonal cycle in the eddy kinetic energy 
(Ayoub et al., 1998). In the Adriatic, evidence suggests that eddies are most fre-
quent during spring and summer, when the atmospheric forcing relaxes and energy 
is converted from larger to smaller spatial scales (Artegiani et al., 1997). 

4.2 Hydrodynamic regimes classification at the shelf scale 

In this section we will overview the known circulation structures for the six study 
case areas: the Gulf of Lions, the Algerian shelf, the Sicily Strait, the Adriatic Sea, 
the Nile Delta and the Israeli shelf. 
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4.2.1 The circulation in the Gulf of Lions shelf 
 As introduced before, the northern shelves are, by and large, Regions Of 
Freshwater Influence (ROFI) that have been recently classified by Simpson (1997) 
and the Gulf of Lions is no exception to that. 
 The current system of this region is dominated on the slope boundary by the 
Liguro-Provencal-Catalan current (LPC) that flows along the Liguro Provençal 
and Catalan coast (see Fig. 16). The LPC is 30–50 km wide and it is formed up-
stream by the convergence of the Western Corsica Current (WCC in Fig. 16) and 
Eastern Corsica Current (ECC in Fig. 16). The current flows along the edge of the 
continental shelf, but it can form meanders penetrating the shelf (Auclair et al., 
2001; Flexas et al., 2002, Echevin et al., 2003). Millot (1990a) estimated that in the 
Gulf of Lions the exchanged water with the open sea due to the LPC is 1000 times 
larger than the Rhône runoff (Table 2). 
 The LPC carries Modified Atlantic Waters (MAW, Astraldi and Gasparini, 
1992) westward during summer that have a significant subsurface salinity minima. 
In the Gulf of Lions, Winter Intermediate Waters (WIW) can form that are very 
cold (T<12 oC) and then leave the shelf, forming lenses in the deep ocean at 
around 600 m depth. The seasonal water mass structure along transect 4 of Fig. 1a 
is shown in Fig. 17. The shelf cool and fresh waters in March contrast with the 
warmer and saltier water in the open sea, where the vertical homogenization and 
open ocean upwelling is evident down to the depth of 500 meters. It is interesting 
to notice the mixing between shelf and open ocean waters occurring between the 
depths of 100 and 500 meters, probably due to the WIW leaving the shelf. The 
summer picture shows a smaller contrast in temperature between shelf and open 
ocean waters but larger differences in salinity. The shelf, fresher waters now ex-
tend further in the open ocean and the subsurface Modified Atlantic Water signal 
is evident. During summer the LPC is clearly deeper, around 200 meters depth and 
hugging the escarpment (visible from the downwelling slope of the 38.2 isohaline 
in Fig. 17). 

 

Figure 32.17   The climatological March (left panels) and August (right panels) temperature (upper 
panels) and salinity (lower panels) distributions along the transect 4 of Fig. 1a. The climatological data 
are taken from the Medar (2002) data set. 
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 The dynamical nature of the LPC is still under debate but it is evident from Fig. 
14 that it is the intensified border of the Gulf of Lions gyre. Its strength and posi-
tion is influenced by the wind stress curl structure over the region (Herbaut et al., 
1996, Korres et al., 2000) and by the frictional dissipation mechanisms against the 
continental escarpment (Pinardi and Navarra, 1993). 
 An important topographic feature of the shelf escarpment are the canyons (see 
section 3) and the so-called Rhône fan that has been indicated as a favorable site 
for the occurrence of open ocean deep convection (Madec et al., 1991). The LPC 
forms a deep meander over the Rhone fan (shifting inside the shelf) that produces 
an offshore cyclonic eddy that could be the preconditioning site for deep water 
homogenization to occur (Madec et al., 1991). 
 The westward transport of the LPC on the shelf around 50 E is about 2 Sv 
(Echevin et al., 2003) with a seasonal cycle of 0.2 Sv± . Meanders of 30 km and 
110 km wavelength form along the slope, propagating westward with 10 cm/s (see 
Fig. 18). The mesoscale variability has energy peaked at 3.5 and 7 days (Alberola 
et al., 1995). On the westward side of the Gulf of Lions shelf, relatively large anti-
cyclonic eddies can form that trap waters on the shelf and then dissipate by moving 
westward (Echevin et al., 2003). The shelf is dominated by transient mesoscale 
variability induced both by the LPC meandering and directly by the wind. 

 

Figure 32.18   Meanders of the LPC depicted from a high resolution model of the north-western Medi-
terranean (reprinted with permission from Echevin et al, 2003). 

 The Rhone river plume moves cyclonically on the shelf and extends up to the 
westward side of the Gulf. During the winter, the shelf waters remain confined on 
the shelf while during the summer the Rhone plume and the shelf waters in gen-
eral can extend offshore (Echevin et al., 2003). 
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4.2.2 The circulation near the Algerian shelf 
 The Algerian shelf current system is dominated by the dynamics of the Algerian 
current that is part of the Gibraltar-Atlantic water flow system described previ-
ously. Due to the shelf narrowness (see Fig. 2 and Table 1) the open ocean/slope 
currents intrude on the shelf. Here the slope current is formed by the Algerian 
current jets that show amplitudes of 50–60 cm/s. These are the largest current 
values in the Mediterranean basin and the critical shelf extension computed in (1) 
becomes larger, indicating that the shelf here is totally dominated by slope current 
intrusions up to the near-shore boundary layer. 
 The Algerian current forms large meanders and forms well known eddies due to 
mixed barotropic and baroclinic instabilities of the current. The largest and most 
persistent eddies are anticyclones (Fig. 19): they separate from the coast after their 
birth and follow a north-eastward path at the beginning of their life. After they get 
far enough from the coasts, they propagate backward, in the westward direction. 
The meandering Algerian current transports Atlantic Water (AW) into the Medi-
terranean Sea and the waters appear as filaments around the intense eddy field 
(not shown here). 

 

Figure 32.19   The 30 m currents and temperature field from a model simulation for the period 27–30 
July 1997 in the Algerian basin. 

 Smaller scale cyclones are also found (Fig. 19) but they are more evanescent in 
time and it is difficult to observe them from satellite sea surface imagery. Thus 
their effects on the overall dynamics of the open ocean areas is quite unknown and 
in particular their effect on the shelf areas. Millot et al. (1990b, 1997) describes the 
dynamics of the mesoscale eddies of this region in great details. 
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 This intense mesoscale field produces mushrooms of coastal waters that are 
pushed offshore by dipoles of cyclonic/anticyclonic eddies (Fig. 19 where warmer 
coastal waters are meandering outwards from the coasts). On the other hand, 
anticyclonic eddies, when they are still close to the coasts, might advect nutrient 
reach open ocean waters on the shelf, allowing for enhanced primary productivity 
(see also section 6). These blooms are episodic and relatively low in biomass. This 
process, due to the upwelling occurring at the anticyclones borders impinging on 
the shelf, has not been fully studied yet. 

4.2.3 The circulation in the Sicily Strait shelves 
 The circulation in the Sicily Strait has been recently mapped by Robinson et al. 
(1999) and Sammari et al. (1999) and it has been simulated in details by Sorgente 
et al. (2003) and Drago et al. (2003). Recently an overview of the variability has 
been published by Lermusiaux and Robinson (2001). The Sicily Strait currents 
form a two layer system with 1–2 Sv transport in each layer and strong seasonal 
variability (Manzella et al., 1988, Astraldi et al., 1996). The surface flow field is 
directed eastward and the subsurface is westward, carrying Modified Levantine 
Intermediate Waters-MLIW. Here we will concentrate on the entrance of the 
Gibraltar-Atlantic current system in the Strait (transect 6 in Fig. 2), on the Tuni-
sian shelf and the shelf between Sicily and Malta (part of transect 7 in Fig. 2). 
 Herbaut et al. (1996) have described for the first time the bifurcation of the 
Gibraltar-Atlantic flow system before entering the Sicilian Strait. Three branches 
form (Fig. 16), one going northeastward into the Tyrrhenian Sea, the other enter-
ing the central part of transect 6 and the third propagating close to the Tunisian 
coasts, on the shelf. 
 The seasonal climatology of transect 6 is shown in Fig. 20. The low salinity isoli-
nes mark the entrance of the Algerian current in the Strait from the surface down 
to 50 meters and on the Tunisian side of the transect. By contrast, a sharp halocline 
divides the surface waters from the intermediate, salty waters coming from the 
eastern basin. The wintertime temperature distribution shows interleaving layers 
of different temperature and the Italian side of the transect is warmer than the 
Tunisian. Below 100 m., the Italian side of the transect is occupied by a warm, salty 
water patch that might correspond to a vein of MLIW progressing westward. The 
summer picture is very different, the MAW layer is now subsurface, between 30 
and 50 meters depth and waters have warmed up substantially (up to 10 0C at the 
surface) also down to 50–100 meters. 
 Fig. 21 shows the most recent simulation of the circulation in this area by 
Sorgente et al. (2003). This picture contains the salient structures of the circulation 
described in the literature. Robinson et al. (1999) called the segment of the Gibral-
tar-Atlantic current system entering the central Sicily Strait the Ionian-Atlantic 
Stream (AIS, Fig. 16) while the current on the Tunisian shelf area has been called 
by Sorgente et al. (2003) the African MAW current. The AIS flows near the Sicil-
ian coasts, forms two large meanders (especially during the summer months, see 
Fig. 21b) and exits in the deep Ionian Sea between Malta and Sicily. On the north-
ward side of the AIS upwelling centers form due to the upwelling favorable winds 
always present in this area. The AIS itself forces upwelling on its northern side and 
it does so especially during the summer time, when it reaches maximum amplitude. 
The African MAW current shows smaller wavelength meanders along the shelf 
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slope and its amplitude is seasonal. In the Gulf of Gabes area (Fig. 21) the MAW 
mixes strongly with adjacent waters and increases its salinity from winter to sum-
mer. It is interesting to notice (not confirmed yet by observations) that the simula-
tion shows a reversal of the along slope African MAW current in the region 
between 140 and 170 E, going from summer to winter, probably due to the exten-
sion in summer of the anticyclonic Syrte gyre (Fig. 16). Due to this summer rever-
sal, upwelling centers may develop along the Libyan shelf. 

 

Figure 32.20   The climatological March (left panels) and August (right panels) temperature (upper 
panels) and salinity (lower panels) distributions along  the transect 6 of Fig. 1a. The left side of the 
transect corresponds to the Tunisian shelf, the left to the Italian shelf. The climatological data are taken 
from the Medar (2002) data set. 

 

Figure 32.21   Surface circulation for (a) February and (b) August from Sorgente et al. (2003) simula-
tions. Reprinted with permission. 
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 As we said in section 2, Malta and Sicily are connected by an extended shelf 
(see Fig. 1a) called the Malta channel by Drago et al. (2003) where the Sicily up-
welling center can extend 100 km offshore from the Sicily coast. The dynamics of 
this area is dominated by the latitudinal excursion and the amplitude changes of 
the AIS. This current structure determines the extreme productivity of these shelf 
waters where spawning and nursing grounds are found for most fish species of the 
area (see section 7). 

4.2.4 The circulation in the Adriatic shelf areas 
 The circulation of the North and Middle Adriatic Sea has been described re-
cently from observations and numerical simulations (Cushman-Roisin et al., 2001, 
Zavatarelli et al., 2002, Zavatarelli and Pinardi, 2003). The actual shelf break for 
the Adriatic Sea is commonly considered to be at the Pelagosa sill (see Fig. 9) but 
for this discussion we will concentrate only on the shallower part of the Adriatic 
Sea, down to Ancona (see Fig. 9). 
 The Adriatic Sea shelf area is controlled by air-sea fluxes and inflow of heat and 
salt at the shelf break. It is clearly a ROFI area influenced not only by the Po river 
but also by all the northern Adriatic rivers discharging along the Italian side of this 
area (see Fig. 9). The fluxes of heat and water combine in the so-called buoyancy 
budget that is very nearly zero averaged over the whole Adriatic Sea, due to the 
contrasting contribution of the heat and fresh water fluxes in this area. The buoy-
ancy flux is written in fact: 

 T
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a
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where Q is the net heat flux at the air sea interface (Maggiore et al., 1998), pC is 

the specific heat, Ta  is the coefficient of thermal expansion, b  is the coefficient of 

haline expansion, g is gravity, S  is the surface salinity, E the evaporation, P the 
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 In the Adriatic, Q is negative on a mean annual basis ( 
W
m222-  from Artegiani 

et al., 1997) and also (
R

E P
A

- - ) is negative, mainly due to R. This gives rise to a 

balancing effect in (4). This means that the basin would be forced by the heat flux 
to work as an anti-estuarine marginal sea, forming deep waters, while the water 
budget would impose an estuarine circulation, as for a dilution basin. The dynam-
ics of the Adriatic shelf is dominated by the balance between these two competing 
mechanisms in (4). 
 The overall water mass structure of the Northern and Middle Adriatic basin is 
dominated by the seasonal cycle in the heat fluxes and the runoff as it can be seen 
from Fig. 22. The water masses are totally renewed every year in the Northern 
Adriatic while the Middle Adriatic receives or renews locally its deep waters (be-
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tween 200 and 250 meters depth) every few years only (Zavatarelli et al, 1998, 
Cushman-Roisin et al, 2001). The deep waters of the Northern Adriatic are the 
heaviest waters in the Mediterranean ( T 29.5s ≥ ) and they slide southward, to-
ward the Middle and the Southern Adriatic, entraining local waters and losing 
their signature. The signature of the cold waters is present in Fig. 22 where the 
isotherms bulge southward at the bottom of the transect. To be noted is the inverse 
vertical temperature gradient with waters cooler at the surface than at depths. This 
is allowed by the fresher surface waters that maintain a stable vertical density 
gradient. During summer, due to the spring discharge the water are fresher at the 
northern end of the Adriatic Sea while they maintain the same salinity in the mid-
dle Adriatic Sea. The large seasonal thermocline forms every year, between 10 and 
30 meters depth, isolating the deep, cold waters present in the Middle Adriatic Pit 
(located at about 350 km along the transect of Fig. 22). 

 

Figure 32.22   The climatological March (left panels) and August (right panels) temperature (upper 
panels) and salinity (lower panels) distributions along the transect 9 of Fig. 1a. The left side of the 
transect corresponds to the Northern Adriatic. The climatological data are taken from the Medar 
(2002) data set. 

 The other important driving mechanism for this area is given by the wind stress 
that has two very important regimes: the Bora or easterly wind and the Sirocco or 
southerly wind. The Bora is channeled through the Dinaric Alps and it forms in-
tense jets that have positive and negative curls (Pullen et al., 2003). This induces 
strong changes in the vorticity sign of the circulation and sometimes reversal of the 
cyclonic circulation of the basin occurs in portions of the basin, especially the shal-
low, northern parts. The Scirocco, on the other hand, is forcing high sea level in the 
Northern Adriatic and could reverse the sign of the currents along the Italian 
coastlines (Poulain et al., 2003). 
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 The circulation is generally cyclonic in the northern shelf areas and it is com-
posed of a western boundary intensified current, called the Western Adriatic 
Coastal Current (WACC). The latest observational evidence of the Adriatic Sea 
circulation structure is given by Poulain (2001). In Fig. 23 we show the result of the 
simulation from Zavatarelli and Pinardi (2003), which synthesize the evidence for 
the changes in the seasonal circulation. During winter the circulation is dominated 
by the WACC and the overall scales are large. We note however, that the north-
ward current on the eastern side of the shelf (along the Istrian coasts) tends to 
separate from the coasts, cutting the cyclonic circulation north of the Po River 
from the circulation south of it. We call this the cyclonic cut-off. During summer, 
the circulation is still cyclonic along the Italian coasts but a very large countercur-
rent (called the Istrian Coastal Counter-Current (ICCC), Supic et al., 2000) forms 
on the eastern side of the northern Adriatic. During summer, the cyclonic cut-off 
of the circulation has branched into two currents: one is southward of its winter 
position, toward the Middle Adriatic Sea, leaving a larger area dominated by 
mesoscales. The anticyclonic circulation north of the cyclonic cut-off can be also 
wind induced, if the Bora jet occurring normally above the Istrian peninsula is 
shifted southward or it is highly sheared. In conclusion we can say that the Adriatic 
shelf circulation is dominated by wind stress curl and thermohaline forcings, 
changing structure and direction of currents at least seasonally. 

 

Figure 32.23   Northern Adriatic shelf circulation from model simulations (Zavatarelli and Pinardi, 
2003). The reference arrow is in m/s.  

4.2.5 The circulation in the south-eastern Levantine: the Nile Delta and Israeli 
shelf areas 

 The Egyptian and Israeli shelf areas are opposite in extension (see Table 1) but 
the latter is strongly interconnected by the open ocean flow field to the Egyptian 
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slope current regime and then to the sediment and biochemical fluxes of that re-
gion. Thus they will be examined together in terms of the open ocean/slope cur-
rents. 
 For the near coast flow field the information on the Nile Delta coastal area is 
very scarce. It is evident that the Egyptian shelf is still a ROFI area (Hamza et al., 
2003) but very different from pre-Aswan dam period. The damming completely 
changed the Nile runoff from 1968 onward, the annual total discharge averaging 
only one-tenth of the average value for the period prior to 1964 (see Table 2) and 
having the maximum discharge in winter. On the other hand, the Israeli shelf is 
very narrow both by morphology and by dynamical considerations. The runoff by 
the local rivers can account for a conspicuous part of the sedimentation rate of the 
Israeli shelf (see section 3) but nothing is known about the influence on the local 
hydrodynamics. 
 The climatological distribution of temperature and salinity for the two months 
of March and August is shown in Fig. 24. First of all, the salinity distribution shows 
that the Nile signal is present on the Egyptian shelf and it extends as far as several 
hundred kilometers from the coasts. The Levantine Intermediate Water layer is 
present both in winter and summer and hugs the shelf escarpment between 100 
and 300 meters depth, thus influencing the shelf slope area. It is interesting to 
notice that during summer the Modified Atlantic Water is present on the shelf by a 
subsurface salinity minimum between 30 and 100 meters. The isotherms and isoha-
lines are quite flat but a dominant downwelling structure can be recognized in the 
distributions near the shelf break. 

 

Figure 32.24   The climatological March (left panels) and August (right panels) temperature (upper 
panels) and salinity (lower panels) distributions along the transect 15 of Fig. 1a. The left side of the 
transect corresponds to the Egyptian coast. The climatological data are taken from the Medar (2002) 
data set. 
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 The open ocean flow field in the southeastern Levantine has been mapped first 
by the MC cruises (Hecht et al., 1987) and then by the POEM experiment (the 
POEM group, 1992). It has been also recently simulated by a high numerical reso-
lution seasonal model of the Levantine basin by Korres and Lascaratos (2003). 
These simulations offer a unique opportunity to see the possible current regimes 
on the Egyptian shelf areas and slope. The simulations are reproduced in Fig. 25 
for the winter month of february. The slope current field is always in the eastward 
direction but intense meandering is occurring upstream of the Nile Delta shelf 
area, around the Mersa-Matruh anticyclonic gyre (see Fig.16). The Nile Delta 
slope current is formed by the convergence of a southward branch of the Mid-
Mediterranean Jet (MMJ) and the slope eastward current, called the southern 
Levantine current in Fig. 16, always present along the African coasts. On the shelf, 
it seems that anticyclonic circulation is possible, in the near-shore area. From the 
circulation picture of Fig. 25 it is evident that the Nile Delta area behaves as an 
extended shelf area where the slope current and the near coast currents do not 
interact strongly. 

 

Figure 32.25   Circulation of the southeastern Levantine basin from a model simulation (from Korres 
and Lascaratos, 2003) 

 The Israeli slope currents are northward but large meandering occurs also there, 
together with eddy detachment (Brenner, 2003). The large anticyclonic eddy in the 
open ocean areas of Fig. 25, in front of the Israeli coasts, is the Shikmona gyre (see 
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Fig. 16) that has been documented by many authors (Hecht et al., 1988, Brenner, 
1991). It is possible that, due to the nonlinear dynamics of such eddy formation 
processes, convergence and divergence areas would appear in near shore areas, 
with local upwelling and downwelling centers. During summer, the shelf areas are 
much warmer than the open sea and the mesoscale activity is at the minimum. 
Current meter data on the shelf (Brenner, 2003) show that the shelf currents are all 
the year long northward except for September where local reversals may occur, 
when the slope current is farthest from the continental shelf edge. 

4.3 Meteorological forcing of the circulation 

The meteorological forcing of the Mediterranean Sea is particularly complex and 
presents a strong seasonal variability. The atmosphere forces the ocean and its 
coastal areas by transferring momentum, heat and water across the sea surface. 
The heat and water fluxes combine in the buoyancy flux that has been written in 
equation (4) 
 The water flux has been discussed in section 2.2 and we know that on the long-
term mean it is positive. The heat flux in the Mediterranean Sea is known to have a 

negative long-term mean equal approximately to 
W
m27-  (Garrett, 1983, Castellari 

et al., 1998). The structure of the heat flux is consistent with large heat losses dur-
ing the winter that overcome the heat gains during summer. The areas with largest 
heat losses are the Gulf of Lions gyre, the Rhodes gyre, the northern Aegean Sea 
and the Adriatic Sea, where deep and intermediate waters form (heat losses 

greater than 
W
m21000 have been recorded in the Gulf of Lions, Schott and Leaman, 

1991). 
 Roussenov et al. (1995) and Korres et al. (2000) noted that the southern Medi-
terranean shelf areas are sites of intense air-sea interactions during winter, due to 
the relatively large temperature differences between ocean and atmosphere. Dur-
ing summer, the upwelling areas in the southern Sicily and Turkish coasts of the 
Aegean Sea are sites of intense heat gain due to the relatively low temperatures of 
the water. 
 In order to quantify the effect of shelf areas on the total heat budget of the 
basin, we calculated the heat flux with and without shelf areas (defined as the part 
of the basin with depth less than 200 m) from a 21-year simulation of the circula-
tion with the model described by Pinardi et al. (2003). The results are presented in 
Table 7: they show that the shelf areas account for about 20% of the basin mean 
heat losses and their contribution is extremely variable with the years. The overall 
negative contribution to the mean heat budget due to the shelf areas reinforces the 
concept that the Mediterranean shelf areas are predominantly downwelling sites 
where the heat exchange with the atmosphere is large and it contributes to the 
negative heat budget of the basin. The model used in the computations of Table 7 
does not contain the Northern Adriatic, thus this important contribution is ne-
glected. However, this would make the results presented here even more consis-
tent with the interpretation given above since the annual mean heat flux over the 
Northern Adriatic is negative. 
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TABLE 32.7 

The basin mean heat flux over the basin in units of W

m2
.  

The heat flux has been computer from a model simulation that does 
not include the northern Adriatic Sea shelf area (seen in fig. 14 by 
the absence of arrows above 43° N) in the overall basin mean. 

Year 
Basin mean 

heat flux 
Basin mean 

without shelf Difference Percentage of change 

1979 9.6 10.2 -0.5 6. 
1980 8.7 8.8 -0.1 1. 
1981 0.5 0.6 -0.1 24. 
1982 -8.2 -8.5 0.3 4. 
1983 4.2 4.5 -0.3 8. 
1984 2.4 2.2 0.2 8. 
1985 2.5 2.3 0.2 7. 
1986 -5.9 -6.2 0.3 6. 
1987 -2.4 -3.3 0.9 39. 
1988 -4.0 -4.6 0.6 16. 
1989 9.8 9.9 -0.1 2. 
1990 1.4 1.2 0.3 19. 
1991 -9.9 -10.5 0.6 7. 
1992 -5.0 -6.0 1.0 20. 
1993 15.9 15.9 0.0 1. 
1994 9.6 12.4 -2.9 31. 
1995 4.5 7.4 -2.9 65. 
1996 -2.4 -0.8 -1.6 66. 
1997 4.7 6.1 -1.4 30. 
1998 -4.8 -4.2 -0.7 14. 
1999 -3.1 -3.7 0.6 21. 
Total 1.4 1.7 -0.3 19 

 

 The momentum flux is given by the wind stress at the sea surface. In Fig. 26 we 
show one estimate of the wind stress for the period 1993–1999. The wind stress is 
dominated by the two intense structures of the Mistral in the Western Mediterra-
nean and Etesian winds in the Eastern basin. These two structures are both pre-
sent in the annual mean but they have larger amplitudes in winter for the Mistral 
and in summer for the Etesian. We should remark that this mean wind stress pat-
tern is changing with a decadal time scale, following the NAO index phases. This 
change is documented in Demirov and Pinardi (2002) and Samuel et al. (1999) and 
it has profound influences on the circulation. Raicich et al. (2003) re mark also that 
the Etesian winds are the lower branch of the African Hadley cell system that 
during summer extends its influence over the Mediterranean Sea. 
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Figure 32.26   The average wind stress computed from four daily ECMWF operational surface wind 
analyses for the period 1993–1999. The boxes indicate the Ekman certical velocity sign. Positive means 
upwelling, negative downwelling. 

 The other important wind systems (Scirocco and Libeccio, Bolle, 2002) are 
northward but they are less frequent and intermittent than the Mistral and the 
Etesian and they do not appear on the average. However, they can start intense 
upwelling along the Italian coasts of the Adriatic Sea (Poulain et al., 2003) and/or 
along the western coasts of the Ionian Sea. 
 Another important forcing on the open ocean as well as the shelf areas of the 
Mediterranean Sea is the curl of the wind stress. The curl of the wind stress has 
been described in great details in many other papers (Molcard et al., 2002, Demi-
rov and Pinardi, 2002, Josey et al., 2000) and it is formed by dipoles of positive and 
negative vorticity input on the right and left sides of the winds looking downward 
in their direction. These dipoles are depicted in Fig. 26 and are responsible for 
forcing many of the permanent and semi-permanent cyclonic and anticyclonic 
gyres described in section 4.1. Thus the wind stress curl is important and is related 
to the vertical velocity, Ew  at the base of the surface Ekman layer: 

 
r

y x
Ew k

f x f y f
ˆ t tt

r r r
Ê ˆÊ ˆ Ê ˆ∂ ∂= ◊—¥ = -Á ˜ Á ˜Á ˜∂ ∂Ë ¯ Ë ¯Ë ¯

  

where ( )r
x y,t t t=  is the wind stress with its components, r is the density and f is 

the Coriolis parameter. In Fig. 27 we show the basin average wind stress curl over 
the Mediterranean Sea. The wind stress curl is generally positive over the basin, 
thus inducing a cyclonic vorticity input but it weakens and even reverses during 
summer, thus producing the enhancement of the anticyclonic circulation struc-
tures, permanent and semi-permanent. Note the very low cyclonic vorticity input 
in the 1989–1990–1991 years that is partly responsible for the changes in circulation 
that occurred in these years and that induced a strong anticyclonic vorticity in the 
flow field (Demirov and Pinardi, 2002). After 1993, the cyclonic input of vorticity 
in the basin almost tripled thus generating stronger slope currents such as the LPC 
and the Asia Minor Current (Fig. 16). This is clearly going to be important for the 
shelf area dynamics, which, especially for the narrow shelf areas, is profoundly 
affected by the slope current intensity. 
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Figure 32.27   The area average wind stress curl for the 23 years from 1979 to 2001 calculated from 
ECMWF surface wind field. Units are dyne/cm2. 

5. Open ocean-shelf areas coupling 

5.1 The Continental Shelf Pump 

Runoff from rivers annually delivers ~0.8 Pg of carbon to the Mediterranean mar-
gins , 45% of which is organic, primarily in dissolved form (Liu et al., 2000), lead-
ing some authors to assert that the continental margins are net heterotrophic 
systems (Smith and Mackenzie, 1987). However a recent study suggests that the 
margins as a whole are a weak net CO2 sink of about 0.1 Pg yr-1 (Liu et al., 2000). 
The ocean shelves can act as net carbon sinks if they transfer a substantial part of 
the primary production organic carbon to the oceanic interior through the combi-
nation of physical and biological processes known as Continental Shelf Pump 
(CSP) (Tsunogai et al., 1999). In the Mediterranean, even if the Adriatic shelf has 
been recognized as the main candidate as an effective CSP site (G. Civitarese, 
pers. comm.) proper quantification and its relative importance is still far from 
being fully assessed. 
 There is another important aspect of the Mediterranean shelves that should also 
be considered for its biogeochemical implications. Although the shelf surface is 
proportionally large compared with the World Ocean, the shelves are much nar-
rower. What makes the Mediterranean Sea peculiar under this aspect is that al-
most all well developed shelves are located on the northern side of the basin and 
dense waters formed on the shelves are prone to replenish and spread into the 
ocean interiors from the northern side of the basin, contributing in creating north-
south gradients in the system. 
 Moreover, Adriatic and Aegean Seas are elongated inlets where the exchanges 
are confined to a relatively small open boundary. This means that the shelf water 
has a mean residence time that can be long (time scales of months-years). This 
long lasting permanence allows the editing of the quality and quantity of organic 
matter and major chemical constituents in the water column along its seaward 
transit through production, decomposition, and other biotic and abiotic modifica-
tions. Biochemical (bacterial production and decomposition, photochemical modi-
fication), benthic-pelagic coupling and physically-mediated processes (adsorption, 
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flocculation, settling) perturb the original biochemical signature of the land de-
rived organic materials that arrive to their ultimate long term storing compart-
ments heavily transformed. 
 As an example, the relevance of this complex suite of biogeochemical processes 
has been testified in a recent study carried out in the Ionian Sea (Seritti et al, 2003) 
where the slope in DOC/AOU profiles has been connected with the origin and age 
of the water masses (Adriatic vs Aegean). In general, the resulting composition of 
organic compounds and key elements in all their forms leaving the continental 
margins are dependent on a shelf-specific history and in turn, in the long run, af-
fect the whole Mediterranean biogeochemical cycles. 

5.2 The deep ocean-shelf exchanges 

We have seen in section 2 and 4 that the mechanisms active in the deep ocean–
coastal ocean interactions in Mediterranean are site-specific. However the com-
mon feature that allows some classification of the shelf dynamical regime can be 
found in the flow field that develops on the barrier constituted by the shelf slope. 
Along the shelf slope, the current field u v( , )=v is in geostrophic balance, that 
means that : 
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where k  is the unit vector in the vertical direction (Brink, 1998). As Sanchez-
Arcilla and Simpson (2003) pointed out, the slope currents will interact with the 
shelf areas if they break the geostrophic constraint. The advection of momentum is 
the term that is responsible of the departure from geostrophy, more than other 
ageostrophic terms. The relative importance of nonlinearity is usually estimated by 
means of the Rossby number, 
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already defined in section 2. Ro is O[10–3] in Mediterranean if we take the open 
ocean flow scale variables, and thus the advection is small compared with the 
Coriolis term. However near the shelf break length scales become narrower and 
the geostrophic constraint can be broken by nonlinear advective processes. Several 
categories of non-linear processes control in the Mediterranean the open sea-shelf 
exchanges and they will be treated separately in the sections below. 

5.2.1 Slope and coastal currents spill-outs over the topographic obstacles 
 The diverting of a general circulation current (also called slope current) into a 
shelf is commonly found in the Adriatic and Gulf of Lions areas. The pressure 
gradient induced by buoyancy fluxes in conjunction with the wind driven circula-
tion (with variable intensity) explains the departure from geostrophy of the mean 
circulation. For sake of an example, we will discuss here the Adriatic case only. 
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 Gacic et al. (1999) calculated from direct measurements that about 25% of the 
water entering Otranto Strait is able to pass over the Pelaguza sill (see Fig. 3.3) 
shelf break toward the Central Adriatic. These waters are carried by the large-
scale northward Adriatic slope current that develops especially during autumn and 
winter (Artegiani et al., 1997), connected to the Otranto inflow. We call this an 
example of slope current spill out over the shelf break. 
 On the other hand, the WACC carries nutrients southward in a way that can be 
compared to a ‘coastal current spill-out’ out of the shelf break (located south of 
the Pelaguza sill). In fact the net seasonally integrated nutrient transport estimated 
at the Pelaguza transect is always directed seaward with a summer-to-winter vari-
ability that ranges from 7140–14780 Mmol DIN to 456–588 Mmol phosphate. Sili-
cate seasonal variability closely follows DIN dynamics (11760–25780 Mmol) 
 These figure are subjected to changes according with the general circulation 
pattern of the region. The change of the thermohaline circulation in the Eastern 
Mediterranean (Roether et al, 1996), the EMT, has been found to have conse-
quences on the Adriatic shelf dynamics. Due to the EMT, the Levantine Interme-
diate Water has been substituted with Cretan Intermediate Water and this has 
allowed the intrusion of alloctonous plankton species, typical of Levantine basin, 
up the northernmost part of the Adriatic (Gulf of Trieste). 

Frontal instabilities Instabilities of the slope and coastal fronts are usually related 
to the strong baroclinic structure of these features and the quasi-geostrophic two-
layer theory predicts that the scale of such instabilities is related to the wavelength 
of the fastest-growing meanders (Pedlosky, 1979) that is: 

 mR2l p=   

where mR is the geometric mean of internal Rossby deformation radii in each of 
the two layers. 
 Slope current instabilities produce eddies that may detach from the slope. Long-
lasting anticyclonic northwestward-prograding eddies found in the Algerian basin ( 
Arnone and LaViolette, 1986 and section 4) are generated by baroclinic instability 
of the Algerian Current and they impinge on the shelf areas modifying the nutrient 
budgets. In section 4 we have discussed their effects on the shelf areas that produce 
open ocean-shelf exchanges and in section 6 we will discuss their effects on biogeo-
chemical fluxes. 
 Baroclinic instabilities of the Western Adriatic Coastal Current-WACC, that is 
the most noticeable coastal current front in the whole Mediterranean Sea, are 
commonly found in images in the visible band and, seasonally, in the infrared 
band, but only after the Adriatic shelf break, located at the Pelaguza sill, the fron-
tal instabilities can be effective in transferring shelf waters offshore. 
 Cold filaments have been observed in the Adriatic Sea, (Borzelli et al., 1999) 
and have been explained as a baroclinic extension of the Rossby adjustment on a 
sloping bottom. Filaments-type instabilities were also reported along the Spanish 
sector of the LPC (see Fig.4.4, Font et al., 1995). 
 Another frontal instability occurring in the Mediterranean shelf areas is related 
to the upwelling centers. Mesoscale structures are found in the Sicily Strait, where 
wind driven coastal upwelling generates cold filaments that intrude in the vein of 
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MAW entering the EMed through the Sicily Strait (Buongiorno Nardelli et al., 
1999). 
 Coastal and slope currents, upwelling front instabilities deserve more studies to 
assess the effectiveness of this mechanism in determining the resulting lateral 
fluxes, despite the large number of observations already available. Although 
mesoscale processes are frequently described in the slope areas of the Mediterra-
nean shelves, a quantitative assessment of their importance is not yet available. 

Wind driven coastal upwellings Upwelling processes determine exchange of wa-
ter masses and properties at the shelf break and thus open ocean-shelf interactions. 
Alongshore windstress induces cross-shore Ekman transport. The long-wave ap-
proximation (time scales longer than inertial period, small frictional effects, along-
shore scales >> cross-shore scales) allows finding a stationary solution of the depth 
integrated equations of motion, where surface and bottom Ekman transports bal-
ance the interior inviscid transport. This simplified view of the upwelling is modi-
fied by the space and time variability of the wind regime, which are prominent 
features of the Mediterranean area (if compared with the steady winds present in 
the open ocean, see Fig. 4.12). In this case spatial variability induces Ekman pump-
ing while the short-term wind pulses can drive coastal upwelling also in the case of 
substantial cross-shore wind stress component (Brink, 1998). 
 Recurrent upwelling areas in the Mediterranean encompass the southern Sicily 
and Calabria coasts, Southern Spain and the eastern Adriatic and Aegean Sea 
coasts. In general, the Mediterranean wind driven coastal upwelling is believed to 
be not very efficient if compared with similar processes occurring in other parts of 
World Ocean and therefore its study in Mediterranean has been largely neglected. 
However, owing to the scarcity of macronutrients in the euphotic zone during most 
of the year, a reassessment of the upwelling areas importance for the nutrient 
basin budgets would be highly desirable. 

5.2.2 Buoyancy forces: ROFI areas 
 Large Mediterranean ROFI areas where buoyancy input due to river runoff 
determines the coastal currents that eventually cross the shelf break are present in 
the Adriatic Sea (Po), Gulf of Lions (Rhone) and Catalan (Ebro) shelves. Typical 
transport can be calculated for the Mediterranean coastal currents assuming that 
buoyancy is balanced by inertial forces (and friction/mixing can be in first ap-
proximation disregarded because of small energy associated with tides). The trans-
port in these wedge-like currents is: 
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where g’ is the reduced gravity, and h0 is the depth of the wedge (Hill, 1998). En-
trainment in the current is an effective way to increase the transport/export of 
lower layer water and its properties. 
 The interactions with the wind show that in the case of downwelling favourable 
wind regime, the coastal current tend to adjust along the coast and maintain its 
integrity, while in the case of upwelling, the coastal current can be radically 
changed from its adjusted configuration. 
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5.2.3 Dense water formation downflows 
 Dense water formed in the Mediterranean shelves contributes to the ventilation 
of deep layers (Gulf of Lions and North Adriatic) of the Mediterranean. The 
down-sloping of dense water from the shelves offers another open-ocean shelf 
exchange mechanism that is extremely active in the Mediterranean Sea. 
 Generally, more attention has been paid to the open ocean dense water forma-
tion processes in the Mediterranean Sea but it is evident that the shelf deep waters 
contribute to the open ocean deep-water formation processes mainly because of 
their vicinity to the area of open ocean formation. In the Adriatic, the thermoha-
line characteristics of the dense water outflowing at the Otranto sill clearly require 
a contribution from the northern shelf waters. 
 Recently Aegean dense waters formed in the Cycladic Plateau have been found 
to be a major contributor to the Cretan Deep Water (CDW) masses that spilled 
over the Cretan sills into the abyssal plains, giving rise to the Eastern Mediterra-
nean Transient-EMT. 
 Since the CDW is characterized by higher nutrient and lower oxygen concentra-
tions than those normally measured at the same depths of the Cretan Sea, we can 
say that the deep ocean has been ‘fertilized by the shelf areas’. The biogeochemical 
implications of this fertilization has been claimed as the putative origin of sporadic 
phytoplankton blooms reported in ‘90s in the Cretan Sea (A. Tselepides, pers. 
comm.). Sediment trap experiments put in evidence that the Aegean deep waters 
exported about 2 mg m-2d-1 of organic carbon. The POC content in settling mate-
rial was relatively high (3.5%-12%) indicating a significant organic input to the 
benthic system; during the period of highest stratification (June-September), near-
bottom mean organic carbon fluxes amounted to 1.4 mg m-2d-1 on the Aegean side 
and 8.7 mg m-2 d-1 on the Ionian side. 

6. Pelagic ecosystem functioning in the Mediterranean Sea shelf areas 

6.1 Background 

Primary productivity estimates for the whole Mediterranean Sea range between 80 
(Sournia, 1973) and 125 g C m2  y-1 (Morel and Andrè, 1991; Antoine et al., 1995). 
Estrada (1996) notes as these productivity estimates agree with the general view of 
the Mediterranean Sea as an oligotrophic ecosystem, this characteristic being 
maintained mainly (Hopkins, 1985), but not only (Crispi et al.,  2001), by the anti-
estuarine thermohaline circulation of the basin and marked by a generalised phos-
phorus limitation (Berland et al., 1980; Krom et al., 1991; Thingstad and Rassoul-
zadegan, 1995; Thingstad et al., 1998; Zohary and Robarts, 1998). The latter affects 
the structure and the functioning of the marine food web (Thingstad and Rassoul-
zadegan, 1999). In the Mediterranean pelagic system the food web is temporally 
and spatially dominated by the microbial food web where a large part of the car-
bon fluxes go through the small phytoplankton, protozoa and bacteria (Thingstad 
and Rassoulzadegan, 1999; Tanaka and Rassoulzadegan, 2002). The microbial food 
web is characterized also by phytoplankton-bacteria competition for inorganic 
nutrients (Thingstad and Rassoulzadegan, 1995; Thingstad et al.,  1997) and bacte-
rial carbon production constitutes a significant proportion of the primary produc-
tion (Turley et al., 2000). 
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 It is within this general ecosystem structure of oligotrophy, phosphorus limita-
tion and microbial food web dominance that the coastal areas of the Mediterra-
nean Sea are embedded. 
 It has been noted elsewhere in this chapter (see section 2), that in the Mediter-
ranean Sea, two different kinds of coastal areas can be identified in dependence of 
the extension of the continental shelf (see fig. 1a and Table 1) and the dynamical 
control by the slope currents (eq. 1). Moreover, for the southern Mediterranean 
coastal areas, characterized mainly by narrow shelves and by absent (or non sig-
nificative) river runoff contribution, the open ocean current regime (depicted in 
section 4) determines the shelf ecosystem productivity, since the upwelling of open 
ocean waters is the almost unique process providing nutrients to the euphotic zone. 
Therefore, the ecosystem functioning in the narrow shelf areas is expected to be 
mostly similar to the pelagic open ocean environment and characterized by a mi-
crobial food web dominance. 
 On the other hand, Mediterranean Sea coastal areas characterized by extended 
continental shelves have all significant runoff (Catalan shelf, Gulf of Lions area, 
Northern Adriatic), determining significant input of nutrient and organic matter. 
Thus they are less influenced by the open ocean pelagic ecosystem structure. The 
open ocean general circulation affects episodically, but still significantly (see sec-
tion 5) such areas, in the form of current meanders or intrusions over the shelf. In 
particular, for extended shelf areas along the northern Mediterranean coastlines, 
the shelf dynamics is dominated by an overall downwelling vertical motion (see 
section 4), which does not allow for an internal (to the system) nutrient supply and 
therefore enhance the role of external nutrient inputs. It should be therefore ex-
pected the local ecosystem structure of the extended shelves to be dominated by 
the so-called “herbivorous” food web (Cushing, 1989), dominated by microphyto-
plankton (more specifically diatoms) and mesozooplankton. 
 Fig. 28 gives a schematic representation of the conditions leading to the devel-
opment of the coastal and oceanic marine ecosystems. In dependence of the physi-
cal structure of the water column and of the prevailing limiting factor, the 
ecosystem structure is “rigidly” shaped into a coastal or open sea structure charac-
terised respectively by the herbivorous and the microbial loop food chains. How-
ever, Legendre and Rassoulzadegan (1995) argue that the marine ecosystem might 
be shaped in a much wider spectrum of conditions (in dependence of changing 
environmental conditions) along a trophic conti nuum of which the two ecosystem 
structures mentioned above represent the two opposite extremes. We argue here 
that the opposite ends of the ecosystem structure are connected to the different 
seasons in the Mediterranean, so that the hypothesis of the trophic continuum can 
be achieved in a temporal sequence during the year. Vichi et al. (2003) shows this 
concept for the shelf areas of the Northern Adriatic (see section 6.2.3). 
 The trophic continuum can also be achieved spatially in extended shelf areas, 
due to the complex interplay of open-sea/coastal processes that take place there. In 
these shelves, there are sharp and highly variable (in space and time) ecological 
and biogeochemical horizontal and vertical gradients that could produce the con-
tinuum of ecosystem structures between the opposite ends of Fig. 28. 
 We shall try to demonstrate the above concept with examples from the Algerian 
coastal area, the Israeli coast, the Gulf of Lions and the northern Adriatic. 
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Figure 32.28   Representation of conditions leading to the establishment of a coastal or oceanic pelagic 
ecosy stem. The sequence is a: the water column vertical structure; b: the factors limiting growth; c: the 
type of primary production; d: the type of organisms; e: the resulting food web; f: the type of ecosystem. 
Redrawn with modifications from Legendre and Rassoulzadegan (1995). 

6.2 Study cases 

6.2.1 The Gulf of Lions 
 Besides the wind, the two primary forcing elements for this region are the dis-
charge of the Rhône River and the Liguro Provençal Catalan (LPC) Current de-
scribed in 4.2.1. The Rhône annually averaged runoff and nutrient discharge is 
shown in Table 8 (after Moutin et al., 1998): 
 The annually averaged vertical distribution of chlorophyll-a, phosphate and 
dissolved inorganic nitrogen concentration (ΣDIN = Nitrate+Nitrite concentra-
tion) along transect 4 of fig. 1a are shown in Fig. 29 in order to highlight differ-
ences between the coastal and the open sea domains. The Gulf of Lions appears as 
an area with a higher upper layers phytoplanktonic biomass (Fig. 29a), decreasing 
from the shelf to the offshore. The higher primary producers biomass is most 
probably due to the nutrient input from the Rhône ROFI area, which is particu-
larly evident in the phosphate (Fig. 29b) and (to a lesser extent) in the dissolved 
inorganic nitrogen distribution (Fig. 29c). The Chlorophyll-a distribution also 
shows the signal of the summer subsurface chlorophyll maximum, a feature com-
mon to both the coastal and open sea areas. The slope of the dissolved nutrients 
iso-surfaces shows the open ocean upwelling, in the centre of the Lions Gyre, the 
downwelling at its borders, as expected. 
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TABLE 32.8 
Rhône River annually averaged runoff and P, N and Si discharge into 

the Gulf of Lions. From Moutin et al. (1998) 

Runoff 

m3/s 

Total P 

Kt/y 

Total N 

Kt/y  

Total Si 

Kt/y  

1690 6.5–12.2 115–127 135–139 
 

 

Figure 32.29   Annually averaged vertical distribution of: Chlorophyll-a (a), Phosphate (b) and ΣDIN 
(c) along section 4 of Fig. 32. 1a (Gulf of Lions). Units are mg m-3 for Chlorophyll-a and mmol m-3 for 
ΣDIN and Phosphate. Section starts from the Gulf of Lions (left) and extends into the Liguro-
Provençal basin. The vertical scale is logarithmic and the horizontal scale is in km. Data are taken from 
the Medar (2002) database. 

 On the basis of primary production characteristics the Gulf of Lions can be 
divided into 4 distinct sub regions (Lefèvre et al., 1997): The Marseille Gulf, with 
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low primary productivity rates (88 gC m-2 y-1); the Rhône river plume with high 
primary productivity rates (300 to 1550 gC m-2 y-1) a dilution zone with primary 
productivity rates ranging between 86 and 142 gC m-2  y-1 and the shelf break region 
where the LPC is located, with low primary productivity rates, but with local phe-
nomena of relatively high production (up to 500 gC m-2 y-1 in coincidence of frontal 
areas where the LPC and the dilution area waters meet). The seasonal production 
cycle has been investigated by Conan et al (1998a, b) and characterised by three 
distinct periods: 1) a winter period with variable production, 2) a late winter sur-
face phytoplankton bloom, 3) a summer period with average productivity rates and 
with a clear subsurface chlorophyll maximum. The Rhône plume spatial and tem-
poral variability is highly dependent on local meteorological conditions (wind) and 
on the magnitude of the river outflow (Broche et al., 1998). In the Rhône plume 
area Chlorophyll-concentrations are constant at about 1 mg m-3 without any 
marked seasonal variability (Morel and André, 1991); however, primary produc-
tion (Minas and Minas, 1991) and nutrient concentration (Bianchi et al., 1999) 
decline from the mouth of the river to offshore (Minas and Minas, 1991). 
 The phytoplanktonic population is constituted in almost equal proportions by 
pico-nanoplankton and microplankton (Owens et al., 1989; Videau and Levanu, 
1990; Woodward et al., 1990). Moreover, in the transition zone between the plume 
and the offshore, a strong variation in the Bacterial-C/Phytoplankton-C ratio 
(Yoro et al., 1997) and high concentrations of microzooplankton are observed 
(Gaudy, 1990). These findings are calling for an ecosystem structure with a signifi-
cant microbial component and this seems also confirmed by the results of the study 
on the Rhône river plume microbial communities carried out by Naudin et al. 
(2001) that are indicating the occurrence in the plume of competition for nutrients 
between phytoplankton and bacteria. 
 Another feature typical of the Mediterranean pelagic ecosystem that is also 
present in the Gulf of Lions is the occurrence of phosphorus limitation. Diaz et al. 
(2001) found very strong evidence (fig. 30) for phosphorus limitation (N:P ratios 
higher than the Redfield value and even higher than the value proposed by Mc 
Gill, 1969 for Mediterranean water) all over the Gulf, in the plume region and in 
the dilution area, intermittently affected by the river discharge and by the LPC. 
Although they did not carry out any measurement of the bacteria activity they 
could not rule out the possible role of bacteria competition for inorganic P in es-
tablishing the Phosphorus limitation condition. 
 In conclusions, the Gulf of Lyons extended shelf area is an example of hetero-
geneous environmental conditi ons, between open ocean and ROFI, where the 
ecosystem functioning is particularly homogeneous in spite of the large differences 
in primary production biomass and rates. In all parts of the shelf in fact, phospho-
rous limitation dominates and bacterial food web is an important component of 
the ecosystem, together with a mixture of micro and nanophytoplankton communi-
ties. 
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Figure 32.30   ΣDIN versus Phosphate (DIP) relationship. (◊) 0–150 m layer. (○) 200–400 m layer. Solid 
line represent the linear regression of data in the 0–150 m layer. Dashed and dashed-dotted lines indi-
cate the 16:1 and 22:1 ratios respectively. From Diaz et al. (2001). Reprinted with permission. 

6.2.2 The Algerian Coastal area 
 The Annually averaged vertical distribution of chlorophyll-a Phosphate and 
ΣDIN along transect 2 of Fig. 1a is shown in Fig. 31. The distribution of such prop-
erties confirm that in the case of narrow shelves, the open ocean nutrient and 
primary production characteristics extend over the shelf. In Fig. 31 the coastal 
areas as well as the open ocean have a noticeable subsurface Chlorophyll-a maxi-
mum (Fig. 31a). The largest difference between the near shelf areas and the open 
ocean can be noted in the intensity of the subsurface chlorophyll maximum (30–50 
m depth) that is marked by higher concentrations in the vicinity of the Algerian 
coast. 
 The nutrient distribution (Figs 31b, c) is uniformly low between the shelf and 
the open ocean and the values are similar to the one present in the open ocean 
area in front of the Gulf of Lions. However, the ΣDIN concentrations are larger in 
the Algerian basin than in the Gulf of Lions area, hinting to a larger phosphorous 
limitation mechanism at work in this region. 
 As we said in section 4.2.2, the circulation feature strongly affecting this narrow 
shelf is the Algerian current (Millot, 1985, see also Fig. 16), which flows on the 
slope and the anticyclonic eddies that may induce coastal upwelling phenomena 
(Millot et al., 1990b). These processes are not shown in Fig. 31 since it is a clima-
tological picture. A detailed study on the trophic characteristics of the Algerian 
current under all the physical features summarized above was carried out by 
Mòran et al. (2001). Their results point to a strong coupling of the marine ecosys-
tem functioning (autotrophic and heterotrophic production) with the mesoscale 
dynamics. They show that the presence of mesoscales can induce nutrient increase 
in the upper layers and a consequent increase of primary producer biomass and 
production rates (Fig. 32). The primary production rates were found slightly higher 
(but comparable) to the values given for the open western Mediterranean waters. 
The bacterial biomass accounted for a significant source of carbon for the higher 
trophic levels. These two findings provide a further confirmation that in reduced 
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extension shelf areas the coastal ecosystem functioning is strongly constrained by 
the ecological characteristics of the open sea waters. 

 

Figure 32.31   Annually averaged vertical distribution of: Chlorophyll-a (a), Phosphate (b) and ΣDIN 
(c) along section 2 of Fig. 32. 1a (Algerian current region). Units are mg m-3 for Chlorophyll-a and 
mmol m-3 for ΣDIN and Phosphate. Section starts from the Algerian coast (left) and extends into the 
Algerian basin. The vertical scale is logarithmic and the horizontal scale is in km. Data are taken from 
the Medar (2002) database. Grey shaded areas denote lack of data. 
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Figure 32.32   Averaged integrated values of phytoplanktonic and heterotrophic bacterial biomass and 
production under different hydrodynamic conditions in the Algerian basin: with and without mesoscale 
mechanism of fertilization. (Mòran et al., 2000). Station AC2 is a fixed station in the Algerian basin. 
Reprinted with permission. 

6.2.3 The Sicily Strait area 
 The productivity of this area is not very well known and is generally considered 
moderate to low, which is somehow in contrast with the development of an inten-
sive fishery, as we will discuss in section 7. In Fig. 33 we show the distribution of 
the chlorophyll, phosphorous and total inorganic nitrogen along the two transects 
across the Strait, called 6 and 7 in Fig. 1a. Both transects are characterized by a 
subsurface chlorophyll maximum but the amplitude of the maximum is reduced 
between the western and eastern transect, following the general oligotrophic gra-
dient of the basin. The subsurface chlorophyll maximum is generally spread across 
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the transect 6 while along transect 7 the absolute maximum is present in the shelf 
region between Malta and Sicily (Fig. 33d). On the other hand, the chlorophyll 
abundance seems to spread toward the surface on the Tunisian side of the west-
ernmost transect of the Strait bringing further evidence of the connection between 
Algerian current nutrient enrichment and local production. 

 

Figure 32.33   Annually averaged vertical distribution of: Chlorophyll-a (a,d), Phosphate (b,e) and 
ΣDIN (c,f) along transects (6,7) of Fig. 32. 1a (Strait of Sicily region). Units are mg m-3 for Chlorophyll-
a and mmol m-3 for ΣDIN and Phosphate. Section starts from the Tunisan coast (left) and extends to the 
Siclian coasts. The vertical scale is logarithmic and the horizontal scale is in km. Data are taken from 
the Medar (2002) database. 

 The nutrient concentrations diminish of about 50% in the surface waters going 
across the Strait in the eastward direction and by 20% in the waters below 100 
meters. However, the N:P ratio seems to remain constant in the Strait hinting to an 
internal regulatory effect on the nutrient ratios in accordance with the absence of 
river inputs in this area. 
 It is believed that the Modified Atlantic Waters arriving in this area could be 
one source of enrichment (Maurin, 1977) as well as upwelling and downwelling 
zones associated with the Atlantic Ionian Stream-AIS structures that dominate the 
current flow regime of this area. Agostini and Bakun (2002) describe the general 
upwelling and downwelling motion generated by the upwelling favourable winds in 
this area. The Sicilian side of the Strait is the site of powerful upwelling that should 
increase the productivity of this area. From our transects, it seems however that 
the subsurface maximum value changes only 10–20% going from the Tunisian to 
the Sicilian side of the Strait transects. Thus the AIS fertilisation effect may be 
much larger than the wind upwelling in this region. 
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6.2.4 The northern Adriatic 
 As we have seen in section 4.2.3 and 3.3, the northern Adriatic is the northern-
most part of the Adriatic Sea strongly affected by riverine fresh water and nutrient 
inputs. The main river discharging in the northern basin is the Po but smaller rivers 
are giving a significant contribution of fresh water and nutrients (Degobbis and 
Gilmartin; 1990, Raicich, 1996. See Table 9). 

TABLE 32.9 
Northern Adriatic annually averaged runoff and P, N and Si discharge. From 

Degobbis and Gilmartin (1990) and Raicich (1996). 

 

Runoff 

m3/s 

Total P 

Kt/y  

Total N 

Kt/y  

Total Si 

Kt/y  

Po river  1585  15  162  168 
All other rivers in 
the northern 
Adriatic 

 2728  28  272  234 

 

 The role played by the Po river runoff in forcing the marine ecosystem charac-
teristics is highlighted in Fig. 34. Surface layers in the northern Adriatic are 
marked by higher concentrations of chlorophyll-a (Fig. 34a) and nutrient concen-
tration (Fig. 34b, c). The signal of the subsurface chlorophyll maximum is particu-
larly evident at depths of about 20–50 m. Note the very small concentration of 
phosphorous that is four times smaller than the one found in the Gulf of Lions 
shelf area (Fig. 29) and it is closer to the open ocean values (see Fig. 31). The total 
nitrogen is however only a factor of two less than in the open ocean bringing us to 
the conclusion that phosphorous limitation is less severe here than in the open 
waters. The nutrient isolines are downwelling from the shelf break toward the 
northern shelf making the process of enrichment from the open ocean not very 
plausible. 
 The surface phytoplankton seasonal cycle of the northern, middle and southern 
Adriatic Sea from satellite observations is shown in Fig. 35. The higher phyto-
plankton bi omass in the northern Adriatic Sea is evident, while the seasonal cycle 
is characterised by three distinct periods of phytoplankton growth: winter, summer 
and late autumn, all connected to the Po runoff discharge cycle. 
 The Po river low salinity and nutrient rich waters are advected south along the 
WACC (see section 4). The offshore current extension is marked by a strong (sa-
linity dependent) density front. Inflow of higher salinity, nutrient depleted water 
into the basin occurs along the eastern coast. The magnitude of the southerly in-
flow is modulated by the strength and intensity of the cyclonic gyres characterizing 
the circulation (Artegiani et al., 1997, Zavatarelli et al., 2002) as well as the pres-
ence of the counter current developing in summertime along the eastern coast of 
the Northern Adriatic (Supić  et al.,  2000). 
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Figure 32.34   Annually averaged vertical distribution of: Chlorophyll-a (a), Phosphate (b) and ΣDIN 
(c) along section 9 of Fig. 32. 1a (Adriatic Sea). Units are mg m-3 for Chlorophyll-a and mmol m-3 for 
ΣDIN and Phosphate. Section starts from the northern Adriatic coast (left) and extends into the Middle 
Adriatic Sea. The vertical scale is logarithmic and the horizontal scale is in km. Data are taken from the 
Medar (2002) database. 
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Figure 32.35   Monthly averaged surface chlorophyll-a concentration (mg -3m ) for the northern (north), 
middle (centre) and southern (south) Adriatic Sea. From Zavatarelli et al. (2000). Reprinted with 
permission. 

 It is well known that the western coasts of the northern Adriatic basin suffer 
from eutrophication phenomena leading to the development of anoxic conditions 
during the summer season (Vollenweider et al., 1992). The higher biomass produc-
tion in the western coastal areas is well reflected by the Chlorophyll-a concentra-
tion and primary production data reported by Fonda Umani (1996) for the eastern 
and the western part of the basin (Table 10). 
 The average phytoplankton biomass in the western part of the basin is about 
three times higher than in the eastern part and this applies also to the primary 
production maximum values measured. On the basis of that Fonda Umani (1996) 
identified two areas: An “open sea” area with low biomass and a western coastal 
zone with higher biomass separated by a very sharp trophic gradient roughly coin-
cident with the frontal system separating the western coastal current from the 
offshore water. However, it can be noticed from Table 10, that minimum values in 
both areas are comparable. This points to a strong variability of the trophic condi-
tions (with shift from the meso-eutrophic to the oligotrophic state) in the area 
mostly affected by river nutrient input. In fact, potential for phosphorus limitation 
in the northern Adriatic western coastal area was reported by Zavatarelli et al. 
(1998) in their analysis of the climatological nutrient and biomass seasonal distri-
bution in the Adriatic Sea. 
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TABLE 32.10 
Chlorophyll-a mean values and maximum and minimum of Primary production 

(14C method) in the western and eastern North Adriatic. From Fonda Umani 
(1996). 

  Western basin Eastern basin 

Chlorophyll-a mg/m3  2.87 0.9 
Max 30 10 PP (mgC/(m3h) 
Min <1 <1 

 

 The food web structure in the western coastal areas, according to Fonda Umani 
(1996), has nanophytoplankton as numerically prevailing primary producers, while 
microphytoplankton (mostly diatoms) has a temporal and spatial distribution 
highly dependent on the riverine input variability, but in general they have two 
period of strong abundance (spring and autumn). The nanophytoplankton biomass 
is mostly grazed by microzooplankton. However, also in this region the role of 
bacteria as secondary producers and as source of food for microzooplankton is 
quite important. In the Po delta region Puddu et al. (1998) measured bacterial 
carbon demand that indicates an organic carbon processing activity by the bacte-
rial compartment comparable (or even larger, in dependence of the riverine dis-
solved organic carbon input) with the correspondent observed primary production. 
The Po delta dissolved organic input provides an important carbon source for the 
microbial food web, whose importance in the northern Adriatic coastal water is 
further highlighted by the results of the study on the dynamics of the microbial 
plankton communities carried out by Fonda Umani and Beran (2003) in the Gulf 
of Trieste. They found that most of the carbon flux in the food web was directed 
through the microbial compartment through grazing of microzooplankton on het-
erotrophic nanoflagellates and bacteria. 
 The occurrence of food web shift mediated by nutrient (phosphate) availability 
is further highlighted by the results of a one dimensional modelling exercise car-
ried out by Vichi et al. (2003) at three different locations in the northern Adriatic 
Sea (Po river plume, centre of the northern basin, Gulf of Trieste) characterised by 
different hydrological and environmental conditions. In fig. 36a is shown the ratio 
between the modelled carbon flow due to herbivorous and to microbial grazers 
(this ratio has been proposed by Legendre and Rassoulzadegan, 1994, as an index 
of ecosystem functioning) for each of the three modelled sites. In winter spring the 
transfer of carbon occur mainly through the herbivorous food chain (ratio > 1), 
while during the summer season a microbial food web develop (ratio < 1). This 
shift in the food web structure is matched by a deterioration of the quality of the 
substrate (dissolved organic matter) for bacteria growth (Fig. 36b), inducing con-
sequently the shift of the microbial community from nutrient remineralizers to 
competitors for inorganic resources (Fig. 36c). 
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Figure 32.36   Indexes of ecosystem 
functioning and matter transfer 
pathways from the one-dimensional 
modelling of Vichi et al. (2003) at 
three different locations in the north-
ern Adriatic Sea. S1: Po River plume, 
S3: Centre of the basin, AA1 Gulf of 
Trieste. A: ratio between the carbon 
flow due to herbivorous grazing and 
the one due to microbial grazing (in 
semi logarithmic scale). B: ratio 
between the C- and P-component of 
the dissolved organic matter. The 
optimal ratio for phytoplankton 
(106:1, Redfield et al., 1963) and 
bacteria (45:1, Goldman et al., 1987) 
are marked in the plot. C: phosphorus 
flux between bacteria and phosphate. 
Positive values indicate active phos-
phorus remineralization by bacteria. 
Negative values indicate bacterial 
phosphate consumption. Reprinted 
with permission. 
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6.2.5 The Nile Delta and Israeli shelf areas 
 Prior to the construction of the Aswan dam the marine ecosystem dynamics of 
this area was strongly conditioned by the Nile runoff imposing a major phyto-
plankton bloom in summer-autumn (Sharaf El Din, 1977, Dowidar, 1984) extend-
ing from the Egyptian to the Israeli coast (Herut et al.,  2000). After the damming 
the phytoplankton seasonality shifted to a winter bloom period (Berman et. al., 
1986; Azov, 1986) since the Nile is now regulated to discharge during winter. 

 

Figure 32.37   annually averaged vertical distribution of: Chlorophyll-a (a), Phosphate and ΣDIN along 
section 15 of Fig. 32. 1a (Nile delta region). Units are mg m-3 for Chlorophyll-a and mmol m-3 for ΣDIN 
and Phosphate. Section starts from the Egyptian coast (left) and extends into the eastern Levantine 
basin. The vertical scale is logarithmic and the horizontal scale is in km. Data are taken from the Medar 
(2002) database. 

 The Levantine basin is known to be a severely oligotrophic area (Berman et al., 
1984; Krom et. al., 1991) controlled by phosphorus limitation. This characteristic 
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appears to be extended also to the coastal domain (particularly after the Nile 
damming), as the chlorophyll-a measurements during blooms never exceeded 0.9 
mg m-3 (Berman et. al.,  1986; Azov, 1986). This is further confirmed by the annu-
ally averaged vertical distributions of Chlorophyll-a, phosphate and ΣDIN along 
transect 15 of Fig. 1a that are shown in fig. 37, where almost no difference in con-
centration can be noticed between the coastal and the open sea domain of the 
transect. Notice also the low values of phosphate and ΣDIN with respect to the 
western basin transects, almost a factor of two in the deep waters. Notice also the 
relatively high surface water chlorophyll values extending from the coasts outward, 
probably connected to the Nile outflow extending far from the coasts. The largest 
vertical gradients in nutrients starts from the center of the LIW layer, as shown in 
Fig. 4.12, and located below 100 meters. 
 The temporal dynamics of the deep phytoplankton bloom is typical of open sea 
oligotrophic waters with a winter-spring bloom followed by the formation of a 
deep chlorophyll maximum. No information is available about the bacterial pro-
duction and it is therefore difficult to assess the main carbon pathways through the 
trophic web. However the results of Herut et al. (2000) seem to indicate for the 
spring phytoplankton bloom a certain incidence of microphytoplankton (diatoms), 
but given the extremely oligotrophic conditions of the region it is likely that pico-
phytoplankton and the microbial loop play a major role. 

7. Exploitation of fisheries resources in the shelf areas 

Through history, the coastal area of the Mediterranean Sea has always been very 
densely populated. It is not surprising that continental shelf areas were and are all 
subject to intense fishery exploitation. Total marine fishery catches for the Medi-
terranean are about 1,000,000 tonnes per year (average 1992–2001 GFCM FAO 
Fishery Statistics Database, (www.fao.org/fi/statist), equivalent to approximately 
1% of the total world marine fish catch. 
 Three main kinds of fisheries resources are exploited in the Mediterranean: 
demersal and small and large pelagic resources. Small pelagic fish as sardine (Sar-
dina pilchardus), anchovy (Engraulis encrasicolus), sardinella (Sardinella spp.) and 
mackerels (Scomber spp. and Trachurus spp.) live in midwater or near the surface 
in shelf areas and are usually the target of purse seiners and midwater trawlers. 
Their occurrence is not spread evenly throughout the Mediterranean and is deter-
mined by the ecological characteristics of each shelf area. Sardines are predomi-
nant in certain areas while in others sardinella or anchovy are more abundant. 
 Demersal species include fish, cephalopods, crustaceans and bivalves, all living 
in close proximity to the seabed shelf and slope areas, where they are exploited by 
bottom trawl fisheries. Up to about 100 demersal species are commercially ex-
ploited even if most of the catches comprise a pool of less than 20 species (Pa-
pacostantinou and Farrugio, 2000): red mullets (Mullus barbatus and Mullus 
surmuletus), sole (Solea solea), gurnards (Trigla spp.), poor cod (Trisopterus minu-
tus capelanus), angler fish (Lophius spp.), shrimps (Penaeus kerathurus and Parap-
enaeus longirostris), spiny lobster (Palinurus elephas), cuttlefish, squids and 
octopuses (Sepia spp., Loligo spp., Eledone spp. and Octopus vulgaris). Some 
important demersal resources extend their range from the shelf to the slope, such 
as hake (Merluccius merluccius) and Norway lobster (Nephrops norvegicus). 
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 Large pelagic fishes include tuna like fishes and pelagic sharks. Their share of 
the total catch is only about 4% (Lleonart and Recasens, 1996) but their economic 
importance is much higher. They are highly migratory open sea species, which 
cannot be considered strictly fishery resources of the shelf areas and thus will not 
be treated here. 
 Although the Mediterranean is an oligotrophic sea, it sustains some locally very 
important fisheries, suggesting that there are areas with substantial organic pro-
duction (Bakun and Agostini, 2001). These areas are mainly shelf areas where 
river runoff is important, such as the Catalan Coast (Ebro river), the Gulf of Lions 
(Rhone river), the Adriatic Sea (Po river), the northern Aegean (Thracian rivers 
and Marmara Sea waters). These northern Mediterranean shelf areas have well 
developed fisheries, whereas on the southern side of the Mediterranean the situa-
tion appears to be quite different. 
 The main fishery area on the southern side is the Sicilian channel and the north-
African shelf off Tunisia and Libya (Charbonnier and Garcia, 1985) where river 
run off is absent. The Eastern basin is very oligotrophic and the only important 
shelf fishery, located on the Egyptian shelf, has been heavily affected by the clo-
sure of the Nile outflow by the Aswan Dam (Wadie, 1982). Levi and Troadec 
(1974) pointed out that fish productivity tends to decrease from west to east and 
the rate of fishery exploitation is higher along the northern Mediterranean coasts 
and lower along the southern and eastern coasts. Biodiversity shows the same 
negative gradient eastwards (Garibaldi and Caddy, 1998). 
 Research on the links between oceanographic characteristics of the different 
shelf areas and fishery resources is not particularly advanced in the Mediterranean. 
Here we shall try to give an overview of the current status of knowledge analysing 
examples of fisheries exploiting shelf areas with different physical and oceano-
graphic characteristics. Narrow shelf areas with nutrient inputs coming from up-
welling and/or by advection from other areas like the Algerian shelf; medium-sized 
shelf areas where nutrients come from river runoff and upwelling phenomena like 
the Gulf of Lions; large shelf areas with (Adriatic) and without (Tunisian shelf and 
Sicilian channel) important river runoff; and finally a shelf area where nutrient 
input from river runoff has been artificially interrupted by man-induced changes 
(Egyptian shelf area). 
 We argue that higher fishery production in the Mediterranean is found in corre-
spondence of substantial river runoff, although upwelling phenomena can be lo-
cally important (Bakun and Agostini, 2001). Each area will be briefly described in 
terms of the main fisheries taking place and the most important species captured. 
For this purpose, official landings statistics for the Mediterranean (GFCM Statis-
tics database) were used. Specific process studies trying to link fish production to 
oceanographic features will be reviewed. These are mostly, if not exclusively cen-
tred, on small pelagic fish like anchovy (Engraulis encrasicolus) and sardine (Sar-
dina pilchardus) two species which, due to their abundance and economic 
importance, have been the object of more detailed ecological research. 
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7.1 Processes and study cases 

7.1.1 Gulf of Lions 
 The Gulf of Lions is one of the shelf areas with the highest productivity in the 
Mediterranean thanks to various mechanisms of fertilisation (see sections 4, 5 and 
6) such as the permanent front which extends from the Ligurian Sea to Catalunia 
(associated with the Liguro-Provencal current), the river Rhone runoff, the proc-
ess of large scale Ekman upwelling associated the prevailing winds and other more 
localised oceanographic phenomena (Caddy and Oliver, 1996; Bakun and Agostini 
2001). This area is exploited mainly by Spanish and French trawlers but also by 
longliners, gillnetters and purse seiners, and there is a highly developed small scale 
fishery in inshore waters and lagoons (Papacostantinou and Farrugio, 2000). Aver-
age annual total landings in the period 1992–2001 were about 37,000 tonnes. The 
most important species, or groups of species, account for 80% of the total landings 
and are reported in Table 11. 

TABLE 32.11 
Average annual landings (1992–2001) in the Gulf of Lions divided by representa-

tive species or group of species (source GFCM Fishery Statistics database). 

species scientific name  
average landings 92–01 

tonnes % 

sardine Sardina pilchardus 12216 33 
anchovy Engraulis encrasicolus 7251 20 
hake Merluccius merluccius 2608 7 
mackerels Scomber spp.; Trachurus spp. 2583 7 
cephalopods Octopus spp.; Loligo sp. etc. 1751 5 
mullets Mugilidae 817 2 
poor cod Trisopterus minutus capelanus 717 2 
conger Conger conger 601 2 
angler Lophius spp. 403 1 
sole Solea spp. 321 1 
red mullets Mullus spp. 275 1 
    
total  29541 80 

 

 Small pelagic fishes like sardine and anchovy represent over than 50% of total 
landings and are caught both by purse seiners and trawlers. Anchovy ranks second 
in landings but it is by far most sought by fishermen, its price per unit landed being 
much higher than sardine. Sardine probably is still under exploited. 
 The peak spawning period for anchovy in this region is June-July (Garcia and 
Palomera, 1996) and eggs are mostly distributed along the shelf border from 10 to 
50 miles offshore (fig. 38). Anchovy eggs are always mainly found in the first 20 m 
of depth, but larvae are found in day time from 20 down to 40–60 m depth (Olivar 
et al., 2001). This may be linked to feeding behaviour since during the summer 
nutrients at the surface are depleted because of the strong thermal stratification, 
and microzooplankton is concentrated close to the Deep Chlorophyll Maximum at 
40–60 m depth (Estrada and Salat, 1989). 



1310 STRUCTURE AND VARIABILITY OF SHELF AREAS  IN THE MEDITERRANEA N 

 

Figure 32.38   Spawning area of anchovy in the Gulf of Lions and Catalan sea (from Garcia and Palom-
era, 1996). Reprinted with permission. 

 The presence of the shelf slope front (Sabates 1990) and the corresponding 
distribution of eggs suggests that the enhanced productivity associated with the 
front may be exploited by anchovy (Garcia and Palomera, 1996). Agostini and 
Bakun (2001) proposed that the massive Rhone river outflow enriches the surface 
waters in the shelf slope front area, where eggs and larvae mostly live (Olivar et 
al., 2001). The shelf-slope front has here an effect of retention of the nutrients and 
thus of enhancement of the primary and secondary production which in turn sup-
ports larvae growth and survival. In addition, river flow enhances water column 
stability by stratification and the need for this stability is a general feature of an-
chovy spawning grounds throughout NW Mediterranean (Palomera , 1992). 
 Continental, relatively fresh surface waters formed in the Gulf of Lions (CIW  
Continental Influence Water) have higher nutrient and phytoplankton concentra-
tions than adjacent oceanic waters (Cruzado and Velasquez, 1990), as well as 
higher densities of microzooplankton and copepods (Tudela and Palomera 1995). 
These waters offer a spawning ground for anchovy, larvae and following the south-
westward direction of the Liguro-Provencal current, they could be exported from 



 N. PINARDI , M. ZAVATARELLI , E. ARNERI , A. CRISE AND M. RAVAIOLI  1311 

the Gulf of Lions to the Catalan coast, where another important fishery for an-
chovy takes place (Castellon et al., 1985; Sabates et al. 2001). 
 Sardine is a winter (October to May) spawner in the Mediterranean. In the Gulf 
of Lions, larvae in November tend to aggregate in the region near the Rhone river 
delta where water circulation is mainly wind driven (Rasoanarivo et al. 1991). 
Westerly winds in this season concentrate nutrients of fresh water origin in the 
coastal areas (Travers and Travers, 1972) promoting phytoplankton production, 
which is utilised by sardine larvae as a source of food. 
 In this area, anchovy is more influenced by river runoff in connection with the 
shelf-slope front in summer while sardine is reliant upon inshore water circulation 
of freshwater origin in winter. In both cases the nutrient enrichment effect of 
freshwater inflow seems to be crucial for sustaining these two important commer-
cial fish populations. This has been recently confirmed for the adjacent Ebro river 
delta area by Lloret et al. (2004) by means of time series analysis of anchovy and 
sardine landings in relation to river run off and wind mixing. 

7.1.2 Algerian shelf 
 This area of narrow shelf is exploited by purse seiners for small pelagic fish 
together with some mid-water trawlers fishing the same resources. Demersal spe-
cies are fished by small scale, fixed gear fleet on rocky areas while trawlers exploit 
rather heavily the narrow trawlable areas (Caddy and Oliver, 1996). The constant 
inflow of Atlantic surface waters is an important source of nutrients and thus of 
fish productivity (Levi and Troadec, 1974). In addition, the Algerian coast is an 
area of coastal downwelling during the winter season (Bakun and Agostini, 2001). 
In summer coastal upwelling can take place locally near anticyclones boundaries 
(see section 4.2.2 and 6.2.2). 

TABLE 32.12 
Average annual landings (1992–2001) in the Algerian shelf area by representative species 

or group of species (source GFCM Fishery Statistics database). 

species scientific name  
average landings 92–01 

tonnes % 

sardine Sardina pilchardus 58406 58 
sardinellas Sardinella  spp. 11716 12 
mackerels Scomber spp.; Trachurus spp. 6322 6 
seabreams  Sparidae 4754 5 
marine fishes   3153 3 
crustaceans  2890 3 
bogue  Boops boops 2689 3 
anchovy Engraulis encrasicolus 2645 3 
clupeoids  Sardina, Sardinella and Engraulis 2347 2 
red mullets Mullus spp. 1505 2 
hake Merluccius merluccius 1267 1 
cephalopods Octopus sp.; Loligo sp. etc. 998 1 
    
total  98692 98 
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 Average annual total landings in the period 1992–2001 were about 100,000 
tonnes. The most important species, or groups of species, account for 98% of the 
total landings and are reported in Table 12. 
 The relative importance of the small pelagic fishery is evident; sardine, sardinel-
las, mackerels, anchovy and clupeoids together reach more than 80% of the total 
landings. Anchovy landings are rather low compared to sardine and sardinellas 
and this could be due to the lack of low salinity waters in this region, which has no 
substantial river outflows. The predominance of small pelagic fish catches is a 
general feature of the Mediterranean; here it is particularly enhanced by the nar-
row continental shelf, which limits the availability of suitable habitats for demersal 
species. 
 In this region there is a lack of studies on the link between environment and 
resources and, as pointed out by Caddy (1999), there is a difficulty in defining 
discrete fish stocks inhabiting narrow shelf areas, which can be a thousand kilome-
tres long and only few kilometres wide. The systems of larval concentration and 
retention that can be observed or postulated on the basis of the water circulation 
in the Gulf of Lions or the Adriatic are not likely to be the same for the Algerian 
shelf and other narrow shelf areas in the Mediterranean. There is a possibility of 
there being some genetic discontinuity along the shelf, with separate fish stocks of 
the same species along the coast in correspondence of specific spawning grounds, 
but no data are available. Detailed research on mesoscale oceanography, larval 
dispersal, and population genetics is needed to improve the management of these 
stocks (Caddy, 1999). 

7.1.3 Tunisian shelf and Sicily channel 
 The shelf areas of Tunisia and the Sicily channel are the largest and most pro-
ductive fisheries of the Mediterranean after the Adriatic (Caddy and Oliver, 1996; 
see Table 13 below for annual landings). This area sustains an important trawl 
fishery mainly composed of industrial scale Italian vessels, together with a more 
coastal but equally intensive Tunisian trawl fishery on the southern part, mostly in 
the Gulf of Gabes (Papacostantinou and Farrugio, 2000). 
 As shown in Table 13, the pelagic fishery is not predominant in this area. Land-
ings of sardine, sardinellas, anchovy and mackerels are about 27% of the total and 
stocks of these species are generally believed to be smaller in proportion to other 
areas (e.g. Adriatic and Gulf of Lions). Although in the past scientific investiga-
tions detected important biomasses of small pelagic fish, this was never reflected in 
the landings, and could be due to overestimation of biomass or lack of an adequate 
market for this resource (Papacostantinou and Farrugio, 2000). 
 The productivity of this area seems to be influenced by the modified Atlantic 
Waters (Maurin, 1997) as well as upwelling and downwelling areas associated with 
the Atlantic Ionian Stream (AIS). A recent study (Garcia Lafuente et al., 2002) 
has linked the general circulation pattern of the AIS to the reproductive strategy 
of anchovy in the Sicilian Channel (Fig. 39). The current is responsible of advec-
tion and rete ntion mechanisms for eggs and larvae. Local, wind induced small-
scale upwelling phenomena along the Sicilian coast contribute in terms of nutrient 
enrichment (Agostini and Bakun, 2002). 
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Figure 32.39   Schematic model of the spawning strategy of the Sicilian Channel anchovy (Garcia 
Lafuente et al., 2002). Main spawning grounds (2), Atlantic Ionian Stream (1  and 1’), eggs and larvae 
transported downstream (4), main nursery ground of Capo Passero (3), possible offshore advection (5 
and 6). Reprinted with permission. 

TABLE 32.13 
Average annual landings (1992–2001) in the Tunisian shelf and Sicily channel area di-
vided by representative species or group of species (source GFCM Fishery Statistics 

database). Total landings are about 180,000 tonnes per year. 

Species scientific name  

average landings 92–01 

tonnes % 

other marine fishes   23736 13 
cephalopods Octopus sp.; Loligo sp. etc 21183 12 
Sardine Sardina pilchardus 19611 11 
Hake  Merluccius merluccius 16354 9 
crustaceans  15473 9 
Mackerels Scomber spp.; Trachurus spp. 12948 7 
Seabreams Sparidae 9667 5 
Anchovy Engraulis encrasicolus 8881 5 
Sardinellas Sardinella  spp. 7855 4 
red mullets Mullus spp. 6808 4 
sharks and rays Selachii 6011 3 
Bogue  Boops boops 4321 2 
Mullets Mugilidae 3975 2 
Gurnards Trigla  spp. 2050 1 
angler fish Lophius spp. 1898 1 
    
Total  160768 88 
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 The southern area of the Gulf of Sirte and the Gulf of Gabes is rather poor in 
oceanographic data: high surface values of chlorophyll in the Gulf of Gabes de-
tected by remote sensing have been interpreted as an artefact due to interference 
from the shallow sea floor (Agostini and Bakun, 2002). On the contrary, we argue 
that annual Tunisian landings are substantial on a Mediterranean scale (about 70–
80,000 tonnes) and mostly come from the Gulf of Gabes and southern areas 
(Hachemi, 1996). Thus we think that the issue of productivity and nutrients along 
the Tunisian shelf calls for further research. 
 Demersal resources are predominant in landings and reflect both the wide con-
tinental shelf and the intense trawl fishery that takes place in this area. In Table 13 
demersal species comprise 44% of the total, not including the item “other marine 
fishes” which is probably dominated by demersal species. The presence of sharks 
and rays in relevant quantity might be considered as an index of lighter exploita-
tion compared to other Mediterranean areas where this group of species has nearly 
disappeared from landings (Myers and Worm 2003). It is also possible that high 
yields of demersal species are the result of a lower exploitation compared to other, 
generally overexploited, Mediterranean shelf areas (Charbonnier and Garcia, 
1985). As mentioned before the mechanism sustaining fish productivity in this area 
is not clear both at pelagic and at demersal species level, and this should be a tar-
get for future research in fishery oceanography in the Mediterranean. 

7.1.4 Adriatic Sea 
 The productive Northern and Central Adriatic Sea is characterised by an ex-
tended shelf area with muddy or sandy soft bottoms, which are well suited for 
trawl fishing. The high productivity in this area is a consequence of the strong 
nutrient outflow from rivers and of an additional input of Mediterranean waters 
(Papacostantinou and Farrugio, 2000) from the Otranto Strait. The Adriatic has a 
high productivity of molluscan shellfish (clams and mussels), and a variety of 
commercial invertebrates and fish (see Table 14). The area is exploited by bottom 
trawls for demersal resources, pelagic trawls and purse seines for small pelagic fish 
and an important dredge fishery for clams in the Italian inshore coastal waters. 
 The clam fishery is perhaps the most valuable monospecific fishery in the Medi-
terranean and it exploits the area up to one nautical mile offshore (up to a depth of 
12–15m), along the Italian coast from Trieste to the Gargano promontory (Froglia, 
1989). The small pelagic fishery is also very important in terms of value and land-
ings, with anchovy being the most sought species. Traditionally anchovy is caught 
mainly along the more productive, less saline western Adriatic waters by the Ital-
ian fleet, and sardine is the main target of eastern Adriatic fishermen and it is 
generally more abundant in less productive and more saline eastern waters. 
Demersal resources are exploited all over the continental shelf and species distri-
bution is influenced more by the change in the sediments (mud to sand eastward) 
than by the very gentle decrease in depth. 
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TABLE 32.14 
Average annual landings (1992–2001) in the Adriatic divided by representative species 

or group of species (source GFCM Fishery Statistics database). Total landings are 
about 130,000 tonnes per year. 

Species scientific name  

Average landings 92–01 

tonnes % 

Sardine Sardina pilchardus 30133 22 
Clam Chamelea gallina  28177 21 
Anchovy Engraulis encrasicolus 25910 19 
cephalopods Octopus sp.; Loligo sp. etc 10435 8 
crustaceans  6656 5 
other marine fishes  6008 4 
Hake  Merluccius merluccius 4475 3 
Mackerels Scomber spp.; Trachurus spp 3474 3 
red mullets Mullus spp 2879 2 
Mullets Mugilidae 2194 2 
Sole Solea solea. 1395 1 
Seabreams Sparidae 1180 1 
shark and rays Selachii 912 1 
    
Total  123829 91 

 

 The nutrient inputs in the Adriatic are dominated by the Po River and the other 
northern Italian rivers: these inputs are constrained by the Western Adriatic 
Coastal Current-WACC to flow along the Italian coast where downwelling motion 
prevails (see section 4.2.4). On the eastern side of the Adriatic Sea wind induced 
upwelling prevail due to the climatological wind conditions (Agostini and Bakun, 
2001; Cushman-Roisin et al., 2001). These two oceanographic features are linked 
with the reproductive biology of the two most important small pelagic species, 
anchovy and sardine. 
 Anchovy mainly spawns on the western part of the Adriatic (Regner, 1996, fig. 
40). This area covers the shallow northern Adriatic waters and the zone along the 
western coast, down to the Gargano peninsula and corresponds to the area of 
highest nutrient inputs and primary productivity. There are other spawning areas 
along the eastern Adriatic coasts but the intensity of spawning is substantially 
lower (Regner, 1996). Anchovy spawns from April to October with peaks between 
May and September and, in general, maximum egg production occurs earlier in 
open waters than in coastal areas. In general little is known about the shifting of 
spawning centres during the spawning season, the transport of larvae by the circu-
lation of Adriatic surface waters and the various environmental factors, which 
could affect larval survival. Recently Coombs et al. (2003) studied anchovy spawn-
ing and larval distribution associated with the Po river plume, and described the 
region around the Po river mouth as favourable to survival of anchovy larvae 
partly because of the additional water column stability caused by the low salinity 
river outflow. Despite this, a strict relationship between enhanced water column 
stability and increased survival of anchovy larvae could not be proven. Eggs are 
released inshore and offshore but late post-larvae and early juveniles are found 
only along the Italian coast from September to January. The Western Adriatic 
Coastal Current (WACC, see paragraph 4.2.4) probably plays a major role in the 
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transport of larvae and post-larvae from spawning to nursery ground but a detailed 
investigation is needed. 

 

Figure 32.40   The main spawning areas of the Adriatic anchovy (Regner, 1996) shown by dashed areas. 
Reprinted with permission. 

 Sardine is a winter spawner in the Mediterranean and in the Adriatic it spawns 
from Autumn to Spring at temperatures ranging between 9 and 15 °C in the open 
water zone of the Adriatic (Gamulin and Hure, 1955). Two main spawning centres 
(see Fig.7.4) exist: a northern one between Ancona and Zadar and a southern one 
in the area of the Pelagosa Island (Fig. 9, Regner et al. 1987). These main spawning 
centres are located in oligotrophic areas and, as observed by Regner et al. (1988), 
temperature might act as a boundary, impeding sardine to spawn in the richer but 
colder western Adriatic waters in winter. Within the spawning season, the maxi-
mum of egg production is in Autumn; immediately along the frontal zone between 
the western cold waters and the warmer but poorer eastern waters. Sardine tends 
to spawn at the boundaries of these two zones until temperatures fall below 10 °C; 
Subsequently sardine moves to the less productive waters along the eastern coast 
where most intensive spawning has been observed in correspondence with local 
upwelling phenomena (Regner et al., 1987). On the basis of these observations, 
Regner et al. (1987) proposed a pattern of spawning and transport of sardine lar-
vae along the eastern side of the Adriatic, which is reported in fig. 41. 
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Figure 32.41   Supposed pattern of transport of sardine larvae and post-larvae (Regner et al., 1987). 
Reprinted with permission. 

 Spawning centres in fig. 41 should be considered as “main” spawning centres, 
because sardine eggs are found in most of the Adriatic. The hypothesis is that 
sardine, within its physiological range of water temperatures, concentrate to spawn 
in zones enriched either by the mixing of different water masses as frontal areas, or 
in zones enriched by local upwelling phenomena. Larvae are then transported by 
the main cyclonic Adriatic circulation or by local gyres that can carry the larvae 
over the western Adriatic side. 
 Demersal species are of high economic importance but in general their stock 
size and landings are not comparable with anchovy and sardine. The Adriatic bot-
tom trawl fishery exploits a pool of species (Table 14) including cephalopods (oc-
topus and cuttlefish), crustaceans (Norway lobster and mantis shrimps), hake, red 
mullets etc .. The high importance of cephalopods in the catches may be related to 
the intense exploitation of the demersal resources, with a shift of species composi-
tion from long lived (sharks and large ichthyophagous fishes) to fast growing and 
short lived predators like cephalopods, and planktivorous pelagic fishes (Pauly et 
al., 1998). For some of the demersal resources of the Adriatic (e.g. Norway lobster, 
hake and red mullet) general biological parameters, spawning and nursery areas 
are well known, as well as reproductive periods, although there is a lack (as for 
most of the Mediterranean) of detailed investigation aimed at clarifying the links 
between marine environment and population ecology. 
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7.1.5 Egyptian shelf 
 This area has a low level of biological productivity due to the low nutrient con-
centration. The fishing fleet is composed mainly of small-scale vessels, medium size 
trawlers and purse seiners (Caddy and Oliver, 1996). Before the construction of 
the Aswan dam the river Nile provided seasonal inflow of sediment and nutrients 
(see also sections 3.2.1 and 3.2.2). The dramatic reduction of Nile river flow drasti-
cally reduced nutrient inflow and had an immediate impact on primary production, 
small pelagic resources and also demersal resources as shrimps (Bebars and La-
serre, 1983; Wadie and Abdel Razek, 1985). 
 The small pelagic fishery exploits sardinellas, sardine and round herring (Dus-
sumieria acuta) a lessepsian migrant species, which has made its entrance from the 
Red Sea in the last decades. This fishery uses purse seines (Wassef et al., 1985.) 
and accounts for about one third of the total landings (Table 15). Shrimps of the 
family Penaeidae are second only to sardinella in the Egyptian Mediterranean 
fishery (Wadie and Abdel Razek, 1985). 

TABLE 32.15 
Average annual landings (1992–2001) in the Egyptian shelf divided by repre-
sentative species, or groups of species (source GFCM Fishery Statistics data-

base). Total landings are about 54,000 tonnes per year. 

species scientific name  
Average landings 92–01 

tonnes % 

sardinellas Sardinellas spp. 15689 29 
Marine fishes nei  5287 10 
shrimps  Penaeidae 4267 8 
silversides Atherinidae 3254 6 
seabreams Sparidae 2537 5 
mullets Mugilidae 2452 5 
Bogue  Boops boops 2205 4 
red mullets Mullus spp 1871 3 
Marine crabs Portunidae  1683 3 
round herring  Dussumeria acuta  1403 3 
Sharks and rays Selachii 1323 2 
cephalopods Octopus sp.; Loligo sp. etc 1238 2 
    
Total  43206 80 

 

 The Aswan damming is a good example of the fact that declines in nutrient-rich 
runoff will reduce the total catch and the proportion of small pelagic fish it con-
tains (De Leiva Moreno et al. 2000). In the period of the Aswan damming catches 
of Clupeids dropped by 80% in a few years. The change was induced not only by 
the reduction in quantity but also by the sudden change in the seasonality of the 
outflow. A recent recovery of catches took place and seems to be associated to the 
nutrient outflow of drainage waters from the Nile river delta (Papacostantinou and 
Farrugio, 2000). The role played by nutrient rich runoff in fisheries production is 
well established for freshwater system and in some cases in marine ecosystems 
(e.g. Grimes, 2001). The Egyptian shelf case provided a large-scale experimental 



 N. PINARDI , M. ZAVATARELLI , E. ARNERI , A. CRISE AND M. RAVAIOLI  1319 

evidence of this fact and calls for a detailed scientific reassessment of the present 
situation in terms of oceanography and fishery. 

8. Final remarks 

In this chapter we have carried out a first attempt to classify the main characteris-
tics of the Mediterranean shelf areas in terms of physical, sedimentological and 
ecosystem structures and variability. 
 First of all we have described the different shelf structures in terms of their 
morphological and dynamical shelf extension. From a general point of view, the 
shelf extension increases going from the southern to the northern shores with the 
noticeable exception of the Sicily Strait. Most of the Mediterranean shelf areas can 
be defined as ‘narrow’ (less than 20–30 km from the near shore area to the 200 m 
isobath). These narrow shelves are dominated by open ocean/shelf exchange proc-
esses. On the contrary, most extended shelf areas are dominated by river inputs 
that interconnect the shelf dynamics to the hydrological cycle of the Mediterra-
nean basin. Shelf extension as well as precipitation regimes have a pronounced 
positive latitudinal gradient, which produces the first, large scale structural charac-
terization of the Mediterranean shelves. Important exceptions to this north-south 
rule exist in the Strait of Sicily and the Nile Delta. 
 The sediment structure and composition of the Mediterranean is mainly con-
nected to the river inflow in the extended shelf areas. The biogenic productivity of 
surface waters plays a major role both in the extended and narrow shelves. In 
narrow shelves the sediments arrive also from remote areas carried by the along 
slope currents. Atmospheric deposition is also very important along the southern 
shelves of the Mediterranean (Tunisian, Nile Delta and Israeli shelves). 
 The overall structure of the general circulation of the basin and its atmospheric 
forcing imposes a dominant downwelling character to the Mediterranean shelf 
areas, since the circulation is generally cyclonic in the open sea. However, excep-
tions to this rule occur in wind induced upwelling areas (Sicily Strait, eastern Ae-
gean Sea and Adriatic Sea) and in eddy forced narrow shelves, such as the 
Algerian and Israeli coasts. The shelf areas account for 20% of the overall net heat 
flux at the air-sea interface (not including the northern Adriatic Sea): the shelves 
emerge as a negative heat flux engine, helping the overall basin to loose efficiently 
the heat stored, thus confirming the prevalent downwelling dynamics of the shelf 
areas. 
 The analysis has been carried out by considering examples of shelf regimes 
throughout the Mediterranean, both for narrow and extended shelves. We have 
examined the Gulf of Lions and the Algerian shelf in the western Mediterranean, 
the Adriatic Sea and the Sicily Strait in the Central Mediterranean, the Nile Delta 
and the Israeli shelves in the Eastern Mediterranean. 
 The northern extended shelves (Gulf of Lions and Adriatic) have large sedi-
mentation rates, they are ROFI areas and they work as net CO2 sinks. The ecosys-
tem dynamics at the level of primary and secondary producers is partially 
dominated, even in these nutrient rich areas, by a microbial food web. The fish 
resources are large and they can be connected simply to the higher primary pro-
ductivity of these areas. 
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 The southern shelves are less productive at all levels of the ecosystem due to the 
absence of substantial river inputs. However, an exception exists for the Sicily 
Strait that can only be explained in terms of favourable physical conditions con-
nected to the Atlantic water inflow along the shelf break. 
 It is possible to conclude that the Mediterranean Sea shelf structure and vari-
ability is a composite of site-specific dynamic scenarios, involving different open 
ocean/shelf exchange mechanisms and strong connections with land derived inputs. 
The possibility that such a system could be highly variable with the low frequency 
variability of atmospheric regimes and strongly dependent from the river loads 
makes it difficult to be modified and managed in the long term. 
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1. Introduction 

The Black Sea, located approximately between latitudes of 41o to 46oN and longi-
tudes of 28o to 41.5oE, is an elongated and nearly-enclosed basin connected with 
the Bosphorus Strait to the Mediterranean Sea. It has experienced one of the 
worst environmental degradations of the world oceans during the last three dec-
ades. The environmental crisis and subsequent dramatic changes in the ecosystem 
and its resources were a direct consequence of anthropogenic pollution due to an 
enormous increase in nutrients and pollutant load from rivers discharging into the 
northwestern region of the sea, uncontrolled industrial and municipal wastewater 
inputs around the periphery, dumping of wastes (including radioactive substances 
and solid wastes) into open parts of the sea, and accidental and operational re-
leases of oil. Introduction of a jellyfish-like animal (Mnemiopsis leidyii), and over-
fishing have added further complications to the problem. At the beginning of the 
1960s, total inorganic nitrogen, phosphate and silicate input from the Danube was 
140 kt yr-1, 12 kt yr-1, and 790 kt yr-1 , respectively (Almazov, 1961). Three decades 
later, the Sulina branch of the Danube (one of its three main branches) alone 
discharged 800 kt yr-1 of total inorganic nitrogen, 32 kt yr-1 phosphate, and 1500 kt 
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yr-1 silicate into the Black Sea (Cociasu et al., 1996). The total sediment load into 
the basin from the rivers around the periphery is about 145 million ton yr-1, 65% of 
which enters into the northwestern shelf region (Hay, 1994). The Turkish rivers 
together contribute only 20% of the total sediment load (Hay, 1994). As a result, a 
major part of the Black Sea, particularly its northwestern shelf region, has become 
critically eutrophic and hypoxic (Zaitsev and Mamaev, 1997; Lancelot et al., 
2002a). The exploitation of resources has been unsustainable during the last few 
decades as a result of dramatic reduction in fish stocks and falling recruitment. 

 

Figure 33.1   The Black Sea: geographic setting, main rivers and bathmetric features (from Besiktepe et 
al., 2001). 

 The last decade has introduced a new era in Black Sea oceanography because of 
collaborative research and management programs developed by the riparian 
states, and supported by various international organizations. They were aimed to 
address environmental and socio-economic issues facing the region, and to explore 
oceanographic characteristics of this relatively unknown, and in many respects, 
challenging sea. The present paper provides an overview of recent advances 
achieved within the framework of these efforts. Sections 2 and 3 outline the physi-
cal characteristics including the topography, water budget, and stratification, as 
well as major features of the upper layer horizontal circulation, respectively. This 
is followed in section 4 by description of the vertical biogeochemical characteristics 
of the upper layer water column up to the anoxic interface. This section also covers 
a brief overview of biogeochemical exchanges with the atmosphere. In Section 5, 
paleoceanographic characteristics are presented with special emphasis on connec-
tion of the Black Sea to the Aegean Sea, and sediment geochemical characteristics. 
Section 6 deals with major changes that took place in Black Sea ecosystem charac-
teristics since 1970s. An overview of interdisciplinary modeling efforts is then 
provided in section 7. Conclusions are provided in section 8. 
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2. Physical Characteristics 

The Black Sea, with a surface area of 423,000 km2, is approximately one-fifth of the 
surface area of the Mediterranean. It has a total volume of 547,000 km3, and a 
maximum depth of around 2200 m. It contains narrow shelves and very strong 
topographic variations around its periphery (Fig. 33.1). The northwestern shelf 
(NWS), occupying ~20% of the total area, is the only major shelf region with dis-
charges from three of Europe’s largest rivers: Danube, Dniepr and Dniestr. In the 
north, the sea is connected to the shallow Sea of Azov by the Kerch Strait. At its 
southwestern end, it communicates with the Aegean basin of the Mediterranean 
Sea through the Sea of Marmara and the Bosphorus and Dardanelles Straits. The 
Black Sea has always been a basin with a positive water balance. According to the 
data presented by Unluata et al. (1989) (see also Ozsoy and Unluata, 1997), the 
sum of fluxes due to precipitation (~300 km3 yr-1) and runoff (~350 km3 yr-1) exceeds 
that of evaporation (~350 km3 yr-1). The freshwater excess of 300 km3 yr-1 is balanced 
by the net outflow through the Bosphorus defined as the difference between the 
transports of its two layers. This particular net transport value agrees well with the 
estimates for 1980s and 1990s obtained by long-term hydrological-meteorological 
data (Peneva et al., 2001). It is also found to be consistent with the net Bosphorus 
transport computed independently by means of a two layer hydrodynamic Bos-
phorus model (Oguz et al., 1990a). 
 Today, the intermediate and deep water masses below a permanent halocline at 
depths of 100–150 m possess almost vertically uniform characteristics defined by 
T~9oC, S~22, σt~17.0 kg m-3 (Murray et al., 1991). The deepest part of the water 
column covering the entire abyssal plain of the sea, approximately below 1700m, 
involves a vertically homogeneous and horizontally uniform water mass formed 
during several thousands of years by convective mixing due to the geothermal heat 
flux of about 40 W m-2 from the bottom (Murray et al., 1991). The physical charac-
teristics of the Mediterranean underflow, including its volume, velocity, tempera-
ture and salinity, are modified considerably by mixing with the upper layer waters 
as they cross the shelf (Oguz and Rozman, 1991; Latif et al., 1991; Murray et al., 
1991; Ozsoy et al., 1993, 2001; Di Iorio and Yuce, 1998; Gregg and Ozsoy, 1999). 
The effluent issuing from the Bosphorus is first transported in a narrow channel, 
and then enters the shelf with typical values of T~12–13 oC and S~30. It follows 
persistently a north-northwestward track regulated by the small scale topographic 
variations in the shelf (Latif et al., 1991; Ozsoy et al., 2001), spreads out as a thin 
layer along the bottom of the shelf, and becomes highly diluted by entrainment of 
relatively colder and less saline ambient waters of the Cold Intermediate Layer 
(CIL) origin. The modified Mediterranean water is then injected through intru-
sions at intermediate depths in the form of multiple layers extending towards the 
interior from the continental slope (Oguz et al., 1990b; Murray et al., 1991; Ozsoy 
et al., 2002; Konovalov et al., 2003). Signature of the Mediterranean inflow within 
the interior parts of the basin is best monitored within the uppermost 500 m depth 
(Ozsoy et al., 1993), where the residence time of the sinking plume varies from ~10 
years at 100 m depth to ~400 years at 500 m (Ivanov and Samodurov, 2001; Lee et 
al., 2002). 
 The density within the upper 100 m layer changes seasonally as much as σt~3–4 
kg m-3. In winter, the northwestern shelf and near-surface levels on top of the 
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thermohaline domes of the cyclonic cell exhibit vertically uniform conditions in 
response to strong atmospheric cooling, evaporation and intensified wind mixing 
associated with a succession of strong, cold and dry continental wind events. The 
upper layer, homogenized up to ~50 m depth, is identified by T~5–6oC, S~18.5–
18.8 and σt ~14.5 kg m-3 (Oguz et al., 1990b; Krivosheya et al., 2002). As the spring 
warming stratifies the surface water, the convectively generated cold water re-
mains confined below the seasonal thermocline, and forms the CIL of the thermo-
haline structure. The summer mixed layer with depths less than 20 m has typical 
characteristics of T~25oC, S~18 and σt ~10.0–11.0 kg m-3. 
 The water and salt budget calculations for the Bosphorus-Black Sea system, 
represented in the form of a two-layer box for the Bosphorus, two boxes for the 
interior basin and the western shelf in the upper layer, and two boxes representing 
the Bosphorus-Black Sea junction region and the interior basin in the lower layer 
(Fig. 33.2), suggest that a surface outflow of ~604 km3 yr-1 exits from the basin 
through the Bosphorus. It comprises 54 km3 yr-1 coastal flow of fresh water origin 
along the western shelf with salinity 16.5, and 550 km3 yr-1 from the rest of the basin 
with an average salinity of 18. In return the denser Mediterranean water with the 
average salinity of 35.5 enters into the Bosphorus-Black Sea junction region as an 
underflow at a rate of 304 km3 yr-1. There, the Mediterranean plume with salinity of 
26.5 entrains the upper layer flow of 426 km3 yr-1 from the CIL to form a total 
transport of 730 km3 yr-1 flowing into deeper parts of the lower layer of the basin 
interior having an average salinity of 22. This input is balanced by the difference of 
downward and upward fluxes of 639 and 1369 km3 yr-1, respectively, across the 
interface between the upper and lower layers. 

 

Figure 33.2   Schematic view of the five compartment box model representation of the Black Sea, and 
main intercompartmental fluxes computed by the water and salt budgets. 

 The upper layer water column was subjected to considerable climate-induced 
warming during the 1990s (Oguz et al., 2003). The basin-averaged winter-mean 
(December-March) sea surface temperatures (SSTs) derived from a 9 km monthly-
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mean AVHRR data set for regions deeper than 200 m suggested relatively uni-
form values of 8.1±0.3 oC from 1985 to 1991. They were followed by a strong cool-
ing phase in 1992–1993 with the minimum SST value of 6.8 oC, and subsequently by 
the 1994–1996 strong winter warming phase with ~2 oC rise in the SST (Fig. 33.3a). 
The winter warming continued at a more gradual level after 1996. The warmer 
winter SSTs were related to weaker heat loss to the atmosphere, and weaker wind 
stress forcing exerted on the sea surface (Nezlin, 2001). The cooling-warming cycle 
seen in the AVHRR winter-mean SST data was supported by a similar cycle in the 
winter-mean air and SST temperatures (Fig. 33.3b) measured near Novorossik 
located along the northeastern coast of the Black Sea (Titov, 2000; Krivosheya et 
al., 2002). The annual-mean SST variations, also depicted in Fig. 33.3a, suggest 
warming of the Black Sea surface waters in the form of a linear trend with tem-
peratures rising from ~14.2 oC in 1993 to ~16.4 oC in 2001. The upper layer stratifi-
cation and circulation characteristics were modified subsequently by gradual 
depletion of the CIL (Staneva and Stanev, 2002; Krivosheya et al., 2002), rising of 
the mean winter sea level and accompanying weakening of the basinwide cyclonic 
circulation system (Stanev and Peneva, 2002), as well as ~10 m rise of the σt ~16.2 
kg m-3 isopycnal surface characterizing the position of the anoxic interface (Yaku-
shev et al., 2001). 

 

 

Figure 32.3   (a) The basin-averaged, winter (December-March)-mean (squares) and annual-mean 
(dots) AVHRR sea surface temperature distributions in the Black Sea from 1985 to 2001. The data are 
obtained by 9 km monthly-mean gridded AVHRR Oceans Pathfinder data set. The basin-averaging 
excludes the shelf areas shallower than 200 m (redrawn from Oguz et al., 2003), (b) the winter-mean air 
temperature ( squares) and surface mixed layer temperature (dots) near Novorossik along the north-
eastern coast of the Black Sea. 
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3. Circulation characteristics 

The upper layer waters of the Black Sea are characterized by a predominantly 
cyclonic, strongly time-dependent and spatially-structured basinwide circulation. 
Many details of the circulation system have been explored using recent hydro-
graphic data (Oguz et al., 1993, 1994, 1998; Oguz and Besiktepe, 1999; Ga-
warkiewicz et al., 1999; Krivosheya et al., 2000), AVHRR data (Oguz et al., 1992; 
Sur et al., 1994, 1996; Sur and Ilyin, 1997; Ginsburg et al., 2000, 2002a; Afanasyev 
et al., 2002; Zatsepin et al., 2003), altimeter data (Korotaev et al., 2001 and 2003; 
Sokolova et al., 2001), and CZCS and SeaWIFS data (Ozsoy and Unluata, 1997; 
Oguz et al., 2002a; Ginsburg et al., 2002b). These analyses reveal a complex, eddy-
dominated circulation with different types of structural organizations within the 
interior cyclonic cell, the Rim Current flowing along the abruptly varying conti-
nental slope and margin topography around the basin, and a series of anticyclonic 
eddies in the onshore side of the Rim Current. The interior circulation comprises 
several sub-basin scale gyres, each of them involving a series of cyclonic eddies. 
They evolve continuously by interactions among each other, as well as with mean-
ders, and filaments of the Rim Current. The Rim Current structure is accompanied 
by coastal-trapped waves with an embedded train of eddies and meanders propo-
gating cyclonically around the basin (Sur et al., 1994; Sur et al; 1996; Oguz and 
Besiktepe, 1999; Krivosheya et al., 2000; Ginsburg et al., 2002a,b). Over the annual 
time scale, westward propogating Rossby waves further contribute complexity to 
the basinwide circulation system (Stanev and Rachev, 1999). According to the 
Acoustic Doppler Current Profiler measurements (Oguz and Besiktepe, 1999), the 
Rim Current jet has a speed of 50–100 cm/s within the upper layer, and about 10–
20 cm/s within the 150–300 m depth range. The mesoscale features evolving along 
the periphery of the basin as part of the Rim Current dynamic structure apparently 
link coastal biogeochemical processes to those beyond the continental margin, and 
thus provide a mechanism for two-way transports between nearshore and offshore 
regions. Taking the relatively narrow width of the basin into account, such 
mesoscale processes can easily give rise to meridional transports from one coast to 
another. 
 Apart from complex eddy-dominated features, larger scale characteristics of the 
upper layer circulation system possess a distinct seasonal cycle, as suggested by 
objectively analyzed, optimally interpolated and dynamically assimilated sea level 
anomaly data provided by the Topex-Poseidon and ERS-1/2 altimeters for the 
period from 1 January 1993 to 31 December 1998 (Korotaev et al., 2003). As 
shown by the model-derived circulation patterns (Fig. 33.4) for the middle of Feb-
ruary, July and October, the interior cyclonic cell in winter months involves a two-
gyre system surrounded by a rather strong and narrow peripheral jet without any 
appreciable lateral variations (Fig. 33.4a). This system transforms into a multi-
centered composite cyclonic cell surrounded by a broader and weaker Rim Cur-
rent zone in summer (Fig. 33.4b). The interior basin flow field further weakens and 
finally disintegrates into smaller scale cyclonic features in autumn (Fig. 33.4c). A 
composite peripheral current system is hardly noticeable in this season (Afanasyev 
et al., 2002). The turbulent flow field is, however, rapidly converted into a more 
intense and organized structure after November-December. 
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Figure 33.4   The upper layer circulation maps for (a) mid-February, (b) mid-July, (c) mid-October, 
constructed by the six year (1993–1998) averaging of the daily circulation fields computed by assimilat-
ing the Topex-Poseidon and ERS-I,II altimeter data into a 1.5 layer reduced gravity model described by 
Korotaev et al. (2003). 

 The most notable quasi-persistent and/or recurrent features of the circulation 
system, as schematically presented in Fig. 33.5, include (i) the meandering Rim 
Current system cyclonically encircling the basin, (ii) two cyclonic sub-basin scale 
gyres comprising four or more gyres within the interior, (iii) the Bosphorus, Sa-
karya, Sinop, Kizilirmak, Batumi, Sukhumi, Caucasus, Kerch, Crimea, Sevastopol, 
Danube, Constantsa, and Kaliakra anticyclonic eddies on the coastal side of the 
Rim Current zone, (iv) bifurcation of the Rim Current near the southern tip of the 
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Crimea; one brach flowing southwestward along the topographic slope zone, and 
the other branch deflecting first northwestward into the shelf and then contribut-
ing to the southerly inner shelf current system, (v) convergence of these two 
branches of the original Rim Current system near the southwestern coast, (vi) 
presence of a large anticyclonic eddy within the northern part of the northwestern 
shelf. 
 The basic mechanism which controls the flow structure in the surface layer of 
the northwestwern shelf is spreading of the Danube outflow. Wind stress, and Rim 
Current structure along the offshore side of the shelf are additional modifiers of 
this system. The freshwater discharge influences not only the circulation and mix-
ing properties, but also the ecosystem of the entire shelf region along the western 
coast. The Danube plume generally forms an anticyclonic bulge confined within 
the upper 25 m layer. The leading edge of this plume protrudes southward (i.e 
downstream) as a thin baroclinic boundary current along the western coastline. 
The coastal jet is separated from the interior waters by a well defined front with 
salinity differences of more than 3.0 over an approximately 50 km zone along the 
coast. It is often unstable, exhibits meanders and spawns filaments, which extend 
across the wide topographic slope zone. The shelf and interior waters undergo 
cross-shelf exchanges as reported consistently in hydrographic surveys, satellite 
imagery, and altimeter data. An anticyclonic circulation system accompanying with 
small-scale structures over the northwestern shelf, shown in Fig. 33.5, have also 
been reproduced by modeling studies (e.g. Oguz et al., 1995; Staneva et al., 2001; 
Beckers, et al., 2002). 

 

Figure 33.5   The schematic diagram showing major quasi-permanent/recurrent features of the upper 
layer circulation identified by synthesis of hydrographic studies and analysis of the Topex-Poseidon and 
ERS-I,II altimeter data. 
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4. Major features of the vertical biogeochemical structure 

4.1 Nutrient and organic matter characteristics 

The upper layer biogeochemical structure overlying the deep and lifeless anoxic 
pool (except anaerobic bacteria) involves four distinct layers. The uppermost part 
from the free surface to the depth of 1% light level is covered by a shallow eu-
photic zone with a maximum thickness of nearly 50 m. This is the layer of active 
planktonic processes (e.g uptake, grazing, mortality, microbial loop, etc.), and is 
characterized by high oxygen concentrations on the order of 300 μM as well as 
seasonally varying nutrient and organic material concentrations supplied laterally 
from rivers and vertically from sub-surface levels through vertical mixing. In the 
interior basin, the surface mixed layer waters are poor in nutrients for most of the 
year except for occasional incursions from coastal regions, and by wet precipita-
tion. Below the seasonal thermocline and in the deeper part of the euphotic zone, 
nitrate concentrations increase due to their recycling as well as continuous supply 
from the nutricline. Nitrate accumulation in this light-shaded zone generally sup-
ports summer subsurface phytoplankton production (Oguz et al. 2000). In winter, 
nutrient stocks in the euphotic zone waters are renewed from the nutricline depths 
through upwelling, vertical diffusion and seasonal wind and buoyancy-induced 
entrainment processes, and depleted by biological utilization. About 90% of the 
sinking particles are remineralized inside the euphotic zone and the subsequent 
20–30 m part of the oxygenated, aphotic zone (the so-called “upper nitracline” 
zone) where nitrate concentrations increase up to ~8 μM at ~70–80 m in cyclonic 
regions, and are re-supplied back to the surface waters to refuel the biological 
pump. Only a small fraction of particulate matter sinks to the deeper anoxic part of 
the sea (Lebedeva and Vostokov, 1984; Karl and Knauer, 1991), which occupies 
the water column below ~100 m depth within the interior parts and ~200 m in the 
onshore, anticyclonically-dominated side of the Rim Current. This loss is compen-
sated by lateral nitrogen input mainly from the River Danube (Cociasu et al., 
1996), by wet deposition and nitrogen fixation. The nutrient fluxes of anthropo-
genic origin are transported across the shelf and around the basin through the Rim 
Current system, and supplied ultimately to the interior basin, and some of which is 
lost in the form of Bosphorus surface flow in winter months (Polat and Tugrul, 
1995). The river supply in the NWS gives rise to a high N/P ratio within the shallow 
water column, and further constitutes a major source of selectively nitrate-
enriched CIL in winter. The river influence markedly weakens toward the south 
along the coast and offshore for most of the year due to photosynthetic consump-
tion of dissolved inorganic nutrients. Nevertheless, below the seasonal thermo-
cline, the thicker CIL in coastal regions contains measurable concentrations of 
nitrate but very low (<0.02 μM) phosphate values, yielding abnormally high N/P 
ratios (Codispoti et al., 1991; Basturk et al., 1998a). 
 When nitrate profiles are plotted against density, the position of the peak con-
centration coincides approximately with the σt ~15.5 kg m-3 level (Fig. 33.6a) 
(Tugrul et al., 1992; Saydam et al., 1993; Basturk et al.,1994, Yilmaz et al., 1998a), 
although some degree of variability in its position between σt ~15.3 and 15.6 kg m-3 

isopycnal surfaces as well as in its maximum concentrations from 6 to 10 μM are 
observed in the data (Basturk et al., 1998a; Oguz et al., 2000). The nitrate structure 
is accompanied by occasional peaks of ammonium on the order of 0.5 μM near the 
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base of the euphotic zone due to inputs from excretion and aerobic organic matter 
decomposition following subsurface plankton production. Ammonium concentra-
tions are then subject to a linear trend of decrease towards trace concentrations at 
the anoxic interface (Basturk et al., 1998a). Within the oxygen deficient part of the 
water column below σt ~15.6 kg m-3, organic matter decomposition proceeds via 
denitrification. This results in formation of the “lower nitracline” zone with sharp 
decrease of nitrate concentrations at a thickness of about 30–40 m from their peaks 
to their trace values around 100 m depth or σt ~16.0 kg m-3 isopycnal surface (Fig. 
33.6a). Nitrate consumption due to oxidation of reduced manganese and ammo-
nium may also contribute to reduction of nitrate concentrations within the lower 
part of the suboxic zone (Murray et al., 1995). Importance of the Anammox type 
reactions (NO2

-+NH4

+
→N2) in the Black Sea was recently shown by Kuypers et al. 

(2003). In these processes, bacteria utilize nitrate and nitrite ions to oxidize organic 
matter, reduced manganese and ammonium. The nitrate is then reduced to nitro-
gen gas with nitrite as an intermediate product. A nitrite peak with concentrations 
up to 0.5 μM is usually observed at σt ~15.85±0.05 kg m-3 located approximately 10 
m (or, equivalently, σt ~0.1 kg m-3) above the position of the zone of nitrate deple-
tion (Fig. 33.6a). This coincides with the position of the phosphate minimum (Fig. 
33.6b) (Codispoti et al., 1991). The thickness of the nitrite peak therefore marks 
the denitrification zone. The deep sulphide-bearing waters in the Black Sea con-
tain no measurable nitrate, but constitute large pools of ammonium and dissolved 
organic nitrogen. Reduction in subsurface nitrate concentrations, however, does 
not appreciably limit primary production since the euphotic zone and extent of the 
winter mixed layer always lie above its maximum concentration zone. 

 

Figure 33.6   (a) Depth profile of density for the upper 150 m water column, (b) O2, HS-, NH4

+, NO3

-, 
NO2

-, S0 profiles, and (c) MnO2, Mn, PO4 profiles plotted versus density (sigma-t) at station 43oN, 34oE 
during RV Knorr survey of 13 June 1988 (from Oguz et al., 2001a). 
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 The vertical structure of phosphate concentrations resembles that of nitrate in 
the upper layer but is quite complicated in the suboxic/anoxic layers (Fig. 33.6b). 
Phosphate concentrations increase gradually within the deeper part of the eu-
photic layer and the upper nitracline zone up to a maximum value of 1.0–1.5 μM 
around σt ~15.6 kg m-3, and then decreases to minimum of about 0.05–0.1 μM in the 
suboxic zone around σt ~15.9±0.1 kg m-3 where nitrite locally displays a peak in the 
cyclonic basin (Codispoti et al., 1991; Tugrul et al., 1992; Murray et al., 1995). It 
then increases abruptly to peak values of 5.0–8.0 μM near σt ~16.2 kg m-3 coincind-
ing with the first apperance of sulfide in the water column. The formation of this 
peak has been explained by dissolution of phosphate-associated iron and manga-
nese oxides (Shaffer, 1986; Codispoti et al., 1991). Silicate possesses a relatively 
simpler vertical structure with a steady increase of concentrations below the eu-
photic layer up to about 70–75 μM at σt ~16.2 kg m-3 defining the anoxic boundary 
in the open sea, and then to about 150 μM at the depth of σt ~16.8 kg m-3 in the 
upper anoxic water. 
 A major contribution to total organic carbon (TOC) in the Black Sea comes 
from its dissolved form (DOC) (Sorokin, 2002; Tugrul, 1993). Both DOC and 
slowly sinking suspended particulate organic matter (SPOM) are especially abun-
dant within the NWS waters due to large, river-borne organic matter and nutrient 
input. Their concentrations in the surface layer of the western central basin is 160–
250 μM for DOC (Tugrul, 1993; Polat and Tugrul 1995), and from 60–80 μM to ~10 
μM for POC (Burlakova et al., 1997; Coban-Yildiz et al., 2000a,b). The riverine 
supply alone contributes around 130 μM of the total DOC content within surface 
waters, and the rest represents contribution from local biological production. The 
DOC concentration decreases steadily with depth to background values of 110–130 
μM within the oxic/anoxic interface and further below to the bottom 
(Tugrul,1993). Various references however have reported different DOC concen-
trations, such as from ~300 μM at the surface to ~265 μM at 100m and ~190 μM 
near the bottom (Sorokin, 2002), or from 100 μM at the surface to ~60 μM in the 
suboxic-anoxic interface zone (Karl and Knauer, 1991). SPOM concentrations also 
decrease towards lower levels of ~2–3 μM for particulate organic carbon (POC) in 
the suboxic zone. At the suboxic/anoxic transition zone, SPOM exhibits a small 
maximum (POC>10 μM) probably due to bacterially-mediated redox reactions 
(Coban-Yldz et al., 2000a,b, 2003). The peak is more distinguishable at the shelf-
break regions of the southwestern Black Sea possibly due to additional supply of 
chemical energy through lateral injection from the Bosphorus plume. During pro-
ductive periods, the C/N ratio of SPOM within the surface layer is similar to the 
Redfield ratio. The C/N ratio in the surface layer, however, increases during less 
productive periods (i.e. summer-autumn) due to selective decay of nitrogeneous 
compounds. The ratio then decreases to the Redfield value towards the 
suboxic/anoxic transition zone, in accordance with increasing SPOM concentra-
tions. Despite distinct seasonal and regional variations in SPOM and chlorophyll 
concentrations, the isotopic compositions of carbon (δ13C) and nitrogen (δ15N) in 
SPOM stay nearly vertically uniform within the euphotic zone (Calvert and Fon-
tugne, 1987; Fry et al., 1991; Kodina et al., 1996; Coban-Yildiz et al., 2003). At 
deeper levels, δ15N increases as δ13C decreases in the upper nitracline zone; δ15N 
values initially increase from 3–4.5% to around 7.2 to 9.1 ‰ at the depth of the 
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nitrate maximum then decrease to a minimum of 2.0 ‰ within the anoxic interface 
of the interior basin (Coban-Yildiz et al., 2003). 

4.2. Suboxic layer and suboxic-anoxic interface zone characteristics 

The euphotic layer oxygen concentration undergoes pronounced seasonal varia-
tions within a broad range of values from about 250 to 450 μM. The period from 
the beginning of January until mid-March exhibits vertically uniform mixed layer 
concentrations of ~300–350 μM, ventilating the upper ~50 m of the water column 
as a result of convective overturning. The rate of atmospheric oxygen input in the 
ventilation process is proportional to the excess of saturated oxygen concentration 
over the surface oxygen concentration. The maximum contribution of oxygen 
saturation is realized towards the end of February during the period of coolest 
mixed layer temperatures, coinciding with the maximum and deepest winter oxy-
gen concentrations during the year. After March, initiation of the warming season 
is accompanied by oxygen loss to the atmosphere, thus reducing oxygen concentra-
tions within the uppermost 10 m to 250 μM during the spring and summer months. 
A subsequent linear trend of increase across the seasonal thermocline links low 
near-surface oxygen concentrations to those of relatively higher sub-thermocline 
concentrations. Depending on the strength of summer phytoplankton productivity, 
the sub-thermocline concentrations exceed 350 μM in summer. Irrespective of the 
season, the oxygen concentration then decreases almost linearly within the upper 
nitracline zone to concentrations of about 100 μM at σt ~15.3 kg m-3 and about 10 
μM at σt ~15.6 kg m-3 due to intense oxygen consumption during the decomposition 
process of organic matter. Oxygen concentrations vanish completely near the 
anoxic interface located at σt ~16.2 kg m-3 (Fig. 33.6a). 
 The oxygen deficient (O2 < 10 μM), non-sulfidic layer having a thickness of 10-
to-40 m coinciding with the lower nitracline zone is more commonly referred to as 
the “Suboxic Layer (SOL)”. It has been identified for the first time by Murray et 
al. (1989, 1991). Earlier observations generally measured dissolved oxygen concen-
trations more than 10 μM inside the sulfidic layer (Sorokin, 1972; Faschuk, et al., 
1990; Rozanov et al., 1998). Grashoff (1975) was the first to point out that co-
existence of dissolved oxygen and H2S was probably an artifact of atmospheric 
contamination during sampling. More recent observations (Tugrul et al., 1992; 
Saydam et al., 1993; Buesseler et al., 1994; Eremeev, 1996; Basturk et al., 1994, 
1998a; Konovalov et al., 2003) have supported existence of the SOL along the 
density surfaces of σt~15.55±0.05 and 16.15±0.05 kg m-3. Anayzing the data avail-
able since the 1960s, Tugrul et al. (1992), Buesseler et al. (1994) and Konovalov 
and Murray (2001) showed that the suboxic zone was in fact present earlier than its 
first observation in 1988, but it was masked because of low sampling resolution and 
contamination of water samples with atmospheric oxygen. 
 Below the suboxic zone is the deep anoxic layer containing high concentrations 
of hydrogen sulphide and ammonium. The boundary between the suboxic and 
anoxic layers is the site of a series of complicated redox processes (Murray et al., 
1995; Rozanov, 1996). As dissolved oxygen and nitrate decrease towards zero 
concentrations at the suboxic-anoxic interface, dissolved manganese, ammonium 
and hydrogen sulfide begin to increase at the interface (Fig. 33.6a,b). Marked 
gradients of particulate manganese around this transition zone near σt ~16.0 kg m-3 
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(Fig. 33.6b) reflect the role of manganese cycling as proposed by Spencer and 
Brewer (1971), Brewer and Spencer (1974), Kempe et al. (1991), Tebo (1991), 
Tebo et al. (1991), Lewis and Landing (1991), and Oguz et al. (2001a). The deep 
ammonium, sulfide and manganese pools have accumulated as a result of organic 
matter decomposition within the last 5000 years, after the Black Sea was converted 
into a two-layer stratified system. The ammonium concentrations, increasing 
sharply below σt ~16.0 kg m-3, reach at values of 10 μM at 150 m (σt ~16.5 kg m-3) 
and 20 μM at 200 m (σt ~16.8 kg m-3). The gradient of ammonium profiles in the 
vicinity of the suboxic-anoxic interface implies that no ammonium is supplied to 
the photic zone from the anoxic region. 
 As pointed out above, major characteristic features of the Black Sea vertical 
biogeochemical structure are customarily expressed in terms of density used as the 
vertical coordinate. The assumption of isopycnal uniformity and independence of 
biogeochemical properties from the circulation features was first suggested by 
Vinogradov and Nalbandov (1990). It was then supported by Tugrul et al. (1992) 
and Saydam et al. (1993) when the oxygen, sulfide, and nutrient profiles from the 
1988 Knorr and 1991 Bilim surveys were plotted all together against density. Be-
cause most of the data taken in these surveys covered the interior basin character-
ized by a similar type of cyclonic circulation system, this assertion was found to be 
reasonably valid. More recently, re-analysis of historical data together with model 
simulations (Oguz, 2002) noted some differences in different parts of the sea. This 
implies sensitivity of the vertical biogeochemical structure to local circulation 
characteristics and subsequently to the direction and intensity of vertical diffusive 
and advective fluxes within the water column. The vertical variations therefore can 
not be expressed in terms of density without taking into account physical charac-
tristics of the water column. For example, as shown in Fig. 33.7, the upper bound-
ary of the SOL in the eastern Black Sea defined by the position of 10 μM oxygen 
concentration markedly varies from σt ~15.55±0.1 kg m-3 in the cyclonic gyre (cen-
tered at 42.3oN, 38.5oE) to σt ~15.9±0.1 kg m-3 in the adjacent anticyclone (centered 
at 41.8oN, 40.2oE) during September 1991 (Oguz et al., 1994). The anticyclonic 
nature of the latter region implies a more pronounced downward oxygen transport 
resulting in a narrower SOL. 
 The anaerobic sulfide oxidation and nitrogen transformations coupled to the 
manganese and iron cycles have been considered one of the mechanisms to main-
tain stability of the interface structure between the suboxic and anoxic layers 
(Murray et al., 1995; 1999). The upward fluxes of sulfide and ammonium are oxi-
dized by Mn(III, IV) and Fe(III) species, which are generated by Mn(II) and 
Fe(II) oxidation by reactions with nitrate. The upward flux of ammonium is also 
consumed by NO3

-/NO2

- via anammox reaction (Murray et al., 1995; Kuypers et al., 
2003). These oxidation-reduction reactions are microbially catalyzed, but dissolved 
chemical reduction may also play a role in Mn(IV) reduction with sulfide. Model-
ing studies (Oguz et al., 2001a) demonstrate that this mechanism alone could pro-
vide the observed redox structure. Anaerobic photosynthesis is considered an 
additional mechanism contributing to the SOL formation. The reduced chemical 
species (HS-, Mn2+, Fe2+) are oxidized by anaerobic phototrophic bacteria in asso-
ciation with phototrophic reduction of CO2 to form organic matter. This mecha-
nism was supported by the discovery of large quantities of bacteriochlorophyll 
pigments near the suboxic-anoxic boundary (Repeta et al., 1989; Repeta and Simp-



1346 PYHSICAL AND BIOGEOCHEMICAL CHARACTERISTICS OF THE BLACK SEA 

son, 1991; Jorgensen et al., 1991; Jannasch et al., 1991). A particular bacterium is 
capable of growth using reduced S (H2S or S0) at very low light levels (<<0.1% of 
the incident radiation at the surface). The third mechanism is oxidation of H2S by 
oxygen and particulate manganese injected horizontally into the anoxic layer 
(Murray et al., 1989; Tebo et al., 1991; Basturk et al., 1998a). Konovalov and 
Murray (2001) show that more than 50% of the upward flux sulfide could be con-
sumed by this pathway. 

 

Figure 33.7   Horizontal distributions of σt (kg m-3) at the depth of 10 μM oxygen concentration ob-
tained from measurements of RV Bilim 1991 survey in the southeastern part of the Black Sea. Station 
locations are shown by dots. (redrawn from Oguz, 2002). 

 It is difficult to quantify the anoxygenic photosynthesis as a mechanism of bas-
inwide relevance. Its contribution must be limited to cyclonic regions where the 
anoxic interface zone is shallow enough to be able to receive sufficient light to 
maintain bacterial photosynthetic activity. Presence of a persistent suboxic zone 
structure with its lower boundary located at depths of around 160–180 m within the 
quasi-permanent anticyclonic gyre of the eastern basin (Basturk, et al., 1998a) 
therefore suggests that anaerobic sulfide oxidation should control first-order dy-
namics of the redox structure in the Black Sea. Anaerobic photosynthesis is ex-
pected to have an additional contribution to the dissolved oxygen-hydrogen sulfide 
separation, and thus to formation of somewhat thicker SOL at shallower depths 
within cyclonic areas of the basin. 
 Because the sulfide layer is located only about 100 m below the surface in most 
parts of the Black Sea, the possible vertical extent of horizontal ventilation of the 
upper layer water column is a critically important issue. One possible ventilation 
mechanism is local convective overturning following intense winter atmospheric 
cooling episodes. There is, however, no data to support the ventilation of suboxic 
and anoxic layers through atmospheric oxygen supply. According to model simula-
tions (Oguz et al., 2000; Oguz, 2002), episodic strong cooling events under realistic 
ranges of heat fluxes could only increase the density of the mixed layer up to σt 
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~15.0 kg m-3 which corresponds to deepening of the mixed layer to about 75 m 
within the cyclonic regions. Thus, it seems that the strong stability of the water 
column hardly allows any seasonal variation of oxygen below the oxycline due to 
atmospheric ventilation. Oxygen supplied by the Mediterranean waters of Bospho-
rus origin also contributes locally to sulfide oxidation (Konovalov and Murray, 
2001; Neretin et al., 2001). The effects of ventilation by the Bosphorus plume can 
be dramatically seen in the vertical profiles of T, S, O2 and H2S in the southwestern 
region of the Black Sea (Konovalov et al., 2003). Basturk et al., (1998b) provided 
an example of the cross-shelf ventilation of the interior basin along the periphery 
of the Black Sea, induced by onshore-offshore exchanges of water masses due to 
meanders and complex eddy activities of the Rim Current system. Quasi-lateral 
injection of oxygen rich shelf waters offshore into a fine particle layer (Kempe et 
al., 1991; Rozanov et al., 1998) situated between isopycnal surfaces of σt ~15.9 kg 
m-3 and σt ~16.4 kg m-3 was identified by dissolved oxygen concentrations of about 
20 μM within this layer. 

4.3. Biogeochemical exchanges with atmosphere 

Biologically produced gases in the surface ocean have a major impact on the global 
atmospheric cycling of elements such as sulfur, nitrogen and carbon, and can play 
an important role in the global climate system. Dimethyl sulfide (DMS) is the 
principal and most abundant biogenic organic sulfur compound entering the at-
mosphere, where it undergoes photo-oxidation and transformation to methanesul-
fonate (MSA) and SO4 aerosol. In addition to anthropogenic and volcanic sources, 
it provides a biogenic contribution to non-sea-salt sulfate (nss-sulfate) in marine 
aerosols. The importance of nss-sulfate comes from its effect on the Earth’s radia-
tion budget by backscattering solar radiation to space (Charlson et al., 1991) and 
by controlling the formation of cloud condensation nuclei (Charlson et al., 1987). It 
has been suggested that its contribution to atmospheric cooling nearly compen-
sates the estimated warming due to increased carbon dioxide and other green-
house gases. The global oceanic contribution is about 40 % of the total sulfur 
burden of the atmosphere, comparable to manmade contributions (Simo, 2001). 
Recent studies have indicated the potential role of the Black Sea in the production 
of DMS (Cokacar et al., 2001; 2004), its transfer into the atmosphere, and subse-
quently aerosol transport processes over the region (Kubilay et al., 2002). Aerosol 
MSA and nss-sulfate concentrations measured in samples collected during January 
1996-December 1999 at two coastal stations along the Mediterranean coast of 
Turkey near Erdemli and at the island Crete near Finokalia were found to be 
associated with (i) the presence of high level and almost continuous phytoplankton 
production over the entire Black Sea by means of DMS producing species (such as 
coccolithophorids, flagellates, etc) in response to intense eutrophication that de-
veloped within the last two decades, and (ii) the presence of a persistent northerly 
low level boundary layer atmospheric transport prevailing over the region. 
 Kubilay et al. (2002) observed a clear signature of seasonal variations of bio-
genically-derived nss-sulfate concentrations in the Eastern Mediterranean atmos-
phere from low winter to high summer values. Their summer concentrations 
measured at Erdemli were among the highest reported in the world. The period of 
their high summer concentrations correlated very well with basinwide blooming of 
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coccolithophorids E. Huxleyi in the Black Sea during June and July every year, as 
suggested by the SeaWIFS mean normalized water-leaving radiance data (Cokacar 
et al., 2004). Low-level meridional atmospheric transport carried nss-sulfate aero-
sols over Anatolia into the marine atmosphere of the Eastern Mediterranean Sea 
roughly from the end of May to the end of September. The lateral aerosol supply 
from the Black Sea was found to terminate after September as the direction of low 
level air motions was shifted preferentially to northwesterlies during the autumn 
and winter months. 
 There is growing evidence that aeolian transported materials, particularly en-
riched in elements of ecological concern, such as iron, nitrogen, phosphorus, trig-
ger phytoplankton production in the oceans (Duce et al., 1991). The Black Sea is 
under the particular influence of long-range aeolian transport from the Sahara, 
Middle East, Eastern Europe and Russian mainland in the northeast. A number of 
case studies confirmed transport from North Africa towards the Black Sea, par-
ticularly during spring and autumn months (Kubilay et al., 2000). On the basis of 
measurements performed during July 1992, dust deposition provided a total nitro-
gen supply of 44 kt yr-1, which roughly corresponded to 13% of the total inorganic 
nitrogen input by the Danube outflow (Kubilay et al., 1995), and thus aerosol 
transport is important intermittently if not on the annual time scale. 

5. Paleoceanographic characteristics 

During the last glacial maximum before 12,000 BP, the Black Sea, the Sea of Mar-
mara and Aegean Sea were about 120 m below their present levels, and were 
therefore decoupled from each other by shallow sills of the Bosphorus and Darda-
nelles. Freshwater conditions used to prevail both the Black Sea and Marmara Sea 
whereas the Aegean Sea reflected marine conditions. With the rise of sea level 
after the end of glaciation, the global sea level reached the 80 m sill depth of the 
Dardanelles around 12, 000 BP, and salty Mediterranean water started filling the 
Sea of Marmara, leading to the formation of a sapropel between 10,600 and 6400 
BP (Cagatay et al., 2000). The date upon which saline Mediterranean water first 
entered the Black Sea during the Holocene is more uncertain and indeed a con-
traversial issue. The traditional view (Ross and Degens, 1974; Stanley and Blan-
pied, 1999), later elaborated by Aksu et al. (1999, 2002), suggested that the Black 
Sea during the period from 12,000 to 9,500 BP still remained as a freshwater lake, 
receiving a large freshwater inflow from the receding European ice sheet through 
the rivers around the periphery of the basin. These factors resulted in a substantial 
rise of the Black Sea level from its pre-flooding depth of -120m; by ~11,000–10,000 
BP, the Black Sea has risen to the Bosphorus sill depth of -40m and subsequently 
began to spill large volume of waters first into the Marmara Sea across the Bos-
phorus, and later into the Aegeran Sea across the Dardanelles Strait. Evidence for 
this view includes the presence of a sapropel in the Sea of Marmara (Cagatay et al., 
2000), studies of shelf sediments in the Black Sea (Gorur et al., 2001), westerly-
oriented bedforms in the Sea of Marmara (Aksu et al., 1999), and the analysis of 
planktonic and benthic foraminifera (Yanko et al., 1999; Kaminski et al., 2002). 
Following incursions of saline Mediterranean water into the Marmara Sea after the 
rise of the Aegean Sea level above the Dardanelles sill depth during the period 
from 12,000 to 9,500 BP, the rising sea level enabled Mediterranean inflow into the 
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Black Sea across the Bosphorus Strait starting by 9000 BP. The saline wedge had 
possibly penetrated well into the strait 500–1000 yr later, and led to a gradual sali-
nation of the Black Sea, and development of a two-layer stratification and forma-
tion of anoxic conditions by perhaps 8000 BP. 
 On the basis of sedimentary data from the northwestern and northern shelves of 
the Black Sea, Ryan et al. (1997) offered an alternative and contrasting view for 
the timing and development of marine connection between the Black Sea and the 
Sea of Marmara following the last deglaciation. According to this so-called “flood 
hypothesis” the Mediterranean-Black Sea post-glacial connection occured as a 
result of refilling of the Mediterranean basin and then flooding catastrophically 
into the Black Sea in less than 2 years at a flow rate of more than 50 km3 day-1 
during 7150±100 yr BP. This hypothesis has largely been based on the rapid first 
appearance of euryhaline (Mediterranean) mollusks on the Black Sea shelves at 
~7,500 BP. They further speculated that this flooding event was actually the reason 
for the migration of early Neolithic peoples from the region as mentioned in the 
biblical story of Noah’s flood (Ryan and Pitman, 1999). Ballard et al. (2000) identi-
fied the location of ancient beach at 155 m water depth below the present day sea 
surface in the south-central Black Sea, and infered the marine flooding of the 
Black Sea between 7.46 and 6.82 ka by means of radiocarbon dating of mollusk 
shells. Ryan et al. (2003) later refined the hypothesis by considering large amounts 
of additional data. Aksu et al. (2002) believe that the euryhaline colonization of 
mollusks was not a consequence of catastrophic flooding but rather the outcome of 
a slow establishment of two-way flow in the Bosphorus and a time lag during 
which the fresher waters of the deep Black Sea were replaced by more saline in-
flow, eventually allowing marine organisms to colonize the Black Sea shelves. 
They suggested that mollusks arrived at the region about 7500 years ago when the 
level of salty Mediterranean water rose to the 100 m depths where mollusks thrive. 
 The Black Sea sediments deposited during the last 30,000 yr consist of three 
different environmental conditions of the Late-Quaternary history of the basin 
(Cagatay, 1999). At the bottom, Unit 3 deposition during ~30,000–7,000 BP is a 
laminated clay with a low (~15%) carbonate content, and signifies the fresh water 
environmental conditions prior to inflow of the Mediterranean water through the 
Bosphorus. It also includes dark laminae that are formed by high concentrations of 
unstable iron monosulfides. Unit 2 is ~ 40 cm thick sapropel deposition consisting 
of mainly gelatinous organic matter with some coccolith remains, clays, inorgani-
cally precipitated aragonite, iron monosulfides and pyrite. Sapropels are occasion-
ally interrupted by turbidite layers of terrigenous origin. Sapropel unit was 
deposited during a period of high plankton productivity after the flooding of the 
lacustrine Black Sea basin by the Mediterranean waters via the Bosphorus Strait at 
around 7000 BP and terminated around 2000–1600 BP. Prior to termination of 
Unit 2 deposition, there is a period of time with intermittent coccolith invasions 
whose characteristics reveal some regional variability within the basin. Unit 1 is 
~30 cm thick coccolith mud, consisting of alternations of light- and dark-colored 
microlaminae. The light-colored laminae are composed mainly by calcareous coc-
colith remains deposited within the last 2000 yr after the invasion of the Black Sea 
coccolithophore Emiliania huxleyi. The dark laminae consist of clays and organic 
matter. The clay minerals include predominantly chlorite, smectite and illite with 
high chlorite/illite and smectite/illite ratios Three peak periods of coccolith deposi-
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tion implied by maximum carbonate concentrations occurred around 450, 1050, 
and 1500 BP. They match closely with the transitions from high to low sea level 
changes that took place in the history of the Black Sea. 

6. Changes in the ecosystem characteristics since the 1970s 

The last three decades of the Black Sea have been characterized by profound 
changes in its pelagic ecosystem. These changes were first noted in the biomass, 
taxonomic structure and succession of the phytoplankton community, particularly 
in the northwestern shelf. The natural phytoplankton annual cycle with spring and 
autumn maxima in biomass has been replaced by a pattern characteristic of eutro-
phied waters identified by several exceptional maxima- the summer one being the 
most pronounced. In addition to an increase in the frequency of blooms and the 
number of blooming species, individual blooms have become more monospecific. 
Diatoms, which were the most abundant group of the annual phytoplankton com-
munity structure prior to the 1970s, were replaced by more predominant blooms of 
dinoflagellates and coccolithophores (Moncheva and Krastev, 1997; Mikaelyan, 
1997; Uysal et al., 1998). This phenomenon may have been caused by changes in 
the silicon to nitrogen ratio due to eutrophication as well as a reduction in the 
dissolved silicate load of the River Danube (Moncheva and Krastev, 1997) as a 
result of dam construction in the early 1970s (Humborg et al., 1997) and/or in-
creased eutrophication within the Danube itself (Garnier et al., 2002). Average 
phytoplankton biomass in the northwestern shelf area increased from 1 g m-2 in the 
1960s to 19 g m-2 in the 1970s and 30 g m-2 in the 1980s (Zaitsev and Mamaev, 
1997). A similar trend with lower intensity was also reported for other parts of the 
basin (cf. Fig. 33.8a, and Mikaelyan, 1997; Kovalev et al. 1998). The transparency 
(as revealed from Secchi Disk measurements shown in Fig. 33.8b) of even open 
waters was decreased during the 1970s and 1980s. At first the ecosystem responded 
favorably to increased primary production by producing higher mesozooplankton 
and fish stocks during the second half of the 1970s and early 1980s (cf. Fig. 33.8c,e, 
and Porumb, 1989). By the mid-1980s, a five-fold decrease in total mesozooplank-
ton biomass was observed due to their consumption by opportunistic species such 
as Noctiluca scintillans, Aurelia aurita, Pleurobrachia rhodopis and Mnemiopsis 
leidyi. The total abundance of these new organisms reached 99% of the total zoo-
plankton wet weight (Shushkina et al., 1998; Kovalev et al, 1998; Shiganova, 1998; 
Kideys and Romanova, 2001). As quantified by the Flow Network Analysis (Gucu, 
2002), overfishing that took place during the early phase of the eutrophication (i.e. 
early 1980s) may have triggered destabilization of the ecosystem and the popula-
tion explosion of gelatinous species. 
 Increase in the population of gelatinous carnivores apparently led to increases 
in particulate and dissolved organic matter content in the upper layer water col-
umn. This resulted in enhanced bacterial production and more active organic mat-
ter decomposition (Lancelot et al., 2002a), which then resulted in increased oxygen 
deficiency within the upper nitracline-oxycline zone of the water column and more 
denitrification and associated nitrate consumption within the suboxic zone. Two 
implications of such modifications in the biogeochemical structure were broaden-
ing of the suboxic zone from its position at σt~15.9 kg m-3 in the 1960s to σt~15.6 kg 
m-3 during the 1980s, and a change in the gradient of the subsurface nitrate struc-
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ture as well as upward shifting of the nitrate peak by about 10 m (Konovalov and 
Murray, 2001). An increase in the value of the nitrate maximum from about 2.0 
mmol m-3 to more than 6.0 mmol m-3 during 20 years of nitrate accumulation in the 
water column was roughly equivalent to the contribution from anthropogenic 
nutrient load after the 1960s. The greater contribution of POM export flux to the 
anoxic zone led to an increase in the rate of sulfate reduction by about 15%, and 
thus increased sulfide concentrations within the anoxic zone (Konovalov and 
Murray, 2001; Konovalov et al., 2001; Neretin et al., 2001). 

 

Figure 33.8   Long-term variability of (a) chlorophyll concentration (mg m-3), (b) secchi disk depth (m), 
(c) non-gelatinous mesozooplankton biomass (g m-2), (d) Mnemiopsis biomass (g m-2), (e) Turkish 
anchovy landings (ktons) (from Kideys 2002). Surface chlorophyll-a—mean values (of about 1000 
samples) during May-September; Secchi disk depth (to show water transparency)—annual mean (of a 
total 1042 measurements during February-December period) for the central Black Sea; non-gelatinous 
zooplankton biomass—mean values of March, May, June, July and August (collected from several 
stations from the open waters at approx. biweekly intervals); Mnemiopsis biomass data—average of 
summer values (except the value of 1990 belonging to April) from around a total of 700 stations;. since 
the 1980s, Turkish catches comprise the bulk of anchovy. 
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 The interannual and seasonal biomass variations of phytoplankton and zoo-
plankton communities over the last 30 years may be classified mainly into four 
distinct phases depending on the major top predators controlling the lower trophic 
food web structure. The period from the mid-1970’s to 1987 was dominated by the 
top predator jellyfish Aurelia aurita. Available data show that the impact of this 
species was considerable on the mesozooplankton. For example, very low meso-
zooplankton biomass was observed during the peak levels of this species in 1978 
(Fig. 33.8c) (calculated to be around 400 million tons for the entire sea; Kideys and 
Romanova 2001). The phytoplankton community exhibited a major bloom during 
the late winter-early spring season (Fig. 33.9), following the period of active nutri-
ent accumulation in the surface waters at the end of the winter mixing season and 
as soon as the water column receives sufficient solar radiation. The phytoplankton 
bloom was first followed by a mesozooplankton bloom of comparable intensity, 
which reduced the phytoplankton stock to a relatively low level and then by an 
Aurelia bloom that similarly grazed down the mesozooplankton. The phytoplank-
ton recovered and produced a weaker late spring bloom, which triggered a steady 
increase in Noctiluca biomass during the mid-summer. As the Aurelia population 
decreased in August, first the mesozooplankton and then the phytoplankton and 
Aurelia gave rise to successive blooms during September-October. These blooms 
were followed by a secondary Noctiluca bloom in November. Aurelia biomass 
exhibited two seasonal peaks of about 2–3 gC m-2 during May and October, and 
attained minimum levels during the summer and winter seasons. The summer 
reduction in the Aurelia biomass seemed to be related to food competition as both 
Aurelia and small pelagic fishes (such as anchovy and horse mackerel) feed on the 
same trophic levels, and the abundance of small pelagic fishes was maximal during 
the summer period (Gucu, 2002). Bacteria and microzooplankton biomass stayed 
at much lower levels than the other groups, and did not show any appreciable 
variation throughout the year. 
 The years 1989–1991 constituted the second phase in which Aurelia blooms 
were almost totally replaced by those of Mnemiopsis (Fig. 33.8d). Following its 
accidental introduction into the Black Sea in ballast waters of tankers during the 
early 1980s, Mnemiopsis community quickly dominated the entire ecosystem, 
because it had no predators in the Black Sea. The sudden increase in the Mne-
miopsis population caused further reduction in the biomass of the mesozooplank-
ton community (Fig. 33.8c) as well as fish eggs and larvae during the late 1980s 
(Shushkina et al., 1998). This effect, together with overfishing, ultimately caused a 
collapse of commercial fish stocks (anchovy, sprat and horse-mackerel) during the 
early 1990s (Fig. 33.8e, and Rass, 1992). Aurelia biomass decreased below 1 gC m-2 
throughout the year during this period. Mnemiopsis biomass, in contrast, which 
was never at measurable quantities before, reached about 1.0 gC m-2 in August 
1988. During 1989, the Mnemiopsis maximum was about 2.0 gC m-2 in February-
March, and was followed by a decreasing trend in June-July, and later by a second 
peak of about 3.0 gC m-2 during August-September. The next set of measurements, 
performed during late winter-early spring 1990, also recorded a strong Mnemiopsis 
peak on the order of 3.0 gC m-2, whereas the Aurelia biomass remained only 
around 0.5 gC m-2. Mnemiopsis biomass again decreased in the late spring-summer 
period. 
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Figure 33.9   Annual distributions of total phytoplankton, mesozooplankton, Noctiluca and Aurelia 
biomass representing the conditions of pre-Mnemiopsis phase of the Black Sea ecosystem. The data for 
phytoplankton and mesozooplankton biomass are taken from measurements carried out at 2–4 weeks 
intervals during January-December 1978 at a station, off Gelendzhik along the Caucasian coast. The 
Noctiluca and Aurelia biomass data are taken from measurements on the Romanian shelf and the 
interior basin, respectively, during the late 1970s and early 1980s (from Oguz et al., 2001b). 

 Because the outbreak of the Mnemiopsis population has been limited to a rela-
tively short period of time, its impact on all trophic levels could not be observed 
systematically. Measurements carried out within the interior Black Sea during 
February-April 1991 (Shushkina et al., 1998) indicated some shifts in timing of the 
phytoplankton and mesozooplankton blooms. Phytoplankton biomass showed an 
increasing trend starting in early January and reaching a value of ~6 gC m-2 toward 
the end of February. The data further indicated enhanced mesozooplankton stocks 
during March following the phytoplankton bloom. The surface chlorophyll-a data 
set formed by combining the Turkish, Russian, Ukrainian, Bulgarian and Roma-
nian measurements for the period of 1990–1995 (Yilmaz et al., 1998b; Yunev et al., 
2002) also exhibited peaks in winter (January-February), as well as in the spring-
early summer period (May-June). Moreover, the composite data formed by meas-
urements within the interior basin during the last decade suggested an order of 
magnitude decrease in Noctiluca biomass from the 1980s to the early 1990s 
(Kovalev and Piontkovski, 1998). Measurements from Sevastopol Bay during 1989 
and 1990 revealed approximately a two-month shift in the Noctiluca biomass peaks 
from July to May and from November to September (Oguz et al., 2001b). 
 The period after 1991 represented a third stage in the ecosystem transformation 
in which Mnemiopsis stocks stabilized around 30% of their bloom level and be-
came comparable with Aurelia stocks (around ~1.0 gC m-2). The main factor for 
reduction in the Mnemiopsis biomass during the 1992–1993 period, (Fig. 33.8d) 
was the intense winter cooling and reduction of the sea surface temperatures down 
to 5oC, which were unfavorable for survival of Mnemiopsis. After 1993, the gelati-
nous macrozooplankton community no longer reached a level critically competing 
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for food with pelagic fish groups (Kideys and Romanova, 2001). The 1993–1995 
period of the ecosystem was therefore characterized by some positive sign of re-
covery such as an increase in fish stocks (Fig. 33.8e) and re-appearance of some 
zooplankton species (e.g. Oithona nana, Sagitta setosa). 
 The climate-induced warming during the second half of the 1990s (Fig. 33.3) 
caused loss or weakening of the early spring phytoplankton bloom as a result of 
weaker turbulent mixing and upwelling, stronger stratification and subsequently 
reduced upward supply of nutrients from subsurface levels. After 1995, the cli-
mate-induced bottom-up type nutrient limitation affected the entire food web. The 
new annual phytoplankton structure suggested by SeaWIFS chlorophyll data (Fig. 
33.10) showed a major decrease of biomass during the late winter-early spring 
period without any major bloom signature (Oguz et al., 2003). Many higher trophic 
level species were characterized by reduced stocks (Fig. 33.8e). 
 Another peculiar feature of the ecosystem after 1995 was development of a 
strong early summer coccolithophore bloom over the entire basin from early-May 
until mid-July, contrast to their more limited abundance during the early 1980s. A 
comparision between the SeaWiFS and the historical coastal zone color scanner 
data (Cokacar et al., 2001, 2003), as well as some long-term continuous localized 
measurements (Moncheva and Krastev, 1997) indicates an increase in both cover-
age and abundance of coccolithophorids during the 1990s. The increasing contribu-
tion of coccolithophores to the early summer phytoplankton community structure 
during the last decade is consistent with the dramatic shifts in taxonomic composi-
tion from diatoms to coccolithhophores and flagellates, as a part of transforma-
tions that took place in the Black Sea biogeochemistry and ecosystem structure 
under changing anthropogenic and climate forcing during the 1980s and 1990s, 
respectively. The climate-induced changes in the physical and biogeochemical 
structure of the water column (e.g. enhanced stratification and light absorption 
characteristics, shallower mixed layer, decreased inorganic nutrient availability) 
should also support wider coverage of coccolithophore blooms in the Black Sea. 
Finally, the period after 1998 represents a new era in which the Mediterranean 
species Beroe ovata settled in the Black Sea and started consuming Mnemiopsis, 
especially in coastal and shelf waters (Vinogradov et al., 2000; Finenko et al., 2001: 
Shiganova et al., 2001; Kideys, 2002). Accordingly, Mnemiopsis biomass started 
decreasing (Fig. 33.8d) at the expense of increasing mesozooplankton biomass 
(Fig. 33.8c) due to their reduced top-down grazing pressure on the mesozooplank-
ton community. The top-down induced improvement in the food web may be the 
major cause of an increase in the pelagic fish stocks as seen in the Turkish anchovy 
landing data towards the end of the 1990s (Fig. 33.8e). 
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Figure 33.10   Basin-averaged, monthly-mean surface chlorophyll concentration distributions (in mg m-

3) before and after 1995. After 1995 distribution is obtained by averaging the OCTS and SeaWiFS ocean 
color data during 1997–2002 period for regions deeper than 200 m and are shown by dots. The pre-1995 
data is composed from different sets of measurements carried out in deep parts of the sea and are 
shown by squares (from Oguz et al., 2003). 

7. Interdisciplinary modeling studies 

7.1. Circulation models 

A series of three dimensional primitive equation-based circulation models has 
been used to study characteristcs of the Black Sea circulation system. While earlier 
models had somewhat coarser horizontal and vertical resolutions, and therefore 
were not able to properly resolve strong horizontal and vertical density gradients 
as well as the narrow and steep continental slope around the periphery of the basin 
(e.g. Stanev, 1990), more recent models acquired eddy-resolving character by 
introducing more than 20 levels in the vertical and a typical grid size less than 10 
km in the horizontal with respect to the baroclinic radius of deformation of greater 
than 20 km (e.g. Oguz et al., 1995; Besiktepe et al., 2001; Staneva et al., 2001; Beck-
ers et al., 2002). Implementation of five different types of models having compara-
ble complexities are particularly noted among others; the Modular Ocean Model 
(MOM) by Stanev (1990), Princeton Ocean Model (POM) by Oguz et al. (1995), 
GHER model by Stanev and Beckers (1999), Harvard Open Ocean Prediction 
Systems (HOPS) by Besiktepe et al. (2001), and DieCAST model by Staneva et al. 
(2001). MOM and HOPS have similar characteristics using z-grid on the vertical, 
rigid-lid, and empirical-based functional representation of the vertical eddy diffu-
sivity and viscosity, whereas POM and GHER have bottom-following σ-
coordinate, free surface, and parameterize vertical mixing by means of fairly so-
phisticated turbulence closure models. DieCAST also resembles MOM but has 
very low dissipation and fourth-order accuracy. All these models explored various 
dynamical features of the sea concerned with water-mass formation processes, 
mesoscale dynamics related to eddy generation- dissipation processes and eddy-
eddy, and eddy-mean flow interactions, relative contributions of different proc-
esses controlling the circulation system, coastal-open sea interactions and ex-
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changes, wave characteristics, tracer distributions, forecast-related data-driven 
simulations, etc. They indicated that the overall basin circulation is controlled 
primarily by the wind stress forcing during the year, and further modulated by the 
seasonal evolution of the surface thermohaline fluxes, and mesoscale features 
arising from the basin’s internal dynamics. Topography, together with the coastline 
configuration of the basin, is shown to exert important roles in controlling the 
pattern of the Rim Current system. The fresh water discharge from the Danube 
was also shown to generate a basin-wide buoyancy-driven circulation similar to 
those of the wind forcing. 
 Rossby waves were shown form spontaneously within the eastern basin and 
propagate to the west within the deep basin with a phase velocity of ~3 km day-1, 
and eventually dissipate within the western basin (Rachev and Stanev, 1997; Sta-
nev and Rachev, 1999). Different modes of Rossby waves were thus considered to 
contribute to the number of gyres forming the interior cyclonic cell. Moreover, 
they were shown to induce strong changes in the depth of the pycnocline, enhance 
the amplitude of the Rim Current and modulate exchange between cyclonic and 
anticyclonic eddies located on two different sides of the Rim Current frontal zone. 
These exchanges are further controlled on shorter time and spatial scales by 
mesoscale dynamics introduced by the baroclinic-barotropic (hence mixed) insta-
bility mechanism associated with strong vertical and horizontal shears associated 
with the Rim Current frontal structure. On the other hand, the models (Oguz et 
al., 1995; Stanev and Staneva, 2000; Besiktepe et al., 2001; Staneva et al., 2001; 
Beckers et al., 2002) provided clear examples of meander steepening, eddy de-
tachment and growth and splitting, and therefore further contributed to variability 
of the circulation. A further complexity was shown to be introduced by coastal-
trapped waves propagating cyclonically around the basin (coast to the right of the 
propagation direction) with phase speed of about 5–8 km day-1 (Staneva et al., 
2001). The data-driven simulations by Besiktepe et al. (2001) attempted to predict 
a season-long transformation of the circulation during summer-autumn 1992 fol-
lowing initialization of the model by a particular hydrographic data set optimally 
interpolated to the model grid, and subsequently forwarded in time under wind 
stress and fresh water inflow forcings. The model identified distinct dynamical 
processes responsible for generation and evolution of important mesoscale circula-
tion features in different parts of the basin. Some of the models (Oguz and Rizzoli, 
1996; Stanev et al., 1997; Staneva and Stanev, 2002) were designed to explore cold 
intermediate water mass formation process, with particular emphasis on the rela-
tive contributions of the shelf and cyclonic interior to the formation process, and 
depth of convection depending on the intensity and number of cooling events as 
well as their interannual variability. In some studies, the circulation models were 
extended to study tracer distributions when coupled with appropriate tracer mod-
els. Staneva et al. (1999) used the distribution of the artificial radionuclide, 137Cs, to 
investigate mixing and ventilation characteristics of the Black Sea surface and 
intermediate waters. The simulations suggested isopycnal sinking and spreading as 
the main mechanism of the tracer distribution. Diapycnal mixing had only secon-
dary contribution in some particular regions during the time of CIW formation. 
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7.2. Food web models 

Because fishery plays such an important role in the region’s economy and because 
the biological community has been so heavily impacted over the past decades, 
much attention has been given to constructing food web models of the Black Sea 
ecosystem. The simplest approach for modeling the structure and functioning of 
the plankton community was to employ zero-dimensional biological models repre-
senting the vertically-averaged conditions within a prescribed surface layer, and 
introducing physical processes diagnostically from the available data (Lebedeva 
and Shushkina, 1994; Eeckhout and Lancelot, 1997; Lancelot et al., 2002b). The 
second approach was to utilize depth-dependent models providing finer vertical 
representation and physical-biogeochemical coupling through simulation of tem-
perature and vertical diffusivity in the water column by means of a physical model 
(Oguz et al., 1996, 1999, 2000, 2001b; Gregoire et al., 1998, Gregoire and Lacroix, 
2001). Models having an intermediate complexity in terms of their vertical resolu-
tion constituted the third approach (Oguz and Salihoglu, 2000; Oguz et al., 2001c). 
They involved multi-layer representation of the vertical structure, an entrainment 
parameterization, and coupling with a layered circulation model. They therefore 
provided a computationally more efficient tool particularly in three-dimensional 
applications. Majority of these models were applied for one-dimensional simula-
tions (i.e. no horizontal dependence), except a few basin-wide, three-dimensional 
implementations (Gregoire et al., 1998; Gregoire and Lacroix, 2001; Oguz and 
Salihoglu, 2000). 
 Lebedeva and Shushkina (1994) explored ecosystem characteristics before and 
after the introduction of Mnemiopsis for the central Black Sea conditions. Their 
model included single groups of phytoplankton, bacteria, protozoa (i.e. microzoo-
plankton), mesozooplankton, medusae and Mnemiopsis together with organic and 
inorganic forms of phosphate. The model was able to explain quantitatively how 
the shift in major gelatinous carnivore population from Aurelia aurita to Mne-
miopsis leidyi resulted in changes in two isolated phytoplankton blooms taking 
place in autumn and early spring periods of the pre-Mnemiopsis phase to an ex-
tended autumn-to-winter bloom ended by a stronger early spring bloom. Their 
simulation of higher winter phytoplankton biomass was related to less efficient 
mesozooplankton grazing pressure on phytoplankton, and was found to be consis-
tent with the observed winter bloom of 1991 within the interior part of the sea. 
 Eechout and Lancelot (1997) and Lancelot et al. (2002b) studied the role of 
nutrient enrichment on destabilization of the northwestern shelf ecosystem within 
the last three decades. Particular emphasis was given to establishing the link be-
tween changes in nutrients, phytoplankton composition and food web structures 
during the course of ecosystem evolution. Their ecosystem model configuration is 
the most sophisticated one used in the Black Sea, and incorporates carbon, nitro-
gen, phosphorus and silicon cycling of both planktonic and benthic systems. Phyto-
plankton were represented by three different groups (diatoms, flagellates, 
opportunistic species), microzooplankton, mesozooplankton, opportunistic herbi-
vore Noctiluca, and gelatinous carnivore species Aurelia, Mnemiopsis, as well as 
two different biodegradability classes of particulate and dissolved organic matter. 
The simulations suggest that phosphorus is the major limiting nutrient for the 
northwestern shelf instead of nitrate or silicate. In the case of a well-balanced 
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N:P:Si nutrient enrichment scenario, the planktonic food web was characterized by 
a linear, diatom-copepod type food chain. The gelatinous carnivores were en-
hanced through their feeding on copepods. In the case of unbalanced nutrient 
inputs, such as nitrogen or phosphate deficiency, the food chain was dominated by 
microbial processes. Under these conditions, significant reduction in gelatinous 
organisms was predicted as observed in the 1990s. The major implication of the 
latter simulations was to relate the observed positive sign of recovery in the ecosys-
tem to the reduction in anthropogenic nutrient supply, in particular phosphate. 
 According to the modeling studies by Oguz et al. (1996, 1998, 1999, 2001b), an 
early spring diatom bloom and a subsequent increase in mesozooplankton stocks 
are robust signatures of the annual plankton structure of the Black Sea ecosystem, 
and are seen in every data set irrespective of the type of top-down grazing control 
by top predators (e.g. Sorokin, 2002; Vedernikov and Demidov, 1997). The auto-
trophs and heterotrophs, however, have different responses during the rest of the 
year, depending on the nature of grazing pressure exerted by gelatinous predators. 
Oguz et al. (2001b) utilized a nitrogen-limited ecosystem model comprising two 
groups of phytoplankton (small and large fractions), microzooplankton, mesozoo-
plankton, bacterioplankton, Noctiluca, Aurelia, Mnemiopsis, dissolved and particu-
late organic nitrogen, ammonium and nitrate compartments. They performed 
simulations to explore characteristic features of the Aurelia- and Mnemiopsis-
dominated ecosystems similar to those studied by Lebedeva and Shushkina (1994). 
The Aurelia-dominated ecosystem model configuration was shown to quite realis-
tically simulate the annual cycles of phytoplankton, mesozooplankton, Noctiluca, 
Aurelia (Fig. 33.11) consistent with the observations (Fig. 33.9). The top-down 
control by Mnemiopsis was then shown to alter the autotroph and heterotroph 
annual biomass structures. The annual phytoplankton structure consisted of three 
successive and intense bloom events during winter, spring and summer. The winter 
bloom may be regarded as a modified version of the late winter event seen in the 
pre-Mnemiopsis era. The other two blooms may also be interpreted as the two-
month shifts in  the late spring-early summer and the autumn events of the pre-
Mnemiopsis case. The winter phytoplankton bloom was developed by a particular 
form of grazing pressure arising due to the specific annual Mnemiopsis biomass 
cycle. It caused an almost complete depletion of the microzooplankton, mesozoo-
plankton and Noctiluca stocks towards the end of the autumn season. The lack of 
grazing on the phytoplankton community then promoted earlier growth starting by 
the beginning of January. In the previous case of Aurelia dominance, on the other 
hand, the zooplankton community developed following the autumn bloom event 
prevented early initiation of phytoplankton growth in winter months. The other 
interesting feature was the shift of Noctiluca peaks to two months earlier with 
respect to the pre-Mnemiopsis period, as reported by the observations. 
 Gregoire et al. (1988) and Gregoire and Lacroix (2001) attempted to model the 
three-dimensional structure of the Black Sea ecosystem using a sophisticated 
physical-biological model using 15 km horizontal grid resolution and 25 vertical 
levels. In Gregoire et al. (1988), the physical model providing three dimensional 
fields of currents, temperature and vertical eddy diffusivity was coupled with 13 
compartment biological model representing the ecosystem by three functional 
groups of phytoplankton, two groups of herbivorous zooplankton, bacteria, am-
monium, nitrate, phosphate, silicate, particulate and dissolved organic nitrogen 



 T. OGUZ, S. TUGRUL, A. KIDEYS, V. EDIGER AND N. KUBILAY 1359 

and particulate silicate. In Gregoire and Lacroix (2001), the biological model was 
more simplified involving single groups of phytoplankton and zooplankton as well 
as a simplified nitrogen cycle, but oxygen dynamics were included. The results of 
the model simulations reproduced major horizontal and vertical structures of 
physical and biochemical properties such as the seasonal cycle of phytoplankton 
blooms within the interior basin and more extended blooms within the northwest-
ern shelf. A similarly simple nitrogen-based model formed by two groups of 
phytoplankton and zooplankton, detritus, ammonium and nitrate using a three 
layer representation of the upper layer water column was used to assess impact of 
eddy-dominated horizontal circulation on the spatial and temporal variations of 
plankton biomass (Oguz and Salihoglu, 2000). All these models suggested combi-
nation of wind-driven coastal upwelling, eddy-pumping, entrainment due to mixed 
layer deepening, and vertical diffusion controlling the nutrient supply to the eu-
photic zone, and generating phytoplankton blooms of both new and regenerated 
origin during October-December and March-May periods. Eddy-induced lateral 
transports and asymmetries at the mixed- and intermediate-layer depths, as well as 
on nutrient fluxes, support complex patterns of biomass distributions. 

 

Figure 33.11   Annual distributions of total phytoplankton, mesozooplankton, Noctiluca and Aurelia 
biomass representing the conditions of pre-Mnemiopsis phase of the Black Sea ecosystem simulated by 
the model described by Oguz et al. (2001b). 

7.3. Redox cycling models 

Because of the relatively broad and stable character of the suboxic-anoxic transi-
tion zone, the Black Sea is an ideal site to model redox processes. The nitrogen 
and sulfur cycles were first modeled by Yakushev and Neretin (1997) constraining 
sulfide oxidation by oxygen alone. Sulfur cycling involved abiogenic oxidation to 
thiosulfate followed by its bacterial oxidation to sulfate by thiobasili. Because this 
bacterium requires oxygen, sulfur oxidation depends on the availability of oxygen. 
The lowest oxygen concentration requirement for oxidation was set to 2 μM, and 
its maximum efficiency was assumed to take place at oxygen concentrations 
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greater than 9 μM. The Yakushev and Neretin model thus requires a continuous 
supply of oxygen to drive the sulfur cycle. This supply was provided by a down-
ward diffusive oxygen flux using a vertical eddy diffusivity of 1x10–5 m2 s-1, which 
appears to be an order of magnitude higher than those estimated from microstruc-
ture measurements and hydrographic data for such strongly stratified conditions 
(Gregg and Ozsoy, 1999). Their simulations therefore show overlapping dissolved 
oxygen and sulfide concentrations. In Yakushev (1998) and Debolskaya and Yaku-
shev (2002), this model was extended to incorporate simplified manganese cycling 
in which particulate manganese used for oxidizing hydrogen sulfide was produced 
by oxidation of dissolved manganese with oxygen as the data seem to indicate. A 
similar model based on the same concept of sulfide-oxygen interaction was given 
by Belyaev et al. (1997). This model was developed specifically for the northwest-
ern shelf ecosystem, and a case study of its implementation was described by Lyu-
bartseva and Lyubartsev (1998). 

 

Figure 33.12   (a) Observed, and (b) simulated profiles of dissolved oxygen, hydrogen sulphide, nitrate 
and ammonium within the Suboxic Layer and onset of the sulfide zone (from Oguz et al., 2002b). 

 Oguz et al. (2001a) proposed a model with a somewhat different set of redox 
reactions catalyzed by the manganese cycle. The model was based on the hypothe-
sis that the anaerobic sulfide oxidation and nitrogen transformations were the 
primary mechanisms controlling the interface structure between the suboxic and 
anoxic layers. Following Murray et al. (1995, 1999), it was proposed that the up-
ward fluxes of sulfide and ammonium are oxidized by Mn(III, IV) and Fe(III) 
species, whereas the downward flux of nitrate may be reduced by dissolved man-
ganese and ammonium. Mn(II) oxidation and Mn(IV) reduction are both microbi-
ally catalyzed (Tebo, 1991; Francis and Tebo, 1999), but dissolved abiotic, chemical 
reduction is also thought to play a role in Mn(IV) reduction by sulfide (e.g. Mil-
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lero, 1991). In Oguz et al. (2001a), only manganese cycling was included and the 
additional contribution of iron cycling was neglected for simplicity. The anammox 
reaction, whose importance in the Black Sea was recently shown by Kuypers et al. 
(2003), was also not included. Dissolved manganese oxidized by nitrate was found 
to be responsible for the production and cycling of particulate manganese, which in 
turn oxidized hydrogen sulfide and ammonium transported upwards from deeper 
levels. Even with such a highly simplified representation of the redox processes, 
the model provided a realistic suboxic-anoxic interface zone structure, and was 
able to give quantitative evidence for the presence of an oxygen depleted and non-
sulfidic suboxic zone (Fig. 33.12). This model pointed out the crucial role of the 
downward supply of nitrate from the overlying nitracline zone and for the upward 
transport of dissolved manganese from the anoxic pool below for maintenance of 
the suboxic layer. 
 The food web and the suboxic-anoxic interface redox cycle models provided by 
Oguz et al. (2001a,b) were then coupled with each other as well as a water column 
oxygen cycling model in order to provide a model capable of providing a unified 
description of the dynamically coupled oxic-suboxic-anoxic system (Oguz et al., 
2000). The combined model (Fig. 33.13) was comprised of a nitrogen-based pelagic 
plankton system coupled through particulate and dissolved organic matter fluxes 
to the water column nitrogen cycle model including transformations among am-
monium, nitrite and nitrate. This system was then coupled with a model of oxygen 
and redox dynamics describing oxygen variations within the euphotic zone, oxy-
cline and near the suboxic-anoxic interface zone. These processes were finally 
linked to manganese and sulfur transformations. The model further allowed on-
line coupling with the physical model providing vertical eddy diffusivity and tem-
perature data to the biological model. The physical model, which was documented 
by Oguz et al. (1996), was based on the Princeton Ocean Model in which wind- and 
buoyancy-induced vertical mixing were parameterized by a level 2.5 turbulence 
closure model. The simulations indicated that oxygen consumption during remin-
eralization and nitrification, together with the lack of ventilation of subsurface 
waters due to the presence of strong vertical stratification, are two main factors 
limiting aerobic biogeochemical activity to the upper 75 m of the water column, 
which approximately corresponds to the level of nitrate maximum. The position of 
the upper boundary and thus the thickness of the suboxic layer are controlled by 
upper layer biological processes. The quasi-permanent character of this layer and 
the stability of the suboxic-anoxic interface within the last several decades are 
maintained by a constant rate of nitrate supply from the nitrate maximum zone. 
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Figure 33.13   Schematic representation of the major processes and interactions between biogeochemi-
cal model compartments. Pl, Ps denote large and small phytoplankton groups, Hs is microzooplankton, 
Hl is mesozooplankton, Ca is jellyfish Aurelia aurita, Cm is ctenephore Mnemiopsis leidyi, Zn is opportun-
istic dinoflagellate Noctiluca scintillans, MnO2 is particulate manganese. Meaning of the other variables 
are as shown in the figure. The biogeochemical model is coupled to the physical model through vertical 
diffusivity and temperature (from Oguz et al., 2002b). 

8. Conclusions 

Implementation of various contemporary ocean research programs in the last 
decade have generated considerable progress toward understanding the Black 
Sea’s basic physical and biogeochemical processes. A series of basin-wide, quasi-
synoptic, multi-ship research cruises were accomplished, and complemented by 
analysis of satellite data and interdisciplinary modeling studies. Physical and bio-
geochemical data accumulated from these studies were able to resolve many fea-
tures of the Black Sea circulation and ecosystem structure. The description and 
understanding of basin scale dynamical features has reached maturity. Modelling 
and data assimilation tools have been developed, and implemented but they still 
require further calibration and validation exercises by availability of new data sets. 
These efforts also led to substantial improvement in our understanding of biogenic 
element cycling, pelagic and benthic ecosystems carbon and energy flows, various 
distinct biogeochemical processes taking place across the anoxic interface, as well 
as their coupling to the circulation, and horizontal/vertical transport mechanisms. 
Knowledge and modeling of the coastal and shelf areas are still scarce and await 
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implementation of a systematic observation and modeling program. More com-
prehensive future studies on the climate-driven ecosystem changes are expected to 
provide insights for sustainable use of marine living resources in the Black Sea, 
and effective management policies. More elaborate deterministic models will be 
particularly useful for the mechanistic understanding of the ecosystem as a whole, 
testing various hypotheses put forward for explaining observed features, assessing 
relative contributions of different mechanisms, predicting optimal near-real time 
estimates of large scale flow and biogeochemical fields and forecasting future state 
of the ecosystem. 
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1. Introduction 

The seas around the Arabian Peninsula as important repositories of marine biodi-
versity and non-living resources contribute significantly to the economic, social and 
cultural prosperity of the region (Gladstone et al., 1999; Sheppard et al., 1992). 
Their rich resources and services provide subsistence and commercial food sup-
plies to the local communities, domestic and international tourist destinations, 
important international shipping routes, as well as a rich cultural heritage. Popula-
tion growth rates in the bordering countries are high by global standards, and 
industrial and urban development are growing rapidly in many places. The north-
ern Red Sea, for example, boasting some of the most spectacular coral reefs in the 
world, is subjected to sweeping rates of tourism putting growing pressures on the 
marine environment (Saleh, 1995). The anthropogenic pressures are particularly 
damaging, as the extreme environmental régime of temperature and salinity al-
ready imposes natural stresses which are close to the physiological limits of the 
organisms (Gladstone et al., 1999; Sheppard et al., 1992). The restricted water 
exchange in the almost land-locked Red Sea and Arabian (or Persian) Gulf, render 
these marginal seas particularly vulnerable. 
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 The unique features of the marginal seas, such as the warm deep waters of the 
Red Sea, and the geopolitical importance of the region has spurred intense re-
search activities over the past years, encompassing all marine disciplines. Earlier 
work has been summarized i.a. by Edwards and Head (1987), Reiss and Hottinger 
(1984), Sheppard et al. (1992), and Sheppard and Dixon (1998). Complementary to 
these reviews, and Johns et al.’s (2000) recent report on the physical oceanography 
of the region, we here provide an updated overview of the marine ecology of the 
Arabian region, including recent results of interdisciplinary research programs on 
the physical, chemical and biological oceanography of the area. 

2. Geography and Geology 

2.1. General features 

The Arabian Peninsula lies wedged between marginal seas of very different 
bathymetry and outline (Fig. 34.1). On the western side of the peninsula lies the 
elongated trench of the Red Sea extending north-south over 18° of latitude. Its 
deep central channel of over 2000 m depth is interrupted by a narrow and shallow 
entrance strait at Bab el Mandeb, which leads into the deep Gulf of Aden linking 
into the Indian Ocean. At the eastern end of the region, the Arabian Gulf differs 
notably in that it is quite shallow (less than 65 m deep) over most of its area. Its 
entrance strait (Strait of Hormuz) notably has no blocking sill. The Arabian 
Gulf/Hormuz complex also has a deep gulf (Gulf of Oman) linking it to the Indian 
Ocean which is very similar bathymetrically to the Red Sea’s Gulf of Aden. The 
long littoral region of the southern Arabian Peninsula, the Arabian Margin, well 
known for intense upwelling filaments extending several hundred kilometers off-
shore, stretches along the Yemeni and Omani coasts and links the marginal sea 
complexes (Johns et al., 2000). 

 

Figure 34.1   Map of the study area, showing the desert-enclosed Red Sea, Arabian/Persian Gulf and 
straits connecting to adjacent gulfs. (Source: PANGAEA, http://www.pangaea.de/Software/PanMap/) 
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2.2. Arabian Gulf 

The Arabian Gulf is a semi-enclosed, relatively shallow body of water lying en-
tirely within an arid zone north of the Tropic of Cancer. It is bordered by Iran and 
seven Arab countries including Iraq, Kuwait, Saudi Arabia, Bahrain, Qatar, 
United Arab Emirates and Oman. Its eastern coastline is marked by mountains 
and cliffs, whereas the western shore is often sandy (Fig. 34.2). 
 The Gulf is separated from the Gulf of Oman by the Strait of Hormuz, which 
represents the bottleneck of the Gulf with only 56 km width at its narrowest point. 
The trough reaches 100 m through the Strait and deepens to more than 2000 m 
within 200 km of the Gulf of Oman, outside the Strait. The length of the Gulf is 
about 1000 km while the maximum width is only 338 km between the United Arab 
Emirates and Iran. The depth of most of the Gulf is less than 65 m, and the mean 
depth is only 35 m, whilst the region between Kuwait and Qatar is much shallower. 
The surface area is about 240,000 km2 and the average volume is 8,630 km3. 

 

Figure 34.2   Topographic features of the Arabian Gulf. (Reprinted from Al-Muzaini and Jacob, 1996, 
© 1996, with permission from Elsevier) 

 The Gulf is relatively young geologically speaking, having been formed 3 or 4 
million years ago. The Gulf basin was originally shaped by a Tertiary fold system, 
which caused its deepest depression to run along its northern side. The northwest – 
southeast axis of the Gulf separates a stable and gradually sloping Arabian shore-
line from a geologically unstable and steeper Iranian shoreline (Purser and Sei-
bold, 1973). Several islands in the Southern Gulf and in the Strait of Hormuz are 
the product of salt diapirism, due to thick (>2 km) salt deposits sandwiched be-
tween cenozoic to mesozoic sediments and the pre-Permian continental basement 
(Khattab, 1995). 
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 During the Pleistocene of the Quaternary, global and extensive sea level fluc-
tuations occurred causing sea level variations of 30 to 80 m below present sea level. 
During this period, the deeper parts of the Gulf were flooded and substantial reef 
building and development occurred, and strong biogenic limestone formation took 
place. Many of these reef areas were then uplifted and the relatively mobile salt 
deposits below the carbonate formations were forced to flow upwards by the 
younger and denser rocks, which had accumulated on top of them. The domes of 
the uplifted (over lied) carbonates became much closer to light, and less suscepti-
ble to sedimentation than most of the Gulf’s sea floor. Consequently, coral com-
munities were able to grow on these uplifted hard base limestone formations. 
 During the late Pleistocene, the Gulf dried out almost completely, but recon-
nected with the Indian Ocean during the Holocene transgression known as Flan-
drian Transgression. The lowest sea level (-120 m) occurred 20,000 years ago, when 
only a finger of water from the Gulf of Oman was passing the Strait of Hormuz 
along the Iranian shore. The Gulf proper was dry, just before the sea level rose 
again to its present levels during the Holocene transgression about 5,000 years ago 
(Kassler, 1973). Due to the gradual topography of the Gulf and of the conditions 
favouring biogenic carbonate production, the Gulf became a sedimentary basin, 
dominated mainly by soft biogenic sediments produced mainly by foraminifera and 
other microorganisms, and to a lesser extent by corals, calcareous algae and other 
limestone producing flora and fauna. However, terrigenous sediments from the 
Tigris, Euphrates and the Karun rivers are present at the northwestern portion of 
the Gulf near the Shatt Al-Arab, affecting wide areas off Kuwait and Iraq. The 
carbonaceous sediments predominate along the coasts of Saudi Arabia, Bahrain, 
Qatar and the United Arab Emirates (UAE). On the Iranian side of the Gulf, 
these sediments are mixed with substantial amounts of terrigenous sediments 
carried out by the wind and riverine inputs from the Zagros Mountains. 

2.3. Red Sea 

With a surface area of ~450,000 km2, the Red Sea is almost twice as large as the 
Arabian Gulf, but much deeper along the axial rift reaching a maximum depth of 
2,850 m. The Red Sea extends over a length of almost 2,000 km in NNW-SSE 
direction with a maximum width of 354 km in its southern section, between Eritrea 
and Saudi Arabia. 
 The Red Sea is separated from the Gulf of Aden by the Strait of Bab el 
Mandeb, stretching only 29 km across at its narrowest point. A shallow (130 m) sill 
140 km north of the Strait restricts the circulation to the upper layers, effectively 
cutting the Red Sea off the cold deep waters of the world ocean. 
 In the southern part of the Red Sea the shelf is very wide, extending up to more 
than 150 km offshore (Fig. 34.3). North of Port Sudan, the shelf narrows consid-
erably, restricting coral reef development to the coastal fringes. Away from the 
coast, the bottom drops off to about 500 m in the central trough of the Red Sea, 
sloping gradually to 1000 m near the center axis. The narrow central rift or axial 
trough is about 1500 m deep along most of its length, with a number of deep pits 
reaching over 2500 m depth. 
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Figure 34.3   3-D rendering bathymetry of the Red Sea, showing the deep axial trough, broad southern 
and narrow northern shelves, the shallow Gulf of Suez and deep Gulf of Aqaba. (Courtesy S. E. Welsh) 

 The central rift extends northeast from the Red Sea into the Gulf of Aqaba. 
Separated from the Red Sea proper by a narrow and shallow sill in the Straits of 
Tiran (sill depth 265 m, Hall, 1975), the Gulf of Aqaba provides in itself a 1:10 
model of the Red Sea. In spite of its less than 30 km width, the steep-sided gulf 
reaches more than 900 m throughout most of its 180 km length, resulting in a 
unique depth to width ratio (Hulings, 1989; Morcos, 1970) and a maximum depth 
of more than 1800 m. By contrast, the Gulf of Suez, forming the shallow north-
western extension of the Red Sea, is a shallow 55–70 m deep sedimentary basin, 
similar to the Arabian Gulf. 
 No rivers discharge into the Red Sea, and high evaporation and negligible rain-
falls render the 250,000 km3 of water one of the most saline waters in the ocean, 
the bulk of which features salinities in excess of 40. 
 The shape, bathymetry, and structure of the Red Sea resulted from the Ceno-
zoic break-up of the Arabian-African plate, creating both, the deep rift in the zone 
of crustal expansion between the continental plates and the uplift of mountain 
ranges along the entire length of the western and eastern shores of the Red Sea. 
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 The Red Sea forms part of a much larger rift system, extending from the Za-
gros-Taurus Mountains in Turkey through the Red Sea into the East African Rift 
Valley (Gregory, 1896), and from the Gulf of Aden into the Indian Ocean. 
 While the rift became established by the Oligocene, the area underwent periods 
of alternating emersion and flooding. In the late Miocene, the Red Sea was iso-
lated from the Indian Ocean by a narrow land bridge. A shallow connection across 
the Isthmus of Suez provided only intermittent supply of Mediterranean water, so 
that entire Red Sea basin became a large evaporation pan with substantial precipi-
tation of salt deposits. Tectonic activities during the Pliocene resulted in the forma-
tion of the deep axial trench, closure of the Isthmus of Suez and opening of Bab el 
Mandeb, connecting the Red Sea with the Indian Ocean. 
 Large sea-level changes during the Pleistocene Ice Ages with alternating peri-
ods of dry and wet climates (Arz et al., 2003; Naqvi and Fairbanks, 1996) resulted 
in strong oscillations between marine and extremely hypersaline conditions, the 
latter with salinities comparable to the ones in the Dead Sea. Present sea-levels 
were reached only 5,000 years ago, so that the Red Sea biota today are evolution-
ary very young. 

3. Climate 

3.1. General features 

The dominant phenomenon affecting the oceanography and meteorology of the 
region is the summer monsoon, extending from the African coast, half way up the 
Red Sea, all along the Yemeni-Omani coast, across the entire Arabian (or Persian) 
Gulf eastward into India (Johns et al., 2000). The monsoon forcing is most intense 
over the coastal Arabian Sea and southern Red Sea, while the northern Red Sea 
and Arabian Gulf are influenced more strongly by continental patterns. The larg-
est seasonal changes in wind forcing occur in the coastal Arabian Sea, where the 
strong SW winds of the summer monsoon alternate with the NE winter monsoon 
winds (Fig. 34.4). 
 The Somali coast and northern part of the Arabian Peninsula are subjected 
mainly to the SW monsoon, and the intensity of these winds diminishes greatly 
into the Gulf of Aden and Arabian Gulf. Conversely, the winter monsoon extends 
well into the Gulf of Aden and southern Red Sea, causing a seasonal reversal in 
the winds over this entire region. 
 Orographic influences on the atmospheric circulation are very significant, due 
to the high mountains bordering much of the coastline in this region (Fig. 34.1): 
The Ethiopian highlands and coastal mountain range of northern Somalia focus 
the SW monsoon winds offshore of Somalia and the Arabian Peninsula and shield 
much of the Gulf of Aden from strong SW monsoon forcing (Johns et al., 2000). In 
winter these mountains are responsible for steering the NE monsoon winds into 
the Gulf of Aden and southern Red Sea. High mountain ranges along the full 
length of the Red Sea cause the winds to be closely aligned along the axis of the 
Sea, except at a few locations in the central Red Sea where gaps in the mountains 
exist. The Zagros Mountains of Iran and the Jebel al Akhdar range in northern 
Oman play a similar role in focusing the winds over the Arabian Gulf and southern 
Gulf of Oman. 
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Figure 34.4   Climatological winds over the seas around the Arabian peninsula at the height of the NE 
and SW monsoon periods (January and July, respectively). (Johns et al., 2000) 

 The winds and the extreme aridity of the bordering lands enhance the moisture 
flux from the seas to the atmosphere. Extreme evaporation rates in the order of ~2 
m yr-1 result in dense high salinity water masses driving the large scale circulation 
in the marginal seas, and filling the bulk of their interior volumes. 
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Figure 34.5   Average day (top) and night (bottom) winds over the Arabian Gulf for June 1997. (Johns 
et al., 2000) 

3.2. Arabian Gulf 

The Gulf is located between latitudes 24–30°N where most of the Earth’s deserts 
are also found. The region consists of low-lying central areas enclosed by the 
Mountains of Taurus in southern Turkey, the Pontic Mountains in northeast Tur-
key, the Caucasus Mountains of Iran, and the Hajar and Hejaz Mountains of the 
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Arabian Peninsula. The cold air arrives in the Gulf area via Turkey, then across 
the eastern part of the Mediterranean Sea, then it travels either over or around the 
low mountains in Syria and Lebanon, and finally into the Tigris-Euphrates Valley. 
The surrounding orography also affects the airflow within the Arabian region; the 
sharply rising mountains to the north and east, and more gently rising to the west 
and southwest from a northwest – southeast axis that strongly influence the tracks 
of extra-tropical storms from northwest to southeast. This brings about the most 
interesting and well-known weather phenomenon in the Arabian Gulf Region, 
called Shamal which occurs all the year around. Shamal is an Arabic word meaning 
north. In the meteorological context it is referred to as the seasonal northwesterly 
winds that occur during winter as well as summer in the region. The summer 
Shamal is practically continuous from early June through July and is associated 
with the relative strength of the Indian and thermal lows. The winter Shamal oc-
curs mainly during November to March and is associated with mid-latitude distur-
bances traveling from west to east. The cold and strong northwesterly winds 
mainly occur during December to February. The winter Shamal brings some of the 
strongest winds and highest seas of the season at most locations in the Arabian 
Gulf. This wind is related to synoptic weather systems to the northwest and can 
exceed 20 knots. Winds in the area, ahead of an approaching cold front, blow from 
the southeast and are called Kaus in Arabic and Shakki in Persian. These slowly 
increase in intensity as the front approaches. They may reach gale force before the 
passage of the cold front and with the onset of the Shamal. Due to the channeling 
effects of the low-level air flow by the Zagros Mountains, in western Iran, the 
strongest of these southerly winds occur on the eastern side of the Arabian Gulf. 
The Shamal occurs first in the northwest part of the Gulf and then spreads south 
and east behind the advancing cold front. Average wind speeds in the Gulf, range 
from 30 to 40 knots, with peak winds in excess of 50 knots in the long duration 
Shamal, compared to the speeds of the winds over the northern part of the Gulf 
which tend to be 5 to 15 knots less than the above values, on an average. The effect 
of local winds is considered more important to marine biota, especially in terms of 
local winds exerting stress, than the broad scale wind systems (Sheppard, 1993). 
 Along the entire coast of the Arabian Gulf, in summer, strong winds build-up in 
the afternoons from sea breeze effects, where the hot land heats overlying air, 
which rises due to convection, bringing surface flows and adds a landward compo-
nent to all winds which some times reach tens of m s-1 compared to <5 m s-1 during 
most of the winter (Fig. 34.5). This land breeze can occur also at night, although 
less frequent, and have powerful cooling effects on the intertidal and coastal areas 
(Murty and El-Sabh, 1984; Reynolds, 1993; Sheppard, 1993). 
 Evaporation in the Gulf is much higher than both the river inflow and precipita-
tion. Estimated evaporation ranges between 144 and 500 cm yr-1 (Privett, 1959). 
Meshal and Hassan (1986) estimated an evaporation rate of 200 cm yr-1. Measure-
ments show that most evaporation occurs in winter, and mainly due to the high 
wind speed. The river runoff from Tigris, Euphrates, and Karun is 1456 m3 s-1 
whereas other Iranian rivers provide an average of 2034 m3 s-1. The total runoff is 
110 km3 yr-1, equivalent to 46 cm yr-1 (Reynolds, 1993), which is higher than 16 cm 
yr-1 values previously used by (Al Hajiri, 1990). The annual rainfall in the Gulf 
region is small, providing only about 7 cm yr-1 and thus making a negligible contri-
bution to the fresh water budget of the Gulf. 



1382 SEAS OF THE ARABIAN REGION 

3.3. Gulf of Oman and Arabian Margin 

The climate in the Gulf of Oman is noticeably different from the climate in the 
Arabian Gulf. While the Gulf is affected mainly by the extra-tropical weather 
systems from the northwest, the Gulf of Oman is at the northern edge of the tropi-
cal weather systems in the Arabian Sea and the Indian Ocean (cf. Naqvi et al., this 
volume). This monsoon circulation produces southerly winds in summer and 
strong northerlies in winter. Thus the Strait of Hormuz regions form the boundary 
between the two systems. 

3.4. Red Sea 

The Red Sea climate is generally hot and arid. With an average annual air tem-
perature of 34°C, Danakil Depression near the Eritrean side of the Red Sea, is the 
hottest place on earth (National Geographic Society, 2002). Air temperatures in 
the central Red Sea (Jeddah) reach their maximum during July-August (37/27°C, 
avg. monthly high/low) and their minimum during January-February (29/18°C). In 
the northern Red Sea and adjoining Gulfs of Suez and Aqaba, temperature ex-
tremes may lie up to 40°C apart. Because of the desert climate, diel variations in 
air temperature may also be very high there, often exceeding 15°C. Mean annual 
rainfall ranges from <4 cm yr-1 in Aqaba to >10 cm yr-1 near Bab el Mandeb. All 
rainfall occurs during the period October-May and 60% of the total occurs during 
December-February. The Red Sea receives no river runoff or any other major 
fresh water input, except for flash floods following heavy rains with only local 
effects. 
 Wind patterns are governed by the seasonal strengths and positions of the mon-
soonal trough and Mediterranean low pressure systems, and are strongly affected 
by the surrounding orography (Figs. 34.1 and 34.4). Mountain ranges on both sides 
of the Red Sea and Gulf of Aqaba channel air flow along the center axes of the 
basins. Winds blow consistently from the north to northwest from May to Septem-
ber along the entire length of the Red Sea. Wind speeds average >7 m s-1 in the 
northern Red Sea, and around 1 m s-1 in the south (Patzert, 1974a). During Octo-
ber to April, the seasonal advance of the low pressure trough towards the north 
causes a reversal of winds south of 20°N, blowing from the south to southeast 
during that period. SSE winds may reach 6 m s-1, NNW winds are around 4 m s-1. 
 Evaporation is estimated at 2.1±0.2 m yr-1, i.e. orders of magnitude higher than 
precipitation, resulting in a volume loss of 0.03 Sv (1 Sverdrup = 106

 m3 s-1) over the 
whole area of the Red Sea (Sofianos et al., 2002). 
 The heat flux into the Red Sea is positive in summer and negative in winter. In 
January, the net heat flux between 14–28° N was shown to vary between -20 and 
240 W m-2

 , where positive values denote heat losses to the atmosphere. In August, 
the net heat flux in the Red Sea ranged between -120 and -160 W m-2. Insolation 
and wind contribute to higher heat fluxes in the southern portions of the Red Sea, 
both winter and summer. Recent estimates give an annual heat loss of 11±5 W m-2, 
but in the light of the wide range of estimates in the literature (less than -80 W m-2 
to more than 20 W m-2) the issue seems not finally settled (Sofianos et al., 2002). 
 The seasonality in heat fluxes leads to a more or less pronounced seasonality in 
the vertical density structure of the water column, particularly in the northern Red 
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Sea, Gulf of Suez and Gulf of Aqaba, where stratified waters in May-November 
alternate with a mixed water column in between December and April (Genin et 
al., 1995; Wolf-Vecht et al., 1992). 

4. Tides, Circulation and Mixing 

4.1. General aspects 

The previous chapters have highlighted important differences, e.g. in the atmos-
pheric forcing and bathymetric constraints between the Red Sea and the Arabian 
Gulf complexes, affecting tides and circulation patterns (Johns et al., 2000): tidal 
currents are of first order importance inside the Arabian Gulf but of second order 
inside the Red Sea, and first order in both entrance straits. Hypersaline deep-water 
production appears to occur in totally different areas of the two marginal seas due 
largely to bathymetric contrasts. 

4.2. Arabian Gulf 

Due its shallow topography, the Arabian Gulf is influenced by both, wind driven 
and thermohaline forces. The details of the interior circulation of the Arabian 
Gulf, however, remain essentially unobserved, not only for the coastal currents but 
also in the broad interior. 
 Tides in the Gulf co-oscillate with those in the Strait of Hormuz, which opens 
into the deep Gulf of Oman, the tides of which then co-oscillate with those in the 
Arabian Sea. The tide range is large, throughout the Gulf, with values greater than 
1m everywhere and exceeding 3 m at Shatt Al-Arab (Lehr, 1984). Off Kuwait, 
spring tidal ranges are 2 m in the south and up to 4 m in the north (Jones, 1986a) 
while off Bahrain the range is 2 m at extreme spring (Jones, 1986b). 

 

Figure 34.6   General circulation scheme of the Arabian Gulf. (Sources: PANGAEA, Johns et al., 2000) 
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 The tides in the Gulf are complex standing waves and the dominant pattern 
varies from being primarily semi-diurnal to diurnal. The dimensions of the Gulf 
are such that resonance amplification of the tides can occur, and the result is that 
the semi-diurnal constituents have two amphidromic points, at the northwest and 
southeast ends, and the diurnal constituents have a single amphidromic point in 
the centre, near Bahrain (Lehr, 1984). Tides are important for stirring and mixing 
water vertically and on a horizontal scale of 10 km, but they do not make an im-
portant contribution to the residual circulation of the Gulf. Tidal currents averag-
ing longer than a day have negligible residual energy, and as a result, basin-scale 
advection from tides is not considered by general circulation models. Tides are 
important on smaller scales (<10 km) of horizontal length and time (<24 h). 
 The persistent southward wind stress in the northern half of the Gulf sets up 
coastal current régimes along the Iranian (upwelling) and Saudi (downwelling) 
coasts (Fig. 34.6). 
 The latter, Saudi-Emirate coastal current, appears to be amplified by freshwater 
input from the Iraqi Shatt Al-Arab waterway. The overall circulation process 
inside the Gulf is counterclockwise. Surface water moves westwards along the 
Iranian coast in the north, and eastwards along the Emirates coast in the south. 
The surface water gains salt as it moves from the mouth (Strait of Hormuz) in-
wards (Wooster et al., 1967). A number of sources for the deep-water formation 
have been suggested in the shallow southern part of the Gulf (Johns et al., 2000). 
Sinking of saltier and denser water starts in the northwestern part of the Gulf. 
Dense saline water originating from the semi-enclosed lagoons in the south in-
creases the salinity of this deep water (Linden et al., 1990) and exits below Indian 
Ocean surface water (IOSW) entering from the Gulf of Oman (Fig. 34.7). Based 
on true measurements and model analysis, Reynolds (1993) concluded that the 
inflow current along the Iranian coast is weakened by Shamal winds in winter, but 
in summer it strengthens and extends almost to the head of the Gulf. Cyclonic 
circulation gyre fills the southern Gulf and is driven by the inflowing surface water 
through the Strait of Hormuz. Runoff from Shatt Al-Arab in the northwest Gulf 
maintains a cyclonic circulation where otherwise an anti-cyclonic gyre would be 
expected. A southward coastal jet exists between the head of the Gulf and Qatar, 
and extends east of Qatar, depending on the wind. In the southern Gulf, the mean 
wintertime surface currents’ flow is mainly density driven, with surface flow inward 
from the Strait of Hormuz and adjacent to the Iranian coast; whereas a southward 
coastal flow is present along the entire southern coast, which stagnates east of 
Qatar, where high evaporation and sinking forms a dense bottom flow to the 
northwest and out of the Strait of Hormuz. In the northern Gulf, circulation is 
predominantly wind driven, with surface flow along both coasts in a southerly 
direction. In summer, the surface inflow is recognizable as far north as 28°N, and 
the outflow from Shatt Al-Arab is carried by counter-clockwise circulation in a 
westerly direction and down the Kuwait and Saudi Arabian coast. A persistent 
thermal front across the Arabian Gulf about the latitude of Qatar appears related 
to the thermohaline exchange through the Hormuz Strait (Johns et al., 2000). 
Estimates of residence times vary between 2–5 years (Hughes and Hunter, 1979; 
Hunter, 1983). 
 Tides, winds and waves, and evaporation are the three major factors affecting 
mixing of the water column in the Arabian Gulf. The strong tidal currents create a 
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turbulent friction layer near the bottom which may extend upwards into the water 
column, as evidenced by homogenous water properties in the hydrographic sec-
tions (Fig. 34.7). Wind friction creates a surface shear layer and also creates sur-
face wave fields, both of which form a surface mixed layer. Evaporation of fresh 
water enhances mixing by increasing the salinity and density of surface water, and 
reducing the surface stability. In winter, combined cooling and evaporation in-
crease the density sufficiency to overturn the water column, north of Qatar, to 
create a well-mixed water column. 

 

Figure 34.7   Axial section of the Arabian Gulf in winter (March–April) showing cold, saline water 
outcropping at the sea surface of the Tigris-Euphrates-Karun delta and warm, low salinity IOSW at the 
sea surface moving towards the head of the Gulf. Local density inversions are likely an artifact of 
binning irregularly sampled data. (Swift and Bower, 2003, reproduced by permission of American 
Geographical Union) 
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4.3. Strait of Hormuz and Gulf of Oman 

The Strait of Hormuz differs from Bab el Mandeb in the absence of any sill to 
confine the flow such as in the Red Sea. The circulation in and out of the strait is 
not well understood. After transiting the Strait of Hormuz, the Arabian Gulf deep 
water (PDW) cascades downslope into the Gulf of Oman, forming sub-mesoscale 
eddies (Peddies) as it equilibrates and moves toward the Indian Ocean (Johns et 
al., 2000; Fig. 34.8). The surface inflow layer, rather than being laterally uniform, 
occurs preferentially on the eastern (Irani) side, while the outflow occurs preferen-
tially on the western (Omani) side into an organized coastal current that transits 
along the Emirate and Omani coast to the major promontory of Ras al Hadd 
(Swift and Bower, 2003). A major front and accompanying jet form at the collision 
of this Gulf outflow and the eastward flowing coastal current along the southern 
Arabian margin (Boehm et al., 1999). The Ras al Hadd jet is highly variable, some-
times extending out to the east as shown in the figure and extending northeastward 
or southeastward at other times. During the SW monsoon the transport of the Ras 
al Hadd jet is believed to be at least 10 Sv (Elliot and Savidge, 1990). This feature 
is also referred to as the Ras al Hadd front because it forms the seasonal boundary 
between the northern Arabian Sea and the Gulf of Oman. The Ras al Hadd front 
appears to be the major physical-biological oceanographic feature in the region 
separating a cyclonic gyre in the southern Gulf of Oman from an anticyclonic gyre 
in the bounding northern Arabian Sea. 

 

Figure 34.8   General circulation scheme of the Gulf of Oman and eastern Arabian margin during the 
SW monsoon. (Sources: PANGAEA, Johns et al., 2000) 
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 Other important elements involved in the Gulf of Oman’s circulation are the 
seasonal, but interannually very variable, upwelling along the coast of Iran to the 
north and the complicated mesoscale dynamics associated with the extension of 
the south coastal Oman upwelling system into filaments extending off Ras al Hadd 
(Johns et al., 2000). The latter is complicated by the shallow Murray Ridge that 
extends across the mouth of the Gulf (Quraishee, 1984). 

4.4. Arabian Margin and Gulf of Aden 

Upwelling favorable winds along the coasts of Somalia, Yemen and Oman begin 
with the onset of the SW monsoon in May, associated with a northeastward flow-
ing Oman Coastal Current (OCC) whose speeds reach 40 cm s-1 and extend 200 km 
offshore (Fig. 34.8). The OCC current turns offshore to the east off Ras al Hadd, 
entraining filaments and jets capable of exporting cool and extremely productive 
upwelled waters hundreds of km offshore. The reversal to the NE or winter mon-
soon in November causes the reversal of the OCC, so that a southward current 
then extends all along the northeast coast of Oman, around Ras al Hadd, and 
continues south to about 20°N. Thereafter the current is entrained into offshore 
squirts and jets and disintegrates into southward propagating eddies (Johns et al., 
2000). A detailed account of the oceanography of the Arabian margin is found in 
Naqvi et al. (this volume). 
 The oceanography of the Gulf of Aden is under the influence of both the Ara-
bian Sea and the Red Sea. The latter (as the Arabian Gulf) acts as an inverted 
estuary, where dense salty water formed by evaporation and convection eventually 
flows out into the adjoining Gulf of Aden. 

 

Figure 34.9   General circulation scheme of the Gulf of Aden. (Sources: PANGAEA, Johns et al., 2000) 

 The dense outflow spills down to about 600 m into the Gulf of Aden and is 
thought to evolve into mesoscale eddies (Reddies in Fig. 34.9; Johns et al., 2000). 
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 The Gulf of Aden is seen in recent oceanographic observations to be ‘choked 
up’ with large, energetic, deep-reaching mesoscale eddies that fundamentally in-
fluence the spreading rates and pathways of intermediate-depth Red Sea Water 
(RSW; Bower et al., 2002). 
 These features appear to propagate westward from the mouth of the Gulf to-
ward the Red Sea and, according to anomalous water properties in the center of an 
anticyclonic eddy, their origin may be linked to the propagation and decay of eddy 
features in the Somali Current. All eddies investigated reached nearly to the 1000–
2000 m deep sea floor, with speeds as high as 0.2–0.3 m s-1, extending through the 
depth range of RSW. 

 

Figure 34.10   General circulation scheme of the Red Sea. (Sources: PANGAEA, Johns et al., 2000) 
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4.5. Red Sea 

Because of the restricted connection through the Straits of Bab el Mandeb to the 
Gulf of Aden, tidal ranges in the Red Sea are rather small, with some amplification 
of tides on the shallow shelves in the southern Red Sea near the Straits of Bab el 
Mandeb and in the northern extremes of the gulfs of Suez and Aqaba (max. spring 
tides around 1 m; Genin and Paldor, 1998; Morcos, 1970). The tides are predomi-
nantly semidiurnal (period of 12.4 h), and account for up to 30% of the variance in 
the longshore circulation in the Gulf of Aqaba (Genin and Paldor, 1998). 
 Circulation in the Red Sea and adjoining gulfs is mainly governed by spatial and 
temporal gradients in winds, sea level and sea water density. The negative water 
balance due to excess evaporation drives an anti-estuarine circulation across Bab 
el Mandeb, with a surface inflow of comparatively fresh Gulf of Aden water 
(GASW) into the Red Sea, and an outflow of saline Red Sea water (RSW) over 
the bottom of the sill into the Gulf of Aden (Figs. 34.10 and 34.11). 
 RSW spreading into the Arabian Sea and southward along the African coast is 
considered one of the most important intermediate water masses in the Indian 
Ocean, whose characteristic temperature and salinity maximum has been observed 
as far south as the retroflection region of the Agulhas Current (Beal et al., 2000; 
Fine et al., 2000). 
 The anti-estuarine circulation across Bab el Mandeb is typical for the winter 
(Siedler, 1969), where the northeast monsoon piles up water in the Gulf of Aden, 
and both, the pressure gradient and SSE winds in the southern part of the Red Sea 
combine to drive a strong surface inflow into the Red Sea (Fig. 34.11). 

 

Figure 34.11   Summer and winter exchange across Bab el Mandeb. GASW: Gulf of Aden Surface 
Water, GAIW: Gulf of Aden Intermediate Water, RSSW: Red Sea Surface Water, RSW: Red Sea 
Water, RSDW: Red Sea Deep Water, RSOW: Red Sea Overflow Water (RSW+RSDW). (Reprinted 
from Siddall et al., 2002, © 2002, with permission from Elsevier) 
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 Beyond 17–18°N the surface inflow meets opposing winds proceeding north at 
reduced velocities (Patzert, 1974a). In summer, the surface flow reverses under the 
combined effect of NNW winds, blowing along the entire length of the Red Sea, 
and a weak pressure gradient in response to both, lowered sea-level differences 
and an uplift of the denser deep waters in the Gulf of Aden due to upwelling in the 
Gulf of Aden. The outflow of RSW weakens significantly during that period and 
both, shallow surface and deep water outflows are compensated by an inflow of 
subsurface Gulf of Aden Intermediate Water (GAIW) into the Red Sea, giving 
rise to a three-layered flow pattern (Maillard and Soliman, 1986) (Figs. 34.11 and 
34.12). 

 

Figure 34.12   Seasonality in circulation across Bab el Mandeb (Perim narrows south of Hanish sill) 
showing a 3-layered pattern during the summer SW monsoon and a 2-layered pattern during the winter 
NE monsoon. Negative values (dark shades) denote Red Sea outflow, positive values (light shades) 
inflow of Gulf of Aden waters. (Reprinted from Sofianos et al., 2002, © 2002, with permission from 
Elseviers) 

 Indirect estimates of the transport of RSW through Bab el Mandeb Strait sug-
gest an annual mean transport of 0.33 Sv (Siedler, 1969), varying from approxi-
mately 0.6 Sv in winter to nearly zero in late summer (Patzert, 1974b). These 
estimates are corroborated by recent measurements showing maximum outflow of 
RSW in February of more than 0.6 Sv and a minimum of 0.05 Sv in August, associ-
ated with an intrusion of GAIW of about 0.3 Sv (Murray and Johns, 1997; Sofianos 
et al., 2002). The estimated net inflow of 0.036 Sv agrees well with the yearly 
evaporation flux of 0.03 Sv. 
 A connection with the Mediterranean has been established with the construc-
tion of the Suez Canal, completed in 1869. It is insignificant in terms of the bulk 
volume flow, but non-negligible in terms of gene-flow of Red Sea biota into the 
Mediterranean, coined Lessepsian migration (Por, 1978). 
 The flow through the Suez Canal is determined by differences in sea level be-
tween the Red Sea and Mediterranean Sea, local winds, and the salinity of the 
canal waters due to the solution of the evaporite layers in the Bitter Lake. The sea 
level is higher in Suez (Red Sea) than in Port Said (Mediterranean), resulting in a 
surface flow from the Red Sea to the Mediterranean except in July-September, 
when pressure gradient and flow direction reverse (Wüst, 1934). 
 The horizontal circulation inside the Red Sea, based on drifters and model 
results, appears to be a number of both, transient and semi-permanent energetic 
gyres or eddies distributed along the length of the basin (Fig. 34.10; Quadfasel and 
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Baudner, 1993; Saad et al., 1999). A cyclonic gyre located in the northern Red Sea 
is believed to be associated with the formation of intermediate waters in winter 
(Clifford et al., 1997). In the central Red Sea, two anti-cyclonic eddies are locked 
topographically near 18–19°N and 23–24°N (Quadfasel and Baudner, 1993). Non-
permanent cyclonic and anti-cyclonic eddies in the southern Red Sea, associated 
with seasonally changing wind fields in this area, may be involved in the formation 
of intermediate waters. With velocities of up to more than 0.5 m s-1 these eddies 
override the ~0.1 m s-1 surface flows associated with the large-scale thermohaline 
circulation of the Red Sea. 
 Seasonally reversing surface flows are associated with alternating downwelling 
and upwelling periods in the northern Red Sea during winter and summer, respec-
tively. 
 Wyrtki (1974) proposed three different sources of RSW: overflow of Gulf of 
Aqaba water (GAW) across the Strait of Tiran, inflow from the Gulf of Suez 
(GSW), and open ocean convection in the northern Red Sea. While deep convec-
tion in the open northern Red Sea has never been directly observed, more recent 
work shows that both, overflow GAW and winter convection south of the Sinai 
peninsula are important for the deep water formation in the Red Sea (Cember, 
1988), refuting earlier assumptions that the Strait of Tiran would be a barrier sepa-
rating the Gulf of Aqaba from the circulation in the Red Sea (Neumann and 
McGill, 1962). Woelk and Quadfasel (1996) showed that plume convection from 
the Gulf of Suez may contribute significantly to RSW. Recent work combining 
CTD, chlorofluorocarbon (CFC) tracer and direct current measurements show 
that the deep water masses in the Red Sea are separated into two parts (Plaehn et 
al., 2002): The upper part is dominated by the inflow from the Gulf of Suez 
marked by a salinity maximum, spreading into the Red Sea at a core depth of 
about 900. The lower part is mainly formed by the dense outflow from the Gulf of 
Aqaba, marked by a CFC-12 anomaly at the bottom of the Red Sea, below the 
isopycnal σθ=28.6. With temperatures >21.3°C and salinities >40.5, the Red Sea 
features the warmest and saltiest bottom waters of all oceans. 
 Outflow of GAW across the Strait of Tiran is estimated at 0.03 Sv, and balanced 
by a inflow of Red Sea surface water into the Gulf of Aqaba (Murray et al., 1984). 
 The residence time of the deep waters (1.35 × 1014 m3) have recently been esti-
mated at 30–45 years (Plaehn et al., 2002), about half as long as previously as-
sumed (Woelk and Quadfasel, 1996; Wyrtki, 1974). 
 A unique feature of the Red Sea are the hot brine pools in various sea-floor 
depressions along the axial trough due to solution and geothermal heating of min-
eral deposits through vents in the ocean crust (Degens and Ross, 1969). The result-
ing brine is dense enough to remain at the ocean floor even at very high 
temperatures. Values of nearly 70°C have been recorded (Hartmann et al., 1998a), 
together with brine salinities in excess of 300, differing however markedly in 
chemical composition from the true RSW salinity. The transition from high saline 
brine to normal seawater salinity extends over a depth of only a few decimeters or 
less, resulting in a staircase structure of the water column between convective 
layers of distinct temperature and salt properties (Fig. 34.13). 
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Figure 34.13   Temperature and salinity profiles in the Atlantis II Deep SW basin (Reprinted from 
Hartmann et al., 1998b, © 1998, with permission from Elseviers). Note that the curves are offset by 
about +4°C and 3 salinity units due to a calibration error (Hartmann et al., 1998a), but the general 
staircase shape of the profile remains valid. 

 Interannual variations in temperatures and brine levels suggest ongoing hydro-
thermal activities at in some of the Deeps (Fig. 34.14). 

 

Figure 34.14   Temperature change in the Atlantis II Deep lower brine between 1965 and 1997. (Re-
printed from Hartmann et al., 1998a, © 1998, with permission from Elseviers) 
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5. Productivity 

5.1. General aspects 

The productivity of the seas around the Arabian peninsula is largely governed by 
the geographical setting and physical forcing, notably the Arabian monsoon affect-
ing primarily the coastal Arabian Sea and southern Red Sea, continental patterns 
affecting the northern Red Sea and Arabian Gulf, and the degree of closure of the 
marginal seas due to straits and sills. The external energies injecting nutrients into 
the productive surface layers thus vary significantly between the above régimes: 
the large-scale wind pattern forcing coastal upwelling in the Gulf of Aden, Arabian 
margin and Iranian coast of the Gulf of Oman; convective mixing in the northern 
and/or shallow areas of the Red Sea and Arabian Gulf; and oceanographic fronts 
and the presence and geometry of straits constraining the flow of nutrients be-
tween the basins. The occurrence of N2-fixing cyanobacteria suggests that nitrogen 
is limiting productivity in stratified waters (Post et al., 2002), whereas the supply of 
dust-borne iron may be limiting productivity in the monsoonal upwelling areas 
(Tamburini et al., 2003). 

5.2. Arabian Gulf 

The Gulf is considered a moderately productive body of water, with primary pro-
duction averaging 124 gC m-2 y-1 (Jones et al., 2002). However, considerably higher 
values can often be found in mixed central waters and shallow bays and creeks 
(arab. Khores). Primary production is particularly high in waters influenced by the 
Shatt Al-Arab, northwest of the Gulf, where it can reach up to 3 gC m-3 h-1 in eu-
trophied canals of the Shatt el Arab. The highest coastal values (up to 0.6 gC m-3 h-1) 
were recorded during intense red tides (Rao et al., 1999). 
 Nutrient contents of the Arabian Gulf waters are lower than those of the Gulf 
of Oman due to the upwelling that occurs in the Gulf of Oman. A phosphate con-
centration of 0.47 mmol m-3 was reported for the Gulf of Oman compared to 0.36 
mmol m-3 for the Strait of Hormuz and a range of 0.12–0.23 mmol m-3 for the Ara-
bian Gulf between Kuwait and United Arab Emirates (El-Samra, 1988). The same 
trend was also reported for nitrate, which was 0.41 mmol m-3 for the Gulf of Oman 
waters compared to 0.30–0.26 mmol m-3 for the rest of the Gulf. There is evidence 
of nutrient limitation in some areas of the Gulf, even though most of the seabed 
lies within a strongly illuminated area (Jones, 1985). Productivity within the Ara-
bian Gulf is limited by nitrogenous nutrients and not silicate (El-Samra, 1988). 
 Marked seasonal and regional variations were observed in the abundance and 
species distribution of the dominant phytoplankton (Dorgham, 1991). Species 
diversity is high, while standing crop is low. A total of 514 species were recorded, 
among which diatoms were represented by 284 taxa. Dinoflagellates, the second 
dominant group, were represented by 225 taxa. Densities of total phytoplankton in 
the Gulf water between Saudi Arabia and Karan Island, amounted to 100–150 × 
106 cells m-3 in summer and 150–250 × 106 cells m-3 in winter (Basson et al., 1977). 
Much lower counts were reported in Qatari waters ranging between 2.01–115 × 106 
cells m-3 (Dorgham, 1991). Chlorophyll a concentrations in the NW Arabian Gulf 
range between 0.17 mg m-3 at the height of the stratified period (October) and 4.05 
mg m-3 during winter mixing (January) (Al-Saadi et al., 1976). 
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 Zooplankton diversity is somewhat lower than in the Arabian Sea, featuring 
more than 100 genera and species (Michel et al., 1986a), predominantly copepods 
(40 species) and coelenterates (28 species). Zooplankton densities are similar to 
phytoplankton in showing pronounced temporal and regional variations. Abun-
dances were highest in the Central Gulf with up to 3000 ind. m-3 (Sheppard, 1993). 
Biomass of the bongo net samples (wet weight) varied between 34 mg m-3 in au-
tumn and 290 mg m-3 in summer. Most zooplankton groups reached maximum 
abundance in summer (June–August) and some forms produced secondary peaks 
in fall (October) (Michel et al., 1986b). 
 The distribution of foraminifera in the sediment of the Arabian Gulf suggests 
that the foraminiferal assemblages depend mainly on the supply of allochthonous 
materials: The high diversity on the Iranian side of the Gulf is attributed to appre-
ciable amounts of nutrients from drainage in the topographically high hinterland 
compared to low faunal diversity on the Arabian side, as the arid Arabian hinter-
land is practically deprived of active drainage. Relatively low diversity occurs in 
the deep parts of the Gulf. Lower diversity is near the Strait of Hormuz and high-
est diversities are near the mouth of Shatt Al-Arab, which suggests that the 
amount of nutrients provided by drainage debouching landlocked basins is an 
important factor determining the constitution of the foraminifera of bottom-
sediments (Cherif et al., 1997). 

5.3. Red Sea 

Due to its desert-enclosed setting and shallow sill, the Red Sea is nutrient-poor 
and rather unproductive, except for the coral reefs flourishing along its margins 
and on parts of its southern shelves (Edwards and Head, 1987; Reiss and Hot-
tinger, 1984). In the absence of rivers, nutrient inputs into the Red Sea are limited 
to the advection of fertile Gulf of Aden water across the narrow and shallow straits 
of Bab el Mandeb and, to some extent, the deposition of wind-borne dust and 
biological fixation of N2 (Naqvi et al., 1986). 
 During the SW monsoon, the nutrient-rich Gulf of Aden subsurface waters 
carry important amounts of nutrients into the Red Sea, and turbulent mixing due 
to current shear between the three-layered flow pattern enhances primary produc-
tion at the depth of the Deep Chlorphyll a Maximum (DCM) layer (Hansen et al., 
1992). The strongest inflow of extrinsic organic material, by contrast, occurs during 
the NE monsoon period, where plankton-rich Gulf of Aden surface waters enter 
the Red Sea (Halim, 1984). Large cyanobacteria and diatom blooms have been 
observed in the Gulf of Aden and southern Red Sea during this season (Veldhuis 
et al., 1997), with average primary production values (1.5 mg C m-2 d-1) three times 
higher than during the SW monsoon (Wiebinga et al., 1997) and zooplankton 
stocks at their annual maximum (Van Couwelaar, 1997). Mixing with the much 
saltier and warmer Red Sea water results, however, in heavy mortalities in the 
expatriated plankton (Beckmann, 1984; Weikert, 1987) with important material 
losses from the surface layer due to the bulk fall-out of carcasses and other bio-
genic matter. The strong vertical density gradient in the area of fresh Gulf of Aden 
water overlaying Red Sea subsurface waters limits the supply of new nutrients due 
to mixing from below, so that the northbound surface waters become progressively 
oligotrophic. The general pattern of reduced fertility with increasing distance from 
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the fertile Gulf of Aden is modulated by mesoscale features. Very low nutrient and 
productivity levels in the central Red Sea are associated with a topographically and 
geographically locked quasi-stationary anticyclonic eddy near 23°N (Quadfasel 
and Baudner, 1993; Quadfasel and Verch, 1987). By contrast, a cyclonic gyre near 
27°N, as well as boundary mixing along the northern shelf margins and the overall 
weak vertical density stratification in the northern Red Sea explain the higher 
productivity in this area (Quadfasel and Baudner, 1993; Weikert, 1987). 
 The waters of the Gulf of Aqaba - often considered a 1:10 replica of the Red 
Sea proper, similarly separated from the adjoining deep waters by a shallow sill 
(Hulings, 1989; Reiss and Hottinger, 1984) - are particularly oligotrophic. Below 
the shallow wind-mixed surface layer the water column is nearly isothermal. The 
weak density stratification leads to a pronounced seasonality in the northern gulf, 
where deep convective mixing may extend up to more than 800 m depth in winter 
(Genin et al., 1995; Reiss and Hottinger, 1984; Wolf-Vecht et al., 1992). Winter 
mixing accounts for the very dense and well oxygenated deep waters of the Gulf of 
Aqaba (Klinker et al., 1978). The nutrients mixed into the surface layers set the 
stage for a marked annual cycle in pelagic production, featuring a more or less 
pronounced spring bloom between March and May (average 0.8 mg Chl a m-3, 
Genin et al., 1995; Labiosa et al., 2003), low summer concentrations between June 
and September (<0.2 mg Chl a m-3) and intermediate concentrations between 0.3–
0.5 mg Chl a m-3 during the fall and winter months (Fig. 34.15). The timing, dura-
tion and intensity of the sping bloom appears to be directly related to the heat flux 
in the preceding winter, and may vary considerably between years. For example, 
an anomalously strong, delayed and prolonged bloom followed the exceptionally 
cold winter after the eruption of Mount Pinatubo, with peak concentrations of 
more than 3 mg Chl a m-3 (Genin et al., 1995). 
 At all times, more than 95% of the photosynthetic biomass is due to <8 μm 
ultraplankton (Lindell and Post, 1995; Sommer et al., 2002), amounting to 99.99% 
of total algal numbers (Sommer et al., 2002). Seasonal succession proceeds from 
small eukaryotic to minute prokaryotic algae (Lindell and Post, 1995): <8 μm 
Cryptophyte and Chlorophyte algae dominate the phytoplankton community 
during the winter months, <2 μm blue-green Synechococcus in spring, and <1 μm 
Prochlorococcus in summer (Fig. 34.16). The recurrence of this pattern between 
years contrasts marked short-term but also inter-annual variability in total inte-
grated biomass, suggesting complex re-adjustments of the phytoplankton commu-
nity to differential bottom-up (light, nutrients) and top-down (grazing, viral lysis) 
control. 
 Local and brief decoupling of nutrient-enhanced primary production from the 
double lock of grazing and viral lysis may help explain episodic massive blooms of 
diatoms, coccolithophores and also pteropods in the area (Kimor and Golandsky, 
1977; Reiss and Hottinger, 1984; Winter et al., 1979), but the often great depths at 
which these blooms occur (300 m and 400 m in the case of diatoms and coccolitho-
phorids, respectively; Kimor and Golandsky, 1977; Winter et al., 1979) has re-
mained enigmatic. 
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Figure 34.15   Seasonal changes in thermal stratification and convective mixing (shown in the seasonal-
ity of sea surface temperatures, SST) drive phytoplankton dynamics (Chlorophyll a) in the northern 
Gulf of Aqaba, Red Sea. Inset shows the strong phytoplankton bloom following the exceptionally cold 
winter of 1991. (Labiosa et al., 2003, © 2003 by the American Society of Limnology and Oceanography) 

 

Figure 34.16   Seasonal abundances of ultraphytoplankton in the Gulf of Aqaba, integrated over a 600 
m water column. (Lindell and Post, 1995, © 1995 by the American Society of Limnology and Oceanog-
raphy) 
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 Nutrient levels in the euphotic zone (~1 mmol N m-3 and 0.2–0.3 mmol P m-3) are 
driven below detection limits in summer (Badran, 2001; Badran and Foster, 1998; 
Klinker et al., 1978). Nitrogen-limitation fosters the development of the diazotro-
phic filamentous blue-green Trichodesmium at the height of the stratification in 
summer and early fall (Post et al., 2002), as well as symbiotic associations of other 
N2-fixing cyanobacteria with diatoms and dinoflagellates (Gordon et al., 1994; 
Kimor et al., 1992). Nitrogen-to-phosphorous (N:P) ratios at or below the Redfield 
ratio of 16 (Badran, 2001; Badran and Foster, 1998; Levanon-Spanier et al., 1979) 
suggest that the limiting nutrient in stratified waters is N. However, for the Red 
Sea as a whole, the N:P ratio appears to be higher than the Redfield ratio (Naqvi 
et al., 1986), and enhanced alkaline phosphatase activities of Trichodesmium spp. 
populations (Stihl et al., 2001) indicate that P-stress may ultimately govern the 
final successional stages of phytoplankton in the Red Sea. 
 The above seasonality finds its spatial equivalent in the spring time distribution 
of physical and biological properties between the well-mixed Gulf of Aqaba and 
the stratified Red Sea proper (Fig. 34.17). 

 

Figure 34.17   Spatial distribution of temperature (light lines) and phytoplankton chlorophyll a (dark 
ragged lines) between the Gulf of Aqaba (left) and the Red Sea proper (right) during early March 1999. 

 Although the section extends across less than 250 km, the northern Gulf of 
Aqaba features a typical winter situation with a deep mixed layer and moderately 
high phytoplankton stocks, while the Red Sea shows a typical summer situation 
with a DCM at the bottom of the mixed layer. Physical mixing and phytoplankton 
production explain the shallowing of the Chl a profiles along the transect, with 
highest integrated values in the re-stratifying waters of the central gulf, while post-
bloom nutrient depletion in the Red Sea proper lead to the characteristic DCM of 
permanently stratified waters, with overall low productivities (around 0.1 g C m-2 d-1, 
Thiel and Weikert, 1984) and picoplanktonic cyanobacteria contributing >75% of 
primary production (Gradinger et al., 1992). The DCM in the summerly Gulf of 
Aqaba and Red Sea anticyclonic gyres coincides with low surface concentrations of 
nutrients (<0.1 mmol PO4

3-m-3, <0.5 mmol NO3

-m-3, Klinker et al., 1978; Weikert, 
1987) and a dynamic microbial loop, where the growth rates of picoplankton algae 
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(0.6 d-1, Sommer et al., 2002) and heterotrophic bacteria (0.3–2.3 d-1, Sommer et al., 
2002; Weisse, 1989) are kept in check by protozoan grazing (0.2–2.6 d-1), resulting 
in fairly constant levels of bacteria (around 5–9 × 105 cells ml-1, Grossart and Simon, 
2002; Sommer et al., 2002; Weisse, 1989). Mesozooplankton grazing rates are be-
tween 0.01–0.03 d-1, i.e. two orders of magnitude lower than protozoan grazing 
rates (Sommer, 2000; Sommer et al., 2002) (Fig. 34.18). 

 

Figure 34.18   Scheme of the Red Sea food web with double-logarithmic plot of the grazing rates of 
various zooplankton functional groups on food particle size in the Red Sea. (Sommer et al., 2002, 
reproduced by permission of [TK]-Research) 

 Microphagous mesozooplankton show highest preferences for bacteria (Ap-
pendicularia, Ostracoda) and small algae (Doliolum spp.), while copepods (Rhin-
calanus nasutus, Calanus sp. and small calanoids) seem to prefer the larger (40–100 
μm greatest axial linear dimension) algal size classes (Sommer et al., 2002). 
Trichodesmium spp. is fed upon selectively by the harpacticoid copepod Macro-
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setella gracilis (Boettger-Schnack and Schnack, 1989). However, recent analyses of 
polyunsaturated fatty acid profiles in Red Sea zooplankton show that unselective 
uptake by Salpa maxima (but not by the tunicate Doliolum denticulatum) may be 
an even more important up to now overlooked trophic link controlling Trichodes-
mium spp. populations in the Red Sea (Post et al., 2002). 
 The small size of the phototrophs at the base of the food chain renders large 
part of the primary production unavailable to the classical food chain via copepods 
and pelagic fish, and the bulk of the energy is dissipated in the microbial loop 
(picoplankton-heterotrophic nanoflagellates-ciliates) before reaching higher tro-
phic levels. As a result, pelagic fish stocks are low, and most of the catches occur in 
the shallow expanses of the southern shelves or the Gulf of Suez (Sanders and 
Kedidi, 1981). 
 The deep waters of the Red Sea are among the most nutrient-, biomass- and 
organic matter-impoverished in the world (Weikert, 1987). Microbial mineralisa-
tion of the organic material settling out of the productive layers is very rapid, en-
hanced by the high temperatures of the deep waters (Weikert, 1982; Grossart and 
Simon, 2002). Directly beneath the DCM at the base of the nutrient-depleted 
euphotic zone, successive increases in the concentrations of ammonia (NH4+), 
nitrite (NO2

-) and nitrate (NO3

-), and concomitant decreases in the concentrations 
of particulate organic matter (POM) and dissolved oxygen, indicate intense oxida-
tion of organic material at intermediate depths (Badran, 2001; Badran and Foster, 
1998). These degradation processes result in the formation of a mesopelagic oxy-
gen minimum zone at a core depth of 400–500 m with concentrations of 0.3–0.5 ml 
O2 l-1 (Weikert, 1980b; Weikert, 1987), corresponding to 6–10% saturation. The 
reduction of POM below 100 m is associated with a strong decline in the abun-
dance and diversity of mesozooplankton consumers, with concentrations as low as 
1 ind. per 250 m3 at 1500 m depth (Beckmann, 1984; Weikert, 1980a), concentra-
tions found at much greater depths elsewhere in the world ocean (Weikert and 
Koppelmann, 1993). The planktocline is interrupted by a secondary abundance 
and diversity maximum coinciding with a deep scattering layer between 300–600 m 
(Weikert, 1980a; Weikert, 1980b). The intermediate maximum is due to a zone of 
overlap of the upper and lower mesopelagic biota around the oxygen minimum 
layer. It is dominated by the calanoid copepod Pleuromamma indica (30% of the 
mesozooplankton in this layer) carrying out large diel vertical migrations between 
the oxygen minimum layer (or below) and the surface, and a resting stock of the 
large (5 mm) Rhincalanus nasutus (Fig. 34.19). The latter appears to be dormant 
for most of the year, possibly taking advantage of the low O2 levels to keep a low 
metabolism in spite of the high temperatures (Weikert, 1987), coming only to the 
surface for a very brief period to feed and reproduce (Farstey et al., 2002). 
 Similar to the deep-sea pelagic biota, the Red Sea deep-sea benthos is signifi-
cantly impoverished relative to comparative depths in other ocean basins (Thiel, 
1987). Throughout the area, the sediment is a pteropod ooze containing very low 
concentrations of organic matter (0.5% and 0.05% organic C and N, respectively, 
(Thiel and Weikert, 1984). Meiofauna (<1 mm) densities in deep-sea sediments 
were 600 (10 cm2)-1, several orders of magnitude lower than meiofauna in shallow 
sediments of the Red Sea (Grelet, 1985), comparable to meiofauna densities in 
abyssal regions of the Pacific and Atlantic oceans (Thiel, 1979). Macro- and 
megafauna was similarly impoverished, with densities of less than 1000 m-2 and <20 
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(100 m2)-1, respectively (Thiel, 1979; Thiel and Weikert, 1984). The low faunal 
biomass coincides with elevated metabolism in the deep sea biota. The high respi-
ration and electron transport system activities measured in deep sediments are 
believed to be associated with the high metabolic demand due to the uniquely 
elevated deep sea temperatures in the Red Sea (Thiel et al., 1987; Thiel and 
Weikert, 1984). The extreme paucity of food, the high temperatures and the geo-
logically short period since the establishment of present-day deep-sea conditions in 
the Red Sea appear to have converged into preventing the establishment of a true 
deep-sea fauna in the Red Sea (Thiel, 1987). Whereas many mesopelagic fish spe-
cies are identical with those in the Indian Ocean, the bathypelagic, bathybenthope-
lagic and bathybenthic fauna appears to be completely different (Klausewitz, 
1986), with many of the species being invaders from shallow waters (Thiel, 1987), 
the colonization of the deep-sea thus being an ongoing process of niche expansion 
(Uiblein, 1997). 

 

Figure 34.19   Scheme of the vertical distribution of mesozooplankton in the upper, middle and lower 
water column of the central Red Sea, showing depths of occurrence of characteristic species and ranges 
of diel vertical migration (arrows). (Weikert, 1982, reproduced by permission of [TK]-Research) 

5.4. Gulf of Aden, Arabian Margin and Gulf of Oman 

The seasonal productivity peak in the western Gulf of Aden is similar to the one in 
the southern Red Sea, but opposite to the one in the Arabian Sea (Johns et al., 
2000). The NE monsoon pushing into the Gulf of Aden and southern Red Sea 
mixes the upper water column under the combined effect of wind and cooling, 
entraining subsurface nutrients into the euphotic layer, enhancing pelagic produc-
tion during winter. Large phytoplankton blooms may occur on either side of Bab 
el Mandeb during this season, leading to a doubling of mesozooplankton grazer 
biomass relative to summer (Van Couwelaar, 1997). Although upwelling occurs 
along the coast of Yemen during the SW monsoon and some blooms due to this 
are observed near Bab el Mandeb, large parts of the western Gulf of Aden and the 
southern Red Sea remain protected from the winds, so that the strong insolation 
leads to a vernal stratification, with formation of a deep Chl a maximum. 
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 Outside the orographic shielding by the Erithrean mountain range, the strong 
longshore winds during the SW monsoon generate intense upwelling in the eastern 
Gulf of Aden and along the Arabian Margin. The Arabian/Oman upwelling area, 
particularly the Ras al Hadd frontal region, supports one of the richest yet largely 
unexploited potential fisheries in the world. The paucity of data until very recently 
on the physical-biological oceanographic interactions in this dynamic region be-
tween the coastal circulation, upwelling filaments and meandering front, and the 
primary producers, their grazers and fish (Hitchcock et al., 2002) has triggered 
intense research in the frame of the Joint Global Ocean Flux Study (JGOFS), 
summarized by Naqvi et al. (this volume). 

6. Coastal ecosystems 

6.1. General aspects 

As opposed to the large spatial and temporal differences in pelagic production in 
the seas around the Arabian peninsula, the diverse communities of the litoral 
fringe and shallow benthos are all very productive. The shallow relief of large parts 
of the Arabian Gulf, particularly along the northwestern-southwestern portion 
extending between Kuwait and the U.A.E. creates conditions suitable for the 
development of a sedimentary environment with soft substrate ecosystems, which 
may support extensive seagrass meadows and algal beds providing important feed-
ing and breeding habitats for many types of marine organisms such as pearl oys-
ters, shrimps and green turtles. Salt-marshes and mangroves are important 
intertidal habitats along the coasts of the Arabian peninsula, providing nurseries 
for marine fish and invertebrates and refuges and breeding areas for marine and 
terrestrial wildlife. High energy beaches and macroalgae dominated rocky shores 
are more common along the Arabian margin, and are important in supporting and 
sustaining many commercially important species. Carbonate platforms and coral 
reefs supporting high biological diversity occur on parts of the shallow Arabian 
Gulf and southern Red Sea shelves, but constitute a nearly continuous fringe along 
the entire length of the central and northern Red Sea and Gulf of Aqaba. 

6.2. Mangroves, tidal flats and salt marshes 

Salt-marshes and mangroves are dominant habitats of the intertidal zone along the 
coast of Saudi Arabia, United Arab Emirates and other Gulf states. These habitats 
are considered an essential part of the characteristic habitats found along the shore 
of these states. Their productivity is of great local and regional importance for 
marine ecosystems. They are important nesting sites and resting areas for migrat-
ing birds. Furthermore, mangroves and salt marshes are important feeding grounds 
for fish and crustaceans (Böer, 1996). In the Arabian Gulf Avicennia marina is the 
only mangrove tree that occurs naturally. This is due to the extremes of salinity 
(38–45) and water temperatures (12–35°C or more, in very shallow water) present 
in this region. The presence of only one species in the Gulf contrasts strongly with 
the higher diversities found on contiguous shorelines of northern India and the 
Red Sea where Avicennia occurs with three other species (Rhizophora mucronata, 
Bruguiera gymnorhiza and Ceriops tagal (Price et al., 1993). The northern limit of 
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mangroves, both in the Arabian Gulf and the Red Sea (Gulf of Aqaba) is 27–28°N. 
In the Arabian Gulf, the mangroves are dwarfed and poorly developed trees, 
rarely exceeding a height of 2 m compared to those along the Gulf of Oman and 
southern Red Sea, which are well developed and reach 6 m and 7–8 m height, 
respectively (Price et al., 1987; Salm and Jensen, 1989). Whereas most mangroves 
grow on muddy bottom, the mangroves on the Sinai peninsula are rooted on hard 
fossil coral bottom (Por et al., 1977). 
 Mangrove production is low to moderate, relative to global standards, ranging 
from 0.5 kg C m-2 y-1 under dwarfed conditions to 5.1 kg C m-2 y-1 in well developed 
stands (Sheppard et al., 1992). Yet, it is orders of magnitude higher than the ad-
joining open waters. How this high productivity is maintained in the absence of 
estuarine inputs remains enigmatic. Large part of the mangrove productivity is 
believed to be based on regenerated nutrients (Por et al., 1977). 
 The mangroves in the region, like many other intertidal vegetation, are affected 
or threatened by grazing activities, land filling, dredging, oil spills and unplanned 
coastal development. Each of these activities has contributed to the reduced level 
of mangrove vegetation. In the Gulf area, the extent of mangroves has declined 
dramatically, with only about 125–130 km2 remaining; 90 km2 off Iran, 10 km2 off 
Saudi Arabia and Bahrain and the remainder in the United Arab Emirates in Abu 
Dhabi and Umm-Al-Auwain. In Saudi Arabia, more than 40 percent of the Ara-
bian Gulf coastline has been filled and 50 percent of the mangrove lost (Jameson 
et al., 1995; Price et al., 1993). The area of Bahrain has increased about 50 km2 in 
the last 25 years by adopting the policy of land filling and reclamation which has 
affected the intertidal zone, and mangroves of the Tubli Bay to a great extent. 
 Cyanobacterial mats are considered a major contributor to primary productivity 
in the muddy tidal flats. These flats are also an important area for migrating birds 
(Zwarts et al., 1991). Sabkha is an extensive habitat in this region. It supports mats 
of cyanobacteria, bacteria and diatoms, which fix large amounts of nitrogen and 
contribute highly to the overall productivity. In addition, it hosts high populations 
of invertebrates and fish. 

6.3. Seagrass and macroalgal beds 

The dominant species of seagrasses in the Arabian Gulf sub-littoral waters are 
Halodule uninervis, a species tolerant of high salinity. Other species such as Halo-
phila ovalis and Halophila stipulacea are also present. Seagrass beds occur mainly 
in shallow coastal waters. In the Arabian Gulf, they flourish in 2–5 m and are 
rarely found in depth of more than 10 m. At the Jubail Marine Life Sanctuary of 
Saudi Arabia Haulodule uninervis was dominant on the sand-bottom, less than 5 m 
deep, with Halophila ovalis and Halophila stipulacea also present. At the shallower 
intertidal fringe, seagrass beds were sparser with the best-developed beds at depths 
of 3–4 m. Below depths of 5 m seagrass was not found (Richmond, 1996). In Bah-
rain, however, they are more extensive, but generally they do not extend deeper 
than approx. 8 m (Price et al., 1993). Basson et al. (1977) reported that seagrass 
beds were host for more than 530 species of plants and animals. This number has 
been exceeded by now, as a result of recent research (Coles et al., 1990; Mccain, 
1984; Richmond, 1996). These authors found that the infauna of seagrass beds was 
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dominated by gastropods, bivalves and polychaetes. Richmond (1996) reported 
233 infaunal species at the Jubail Marine Wildlife Sanctuary of Saudi Arabia and 
95% of all infauna of seagrass beds belong to those three taxa. 
 The results of many phycological inventories in the Arabian Gulf were com-
piled in many reports between the late 19th century (Endlicher and Diesing, 1845) 
and the 20th Century (Basson et al., 1989). These results were summarized in the 
checklist of Basson (1992). However, the most ecologically oriented research was 
made by Basson et al. (1977), Mccain (1984), and Sheppard et al. (1992). 
 Macroalgae of the sub tidal zone are very important in supporting life of very 
important species in the Arabian Gulf. Ninety taxa were recorded at the Jubail 
Marine Wildlife Sanctuary in Saudi Arabia. Rhodophyta were the most dominant 
(44) followed by phaeophyta and chlorophyta, which were represented by 25 and 
20 taxa respectively. Forty-two of these species were new in the Saudi Arabian 
Gulf and 15 were new in the Arabian Gulf. Macro algal beds are particularly im-
portant for the life of commercially important fish and shrimp Penaeus semisulca-
tus as well as the pearl oyster Pinctada spp. 

6.4. Coral reefs 

The most well-developed coral reefs in the Arabian region are found in the Red 
Sea. They form predominantly narrow fringing reefs (hence contour reefs; Fishel-
son, 1971), where the shelves are narrow or non-existent, such as along the north-
ern and central margins of the Red Sea basin, and its northern extensions into the 
deep Gulf of Aqaba. Along the shallow Gulf of Suez and broad shelves of the 
Central and Southern Red Sea, also pinnacle reefs and reef barriers occur. De-
tailed accounts on the Red Sea coral reef communities are given i.a. by Fishelson 
(1971), Loya (1972), Mergner (1980), Mergner and Schuhmacher (1974), Mergner 
and Schuhmacher (1985), and Schuhmacher and Mergner, (1985) and the general 
features have been reviewed i.a. by Edwards and Head (1987) and Sheppard et al. 
(1992), and may thus not be repeated again. 

 

Figure 34.20   Hard and soft coral cover at 5m depth in 9 sites from the northern tip of the Gulf of 
Aqaba (left) along the length of the Red Sea to Djibouti (Gulf of Aden) and the island of Socotra 
(Arabian Sea). (After Hassan et al., 2002) 
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 Recent census data show that live hard coral cover in the Red Sea is high, by 
global standards, averaging 20–50% (Hassan et al., 2002) (Fig. 34.20). 
 Highest coral cover cover and diversity occurs in the northern and central parts 
of the Red Sea, where water visibilities may exceed 40–50m (Pilcher and Abou 
Zaid, 2000). The more fertile and turbid waters of the southern Red Sea and Gulf 
of Aden result in poor coral development, particularly in deeper waters due to 
visibilities of sometimes less than 5 m (Hassan et al., 2002). 
 Where the shelf is narrow, steep slopes and rapid coral growth give rise to a 
fairly open unconsolidated framework with little sediment infilling (Barnes and 
Lazar, 1993). The resulting crevices, fissures and holes interlacing the reef frame-
work are home to a diverse cryptic community (Wunsch and Richter, 1998; Richter 
and Wunsch, 1999). Suspension feeders, notably sponges, occupy large areas of the 
crevice walls and contribute significantly to the trophic balance of the coral reef 
ecosystem in the nutrient-impoverished waters (Richter et al., 2001). Oceanic 
nutrients harnessed by the cryptic filter-feeders may thus fuel up to 25% of the 
gross primary production of the overlying corals and algae, estimated at 4 g C m-2 d-1 
(Erez, 1990; Richter et al., 2001). Zooplanktivorous fish, making up 60% of num-
bers of individuals and species (Khalaf and Kochzius, 2002a; 2002b), as well as 
suspension feeding invertebrates dwelling on the exposed reef surface (Fabricius et 
al., 1995; Yahel et al., 1998; Kappner et al., 2000) further contribute to pelagic-
benthic coupling in Red Sea coral reefs. 
 In spite of the generally healthy state of Red Sea coral reefs, relative to global 
standards (Wilkinson, 2002), there is mounting evidence that live coral cover and 
fish populations have started to decline in many places (Jameson et al., 1997). 
 Several small outbreaks of crown-of-thorns starfish (COTS) have been re-
corded, some local bleaching events and an increase in bioeroding organisms such 
as the urchin Diadema setosum and the coral eating gastropods Drupella and 
Coralliophila. Threats appear to be associated with the increasing rate of coastal 
development and thus differ within the region, being particularly imminent in the 
northern sections of the Red Sea where the most spectacular reefs occur. The 
major threats are land filling, dredging, sedimentation, sewage discharge and efflu-
ents from intensive aquaculture and desalination plants. In major tourism areas, 
there is physical damage by tourists and boat anchors. Fishing pressure is con-
stantly increasing throughout the region to satisfy demands of growing and more 
affluent populations. 
 In the Arabian Gulf, great variations in temperature, high salinity and high 
turbidity form an extreme environment for corals (Sheppard and Well, 1988). In 
this region, Coles et al. (1991) measured the lowest ever recorded temperature in 
coral reefs. Coral reefs in the Arabian Gulf occur mainly as patch reefs. Fringing 
reefs are usually found around offshore islands. These reefs have large reef flats 
and reef slopes connected at their deepest part to the soft substrate at a depth of 
10 m or more. Many of these islands are found in the waters of Saudi Arabia, Ku-
wait, Bahrain and Qatar and are considered the best-developed and most diverse 
reefs in terms of species composition in this region. At the Jubail Marine Wildlife 
Sanctuary in Saudi Arabia it was found that offshore and inshore reefs varied 
greatly in terms of species composition and seasonality. Coral reefs in this pro-
tected area are restricted to a very limited depth range of only few meters. They 
rarely extended deeper than 10 m. However, single coral colonies may sometimes 
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be found as deep as 20–25 m. Most of the offshore reefs showed similar species 
composition, and the scleractinian cover was poor in shallower parts of the reefs. 
At the inshore reefs, the poor live coral cover consisted mainly of Porites com-
pressa and with increasing depth, corals of the genus Acropora occurred more 
frequently and dominated the deeper reef (Vogt, 1996). 
 Coral diversity (50–60 species) in the Arabian Gulf is low compared to the Red 
Sea (nearly 200 species; Jameson et al., 1995). Impacts from oil spills during the 
Gulf war of 1991 were much less than generally expected, indicating a high resil-
ience among reef communities (Sheppard et al., 1992). 
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1. Introduction 

Australia is an island continent extending from tropical to midlatitude waters with 
an Exclusive Economic Zone of some 8.6 million square kilometres. Its regional 
seas are exposed to climatological conditions ranging from the westerly Roaring 
Forties winds in the south, to monsoon and tropical cyclone conditions in the 
north. It also encompasses regions of extreme biodiversity, with 80 percent of 
southern temperate species endemic to the region. 
 The focus of marine research in Australia is becoming more interdisciplinary in 
response to factors such as the national government’s recent Oceans Policy, which 
emphasises sustainable development and ecological based management (Reichelt 
and McEwan, 1999). However, historically there have been relatively few major 
interdisciplinary studies in Australian waters. Initiatives, such as the Leeuwin 
Current Interdisciplinary Experiment (Smith et al., 1991) might be more accu-
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rately described as multidisciplinary, with very limited effort devoted to integra-
tion. Interdisciplinary work that has been undertaken has tended to be concen-
trated in a few regions. Most notably in the Great Barrier Reef where there has 
been a strong interest in terrestrial inputs and larval exchange between reefs, in 
the Tasman Sea adjacent to Sydney where the East Australian Current has a 
strong influence on upwelling and primary productivity, and off the west coast 
where larval dispersion impacts recruitment levels in high value fisheries. 
 Because an interdisciplinary review could in principle include most of the ma-
rine science undertaken in Australian waters, it has been important to limit its 
scope. The focus is therefore restricted to shelf scale processes, including major 
coastal and offshore influences, but excluding the surf zone, intertidal zone, estuar-
ies and bays. This distinction is important since a large proportion of the interdis-
ciplinary marine research conducted in Australian waters has been undertaken in 
these coastal environments. The other significant limitation is that the review is 
largely restricted to the mainstream scientific literature. In exceptional cases where 
reports have been cited, web access details have been provided where possible. 
 This review will begin in Section 2 with an overview of the broad-scale charac-
teristics of Australia’s shelf seas, considering physical, chemical, biological, and 
sedimentological aspects of both its tropical and temperate regions. Interdiscipli-
nary studies will be reviewed on a regional basis in Section 3, along with recent 
attempts to synthesize information at the national scale. Research directions and 
emerging scientific issues will then be discussed in Section 4. 

2. Characteristics of Australia’s Shelf Environment 

This section provides general descriptions of the geomorphological, sedimen-
tological, physical, chemical, and biological properties of the shelf-slope seas 
around Australia. These descriptions will be based on bathymetric and sediment 
datasets, hydrographic climatologies, satellite imagery, biogeographic descriptions, 
and key in situ observations. 

2.1 Geographical and Geomorphologic Setting 

The shape of the Australian continent owes its origin to the rifting apart of the 
Gondwanaland super-continent. About 65 million years ago Australia was still a 
part of Gondwanaland, connected along its southern margin to what is now Ant-
arctica. Rifting and seafloor spreading caused the splitting away of Australia and 
its last connection with Antarctica, at the southern edge of Tasmania, was severed 
about 50 million years ago. Australia moved northward until 10 to 15 million years 
ago when the northern margin collided with the Pacific Plate causing tectonic 
uplift, volcanic activity and eventually the creation of Papua New Guinea. Today, 
Australia is bounded by three oceans (Pacific, Indian and Southern) and four 
marginal seas (the Timor, Arafura, Coral, and Tasman Seas; Fig. 1). 
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Figure 35.1   Bathymetry and location map for the Australian continent. 

 Australia’s continental shelf is highly variable in terms of its width, depth and 
profile. The shelf break is located about 10km offshore from Fraser Island and 
North West Cape, but the Arafura Shelf is over 500km wide. In vertical profile, 
most of Australia’s shelf is a relatively smooth and dips gently seawards (Fig. 1). In 
contrast, some parts are rimmed by shelf edge barrier reef systems, such as the 
Great Barrier Reef. During Pleistocene periods of lower relative sea level, the 
shelf was exposed and the Australian mainland was joined to several of the adja-
cent large islands such as Tasmania and Papua New Guinea. Such “land bridges” 
are considered to have facilitated the migration of animals and humans in the late 
Pleistocene ice age. The shallow seas comprising Bass Strait, the Sahul Shelf, Gulf 
of Carpentaria and Torres Strait were thus subjected to erosion and sedimentation 
by rivers and wind on several occasions during the past 150,000 years. Basins 
perched on the continental shelf in Bass Strait, the Gulf of Carpentaria and Bona-
parte Gulf are considered to have been the sites of large fresh to brackish water 
lakes and lagoons during these periods of emergence (Blom and Alsop, 1988; 
Jones and Torgersen, 1988; Chivas et al., 2001). 

2.2 Sedimentological Environment 

As on all continental shelves, the nature and distribution of sediments around 
Australia is determined by a range of past and contemporary influences, including 
climate and sea level change, past and present shelf energy regimes, sediment 
supply, morphology, biology and chemistry. These factors are often interconnected 
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in terms of their effect on shelf sediments, and significant effort has been directed 
towards understanding different processes and their sedimentological expression. 

 

Figure 35.2   Maps of (A) calcium carbonate content and (B) mud content for surficial sediments on the 
Australian continental shelf (water depth less than 500m), based on data extracted from the AUSEA-
BED database (Jenkins, 1997). 

 One of the most important parameters characterizing shelf surficial sediment 
composition and type is the percentage of calcium carbonate content. Australia is 
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distinguished from other continents by comparatively high carbonate content over 
most of its shelf, exceeding 80% over large parts of the southwest, west and north-
west (Fig. 2). These distributions are largely explained by the small riverine sedi-
ment loads around most of the continent, supplying less than 150 million tonnes 
per annum to the entire coastline. Significant regions of non-carbonate sediments 
of terrigenous origin are only found in the southern Gulf of Carpentaria (Jones 
1987), southern Great Barrier Reef (Maxwell, 1968), and southeastern Australian 
inner shelf. 
 Another key parameter characterizing shelf sediments is the mud content. On 
the Australian shelf, enhanced mud content can be attributed to fluvial inputs in a 
few regions, such the northern Great Barrier Reef (Belperio and Searle, 1988) and 
eastern Australia (Short, 1979). However, significant mud content is found more 
commonly in the tide-dominated regions of the north (Jones, 1987), southern 
Great Barrier Reef (Maxwell, 1968), and Bass Strait (Fig. 2). It has been proposed 
that continuous reworking of soft calcareous sediment by tidal currents causes 
grains to fracture and gradually disintegrate, thus generating silt-sized carbonate 
detritus (Harris, 1994). In this way, carbonate mud is generated and deposited on 
tide-dominated parts of the shelf, whilst the mean carbonate content of the shelf 
deposits remains relatively constant (Fig. 2). The lower mud content associated 
with wave-dominated regions can be attributed to the lower energy available to 
transport carbonate sand as bedload and the winnowing of fine particles and their 
export to deeper waters. 

2.3 Physical Environment 

The Australian continent spans a number of climatic zones, ranging from wet 
tropics in the northeast and dry tropics in the northwest to temperate conditions in 
the south. The large-scale wind patterns show significant seasonal variability (Fig. 
3). They are influenced by the tropical monsoon in the north, where persistent 
southeasterly trade winds are replaced by northwesterlies during summer. The 
trade winds extend over the subtropics and are then replaced by the westerly 
Roaring Forties, which reach southern Australia during winter and spring. 
 Oceanic temperatures, salinities, and current patterns also exhibit strong sea-
sonality and major contrasts between tropical and temperate systems (see review 
by Church and Craig, 1998; Ridgway et al., 2002). Currents throughout the shallow 
tropical shelf seas from North West Cape to the southern Great Barrier Reef on 
the east coast are dominated by mainly semidiurnal tidal flows. The peak tidal 
range occurs at King Sound (>10 m), with strong tidal currents also common at 
bathymetric constrictions such as Torres Strait and parts of the Great Barrier Reef. 
An M2 amphidrome off the southwest of the continent results in diurnal tides lo-
cally, with semidiurnal and mixed tides in other subtropical and temperate regions. 
With the exception of semi-enclosed regions, such as Bass Strait and the South 
Australian Gulfs, tidal elevations and currents are relatively small compared to 
those in the tropical regions. 
 Wind-driven circulation is significant over much of shelf and is known to gener-
ate coastal-trapped ways around much of the coastline (e.g., Church et al., 1986). 
With the possible exception of southwestern Australia, significant wind-driven 
upwelling events tend to be infrequent and localized (Schahinger, 1987; Gersbach 
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et al., 1999; Pearce and Pattiaratchi, 1999). On the other hand, stronger winds (Fig. 
3) and surface cooling during the winter months often results in complete vertical 
mixing of shallow seas such as the Gulf of Carpentaria and Bass Strait. 

 

Figure 35.3   Large-scale seasonal wind patterns illustrated using wind vectors at 10 m from the NCEP-
NCAR Reanalysis product (Kalnay et al.1996). 

 Regional current systems have a major impact on Australia’s shelf and slope 
seas, particularly off the east and west coast (Fig. 4). The major western boundary 
current in the South Pacific is the East Australian Current. This system is fed from 
the east by a complex pattern of flows forming the South Equatorial Current 
(Ridgway, 2003), which split into northward and southward branches following the 
continental slope offshore of the Great Barrier Reef (Brinkman et al., 2001). To 
the south, the East Australian Current develops as a series of intense anticyclonic 
eddies, carrying warm low-nutrient water southward (Figs. 5 and 6). It usually 
separates from the upper slope at around 33°S to form the southern boundary of 
the South Pacific subtropical gyre. East Australian Current eddies extend down 
the east coast of Tasmania during summer, but retreat to the north as the system 
weakens during winter (Fig. 4). Variability in the East Australian Current is be-
lieved to be closely related to upwelling events observed along the east coast. 
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Figure 35.4   Geostrophic surface currents for summer (January – upper) and winter (July – lower) 
relative to a reference depth of 2000 m. These estimates were made from dynamics height fields based 
on the CSIRO Atlas of Region Seas (CARS) temperature and salinity fields (Fig. 5) for waters deeper 
than 200 m. 

 On the west coast, the poleward flowing Leeuwin Current intensifies along the 
upper continental slope (Fig. 4) and carries warm, low-salinity water southward 
(Fig. 5; Godfrey and Ridgway, 1985). It opposes the prevailing southerly winds 
(Fig. 3) and effectively prevents the formation of a major upwelling system like 
those observed off the west coasts of other continents. The system is weak during 
summer, allowing northward flow to develop over the shelf including localized 
upwelling associated with the Capes Current in the south (Pearce and Pattiaratchi, 
1999). The Leeuwin Current then develops rapidly in autumn (Fig. 4), eventually 
wrapping around the southwest corner of the continent and continuing eastward 
across the Great Australian Bight to form what is arguably the longest continual 
coastal current in the world (Ridgway and Condie, 2004). 
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 Another major current system coincides with the Subtropical Front, south of 
Australia (e.g. Rintoul and Trull, 2001). This feature separates the high nutrient 
waters of the Subantarctic Zone from more depleted subtropical waters (Fig. 6). It 
is also evident in the mixed layer depth distribution, but tends to be smeared out in 
the seasonal temperature and salinity fields due to variability in the location of the 
frontal zone (Fig. 5). During most of the year the Subtropical Front is south of the 
Australian continent, but tends to encroach onto the Tasmanian continental slope 
during the winter months. 

 

Figure 35.5   Temperature in °C (upper) and salinity in PSU (middle) at a depth of 10 m from the 
CSIRO Atlas of Regional Seas (CARS, Dunn and Ridgway 2002, Ridgway and Dunn 2002), and an 
associated estimate of mixed layer depth in metres (lower, Condie and Dunn 2004). Fields are for 
summer (January – left) and winter (July – right). The base of the mixed layer is defined as the depth 
where the temperature falls more than 0.04° below the value at 10 m depth or the salinity rises more 
than 0.03 PSU above the value at 10 m depth. 

2.4 Chemical Environment 

Australia’s shelf seas tend to be strongly oligotrophic (Rochford, 1984; Condie and 
Dunn, 2004). Relatively arid conditions across most of the continent restrict the 
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input of nutrients from riverine sources. As in most tropical systems, nutrients in 
the surface waters around northern Australia are rapidly consumed and recycled, 
so that the only significant replenishment is from below the mixed layer. In sub-
tropical waters, both the East Australian Current and Leeuwin Current tend to 
envelope the continent in low nutrient subtropical water (nitrate < 0.5 µM, Fig. 6). 
The influence of these systems is seasonal in the southeast, where nitrate and 
phosphate are moderately enhanced during winter by the withdrawal of the East 
Australian Current and northward migration of the Subtropical Front (Rochford, 
1984). 

 

Figure 35.6   Nitrate (upper), phosphate (middle), and silicate (lower) at a depth of 10 m from the 
CSIRO Atlas of Regional Seas (CARS, Condie and Dunn 2004). Fields are for summer (January – left) 
and winter (July – right) and are in micromolar units (µM). 

 Wind-driven upwelling events around Australia, such as occur on the Bonney 
Coast and Cape Leeuwin areas, tend to be infrequent and localized (Lewis, 1981). 
Any enhancement in nutrient levels is therefore short-lived and often restricted to 
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subsurface waters, leaving little evidence of upwelling activities in the seasonal 
fields (Figs. 5 and 6). However, wintertime mixing associated with stronger winds 
(Fig. 3) and surface cooling in shallow seas, such as the Gulf of Carpentaria and 
Bass Strait, tend to produce a longer-term enhancement in near-surface nutrient 
levels (Gibbs et al., 1986). 
 While eutrophication and other significant chemical contamination have been 
documented in a number of estuaries and embayments around Australia, there is 
little evidence of major impacts on the continental shelf. Areas of potential con-
cern include oil, produced formation water, and drilling fluids from oil and gas 
production on the North West Shelf (Furnas and Mitchell, 1999; Holdway and 
Heggie, 2000), deep-water sewage outfalls off Sydney (Gray, 1996b; Middleton et 
al, 1997), and the exposure of the Great Barrier Reef Lagoon to riverine inputs of 
nutrients and contaminants such as organochlorine compounds, hydrocarbons, and 
heavy metals (Haynes and Johnson, 2000; Haynes and Michalek-Wagner, 2000). 

2.5 Biological Characteristics 

Information on biological characteristics tends to be concentrated in localized 
regions with particular conservation or fisheries significance. In the past, signifi-
cant effort was directed at national collations of species level phytoplankton in-
formation (Jeffrey and Hallegraeff, 1990) and zooplankton biomasses (Tranter, 
1962). However, more recently collected data, including species distributions, 
biomass and productivity measurements, and satellite ocean-color data, are still to 
be incorporated into these descriptions. Other biological distributions have been 
summarized at various spatial scales in terms of bioregionalisations, which were 
derived using a diverse range of data inputs and expert opinion. 
 The phytoplankton biogeography around Australia was described by Jeffrey 
and Hallegraeff (1990). While nanoplankton species (2–20 µm) are remarkably 
similar around the continent, significant regional differences are evident in diatom 
and dinoflagellate communities (30–100 µm) (Fig. 7). Australia’s tropical shelf seas 
contain diatoms, dinoflagellates, and cyanobacteria (trichodesmium), but with a 
high proportion of nanoplankton (70–95% of total chlorophyll). The west and 
southwest coast and much of the east coast include diatoms, cyanobacteria, and a 
great diversity of dinoflagellates. Cell concentrations are particularly low off the 
northeast (Coral Sea), where nanoplankton and picoplankton form a high percent-
age of total chlorophyll (70–95%). The southeastern region around Tasmania 
includes a wide variety of diatoms and dinoflagellates, with nanoplankton contrib-
uting 50–80% of chlorophyll, except during diatom blooms when this range falls to 
10–40%. During summer the southeastern plankton community contracts to the 
south along the NSW coast to be replaced by Coral Sea species carried by the East 
Australia Current. Detailed species level information for the three regions can be 
found in Jeffrey and Hallegraeff (1990) and the earlier compilations of Wood 
(1954), Crosby and Wood (1958), and Revelante et al. (1982). 
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Figure 35.7   Regionalisation based on phytoplankton community distributions around the Australian 
continent (adapted from Jeffrey and Hallegraeff 1990). The three distinct communities reside in the 
tropical northern Australian shelf seas including part of the North West Shelf (solid grey); the Eastern 
Indian Ocean and Coral Sea regions (horizontal hatching); and the southeast (diagonal hatching). 
During summer the southeastern community contracts to the south to be replaced by Coral Sea species 
(indicated by dashed lines). 

 Attempts to calibrate satellite ocean-color in Australia’s shelf waters have only 
commenced recently and reliable algorithms are not yet available. This is particu-
larly problematic in the turbid waters off northern Australia, where large sus-
pended sediment concentrations introduce a significant non-biological 
contribution to the ocean color signal. Under these circumstances the absolute 
chlorophyll levels are not always reliable, although the temporal and spatial trends 
are still informative. Seasonal chlorophyll estimates over the shelf typically fall 
within the range of 0.3 to 0.9 mg m-3, with peak values usually occurring in the 
cooler months (Fig. 8). For example, the afore’ mentioned wintertime mixing and 
entrainment of nutrients in the Gulf of Carpentaria and Bass Strait, correspond to 
almost a doubling in estimated chlorophyll levels according to both ocean color 
and in situ estimates (Fig. 8 and Table 1). The main exception to winter chloro-
phyll enhancement is around southern Tasmania, where shallow summer mixed 
layers (~ 30 m, Fig. 5) and moderately enhanced nutrient levels (nitrate ~ 1 µM, 
Fig. 6) appear to support quite high chlorophyll concentrations extending offshore 
to the east (> 0.5 mg m-3, Fig. 8). While localized upwelling events are clearly visi-
ble on individual ocean-color images, they have little impact on the seasonal fields 
due to their intermittent nature. Measurements of primary production are ex-
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tremely sparse around the Australian shelf, but published rates range up to 3 g C 
m-2 d-1 in both tropical and temperate waters (Table 1). 

 

Figure 35.8   Surface chlorophyll concentration (mg m-3) for summer (January – upper) and winter (July 
– lower) based on SeaWiFS data. These fields are seasonal composites derived using the spatial and 
temporal mapping methods adopted for the CSIRO Atlas of Region Seas (CARS). 
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TABLE 1 
Estimated chlorophyll concentration and light saturated primary production of phytoplank-
ton in Australian shelf waters. This is an updated version of a table presented by Jeffrey and 

Hallegraeff (1990), but restricted to shelf waters. 

Area 

Chlorophyll 

(mg m-3) 

Productivity 

(g C m-2 d-1) Season Reference 

Central Great Barrier Reef 
(mid-shelf) 

0.3 – 1.0 
0.2 – 0.5 

0.55 ± 0.23 
0.39 ± 0.18 

Summer 
Winter 

Furnas and Mitchell 1987 
Furnas and Mitchell 1987 

Central Great Barrier Reef 
(shelf-break) 

0.2 – 0.5 
0.3 – 0.5 

0.41 ± 0.17 
0.39 ± 0.25 

Summer 
Winter 

Furnas and Mitchell 1987 
Furnas and Mitchell 1987 

Bass Strait and Tasmanian 
east coast 

1.5 – 2.4 1.3 – 2.9 Spring Harris et al. 1987 

Tasmanian west coast  0.3 – 0.5 Winter Harris et al. 1987 
Great Australian Bight 0.1 – 0.4 0.44 Summer Motoda et al. 1978 
Exmouth Gulf 0.2 – 0.4 0.15 – 0.25 Spring Ayukai and Miller 1998 
North West Shelf (Barrow–
Monte Bello Is.) 

0.25 – 0.26 0.45 – 2.5 Spring Furnas and Mitchell 1999 

Gulf of Carpentaria - 
coastal 

1 – 2 
0.29 ± 0.02 
0.24 ± 0.03 

1.43 ± 0.40 
0.95 ± 0.32 
0.75 ± 0.38 

Summer 
Summer 
Winter 

Rothlisberg et al. 1994 
Burford and Rothlisberg 1999 
Burford and Rothlisberg 1999 

Gulf of Carpentaria - 
central 

0.1– 1.6 
0.1– 0.2 
0.34 ± 0.02 
0.66 ± 0.03 

3.2 
0.66 ± 0.11 
0.96 ± 0.13 
0.56 ± 0.35 

Summer 
Summer 
Summer 
Winter 

Motoda et al. 1978 
Rothlisberg et al. 1994 
Burford and Rothlisberg 1999 
Burford and Rothlisberg 1999 

 

 Information on secondary production of zooplankton and higher trophic levels 
is extremely patchy over the Australian shelf. Tranter (1962) collated zooplankton 
data from around Australia and reported that biomass levels on the shelf varied 
from 82 to 213 mg m-3 with an average of around 100 mg m-3, which is relatively low 
compared to many other parts of the world. While significant quantities of new 
data have been gathered within the intervening 40 years, there has been surpris-
ingly little progress in updating Tranter’s analysis or expanding its scope to include 
more species level information. 
 Higher trophic levels have been studied mainly in a fisheries context. The most 
extensive datasets have been collected for the large multi-species fishery operating 
in southeastern Australia, where dietary data from commercial species has allowed 
food-webs to be constructed and trophic exchanges to be quantified (Young et al., 
1997; Bulman et al., 2001). The focus for seabed habitat studies has followed simi-
lar trends, motivated largely by concerns about the impacts of trawling (e.g., Bax et 
al., 1999; Bax and Williams, 2001). However, substantial effort has also been de-
voted to maximizing the use of limited habitat data so as to develop preliminary 
characterizations of the distributions of ecosystems in Australian waters at a range 
of spatial scales (Fig. 9, Interim Marine and Coastal Regionalisation for Australia 
Technical Group, 1998; The Marine Science and Technology Plan Working Group, 
1999). 



14
26

 
IN

T
E

R
A

C
T

IO
N

S 
IN

 A
U

ST
R

A
L

IA
’S

 S
H

E
L

F
 S

E
A

S 
 T

A
B

L
E

 2
: 

St
ud

ie
s 

ca
te

go
ri

ze
d 

ac
co

rd
in

g 
to

 p
ro

vi
nc

e 
an

d 
dy

na
m

ic
al

 p
ro

ce
ss

.  

 
G

re
at

 B
ar

ri
er

 R
ee

f 
E

as
t C

oa
st

 
So

ut
he

as
t C

oa
st

 
So

ut
h-

w
es

t &
 G

re
at

 
A

us
tr

al
ia

n 
B

ig
ht

 
W

es
t C

oa
st

 
N

or
th

 W
es

t S
he

lf
 

N
or

th
er

n 
A

us
tr

al
ia

n 
Se

as
 

T
ra

ns
po

rt
 o

f 
nu

tr
ie

nt
s 

an
d 

se
di

m
en

ts
 fr

om
 

ne
ar

sh
or

e 

B
ir

ke
la

nd
 1

98
2,

 A
lo

ng
i 

19
90

, M
it

ch
el

l e
t a

l. 
19

97
, 

L
ar

co
m

be
 &

 W
oo

lf
e 

19
99

, O
rp

in
 e

t a
l. 

19
99

, 
L

am
be

ck
 &

 W
oo

lf
e 

20
00

, 
W

oo
lf

e 
et

 a
l. 

20
00

, C
ap

po
 

&
 K

el
ly

 2
00

1,
 L

ou
re

y 
et

 
al

. 2
00

1,
 B

ru
ns

ki
ll 

et
 a

l. 
20

02
, N

ei
l e

t a
l. 

20
02

 

 
 

 
 

 
W

ol
an

sk
i e

t a
l. 

19
99

, 
H

em
er

 e
t a

l. 
20

03
 

T
ra

ns
po

rt
 o

f 
nu

tr
ie

nt
s 

fr
om

 
of

fs
ho

re
 

W
ol

an
sk

i e
t a

l. 
19

88
, 

F
ur

na
s 

an
d 

M
it

ch
el

l 1
99

6 
N

ew
el

l 1
96

6 
 

L
ew

is
 1

98
1,

 S
ch

ah
in

ge
r 

19
87

 
 

H
ol

lo
w

ay
 e

t a
l. 

19
85

 
H

ar
ri

s 
19

89
, 1

99
1 

P
ri

m
ar

y 
pr

od
uc

ti
vi

ty
 

an
d 

pl
an

kt
on

 
bl

oo
m

s 

R
ev

el
an

te
 e

t a
l. 

19
82

, 
R

ev
el

an
te

 &
 G

ilm
ar

ti
n 

19
82

, F
ur

na
s 

an
d 

M
it

ch
el

l 
19

86
, F

ur
na

s 
an

d 
M

it
ch

el
l 

19
87

 

T
ra

nt
er

 e
t a

l. 
19

86
, 

H
al

le
gr

ae
ff

 &
 R

ei
d 

19
86

, H
al

le
gr

ae
ff

 &
 

Je
ff

re
y 

19
93

, G
ib

bs
 

20
00

 

H
ar

ri
s 

et
 a

l. 
19

87
, 

C
le

m
en

ts
on

 e
t a

l. 
19

89
, G

ib
bs

 e
t a

l. 
19

86
, 1

99
1,

 B
ax

 e
t a

l. 
20

01
 

M
ot

od
a 

et
 a

l. 
19

78
 

K
im

m
er

er
 e

t a
l. 

19
85

 
T

ra
nt

er
 &

 L
ee

ch
 

19
87

, A
yu

ka
i &

 
M

ill
er

 1
99

8,
 F

ur
na

s 
&

 M
it

ch
el

l 1
99

9 

M
ot

od
a 

et
 a

l. 
19

78
, 

R
ot

hl
is

be
rg

 e
t a

l. 
19

94
, 

B
ur

fo
rd

 e
t a

l. 
19

95
, 

B
ur

fo
rd

 &
 R

ot
hl

is
be

rg
 

19
99

 

L
ar

va
l t

ra
ns

-
po

rt
 a

nd
 

re
cr

ui
tm

en
t 

A
lld

re
dg

e 
&

 H
am

ne
r 

19
80

, D
oh

er
ty

 e
t a

l. 
19

85
, 

Sa
m

m
ar

co
 &

 A
nd

re
w

s 
19

88
, 1

98
9,

 D
oh

er
ty

 e
t a

l. 
19

88
, D

ig
ht

 e
t a

l. 
19

90
a,

b,
 

Ja
m

es
 e

t a
l. 

19
90

, B
la

ck
 

et
 a

l. 
19

91
, K

ee
si

ng
 &

 
H

al
fo

rd
 1

99
2,

 J
am

es
 &

 
Sc

an
do

l 1
99

2,
 S

ca
nd

ol
 

an
d 

Ja
m

es
 1

99
2,

 B
ro

di
e 

19
92

, O
liv

er
 e

t a
l. 

19
92

, 
B

la
ck

 e
t a

l. 
19

95
, J

on
es

 e
t 

al
. 1

99
9 

R
ot

hl
is

be
rg

 e
t a

l. 
19

95
, 

G
ra

y 
19

96
, S

m
it

h 
20

00
 

H
ar

ri
s 

et
 a

l. 
19

88
, 

G
un

n 
et

 a
l. 

19
89

, 
B

ru
ce

 e
t a

l. 
20

01
a,

b,
c 

F
le

tc
he

r 
et

 a
l. 

19
94

, 
M

ax
w

el
l &

 C
re

ss
w

el
l 

19
81

 

Si
m

ps
on

 1
99

1,
 C

ap
ut

i 
&

 B
ro

w
n 

19
93

, 
H

ut
ch

in
s 

&
 P

ea
rc

e 
19

94
, C

ap
ut

i e
t a

l. 
19

96
, L

en
an

to
n 

et
 a

l. 
19

96
, C

ap
ut

i e
t a

l. 
20

01
, G

ri
ff

in
 e

t a
l. 

20
01

 

C
on

di
e 

et
 a

l. 
20

03
 

R
ot

hl
is

be
rg

 e
t a

l. 
19

83
, 

R
ot

hl
is

be
rg

 e
t a

l. 
19

96
, 

C
on

di
e 

et
 a

l. 
19

99
 

 



 
SC

O
T

T
 A

. C
O

N
D

IE
 A

N
D

 P
E

T
E

R
 T

. H
A

R
R

IS
 

14
27

 

T
A

B
L

E
 2

 (
co

nt
in

ue
d)

 

B
io

ph
ys

ic
al

 
di

st
ri

bu
ti

on
s 

W
ill

ia
m

s 
&

 H
at

ch
er

 1
98

3,
 

D
oh

er
ty

 1
98

7,
 D

on
e 

19
92

, M
ol

ts
ch

an
iw

sk
yj

 &
 

D
oh

er
ty

 1
99

5,
 N

ew
m

an
 

et
 a

l. 
19

97
,  

G
ra

y 
19

96
a,

 D
em

ps
te

r 
et

 a
l. 

19
97

, S
m

it
h 

et
 a

l. 
19

99
, S

m
it

h 
&

 S
ut

he
rs

 
19

99
, G

ra
y 

&
 M

i-
sk

ie
w

ic
z 

20
00

, S
m

it
h 

20
00

, Y
ou

ng
 e

t a
l. 

20
01

 

H
ar

ri
s 

et
 a

l. 
19

88
, 

Jo
rd

an
 e

t a
l. 

19
95

, 
B

ax
 &

 W
ill

ia
m

s 
20

01
, 

W
ill

ia
m

s 
an

d 
B

ax
 

20
01

 

B
on

e 
&

 J
am

es
 1

99
6,

 
G

ri
ff

in
 e

t a
l. 

19
97

, L
i &

 
M

cG
ow

ra
n 

19
98

, J
am

es
 

et
 a

l. 
20

01
 

C
ol

lin
s 

et
 a

l. 
19

96
, 

Ja
m

es
 e

t a
l. 

19
99

 
M

cL
ou

gh
lin

 &
 

Y
ou

ng
 1

98
5,

 P
en

n 
&

 C
ap

ut
i 1

98
6,

 
W

ils
on

 e
t a

l. 
20

03
 

So
m

er
s 

19
87

, 1
99

4,
 

W
ol

an
sk

i &
 R

id
d 

19
90

 

 

 



1428 INTERACTIONS IN AUSTRALIA’S SHELF SEAS  

3. Regional and National Interdisciplinary Studies 

The Large Marine Ecosystems (LMEs, Fig. 9) represent major marine provinces 
based on physical characteristics, such as the geomorphology, sediment distribu-
tions, and physical and chemical oceanography (as described above), with further 
refinements based on selected biological data such as fish distributions (The Ma-
rine Science and Technology Plan Working Group, 1999). Studies with a signifi-
cant focus on interactions between the physical, chemical, biological, or 
sedimentological components of the Australian shelf system will now be described 
by considering each of these provinces in turn. An attempt has also been made in 
Table 2 to categorize these studies in terms of the dynamical processes under in-
vestigation. 

3.1 Great Barrier Reef 

The Great Barrier Reef system is made up of almost 3000 individual coral reefs 
extending 2600 km along Australia’s east coast from the Tropic of Capricorn in the 
south to the coast of Papua New Guinea in the north (Fig. 9). The region is ex-
posed to southeast trade winds throughout most of the year and there is a rela-
tively high incidence of tropical cyclones impacting the reefs (Done, 1992). The 
reefs cover about 5% of the shelf, while the remainder is characterised by inter-
reef sediments, ranging from nearshore terrigenous material to outer shelf carbon-
ate facies (Woolfe et al., 2000). This offshore zonation is also reflected in the long-
term carbon burial rates, which consist almost entirely of organic carbon on the 
inner shelf and carbonate on the mid- and outer-shelf (Brunskill et al., 2002). It 
also appears to have a marked influence the distributions of various fish communi-
ties (Williams and Hatcher, 1983; Doherty, 1987; Moltschaniwskyj and Doherty, 
1995; Newman et al., 1997). 
 Riverine inputs of terrigenous sediment are supplied to the Great Barrier Reef 
shelf at an annual rate of about 10 tonnes per metre of coastline (Belperio and 
Searle, 1988). They have high mud content, which is reflected in the nearshore 
facies (Fig. 2). One exception is the southern Capricorn Channel, where tidal cur-
rent processes contribute to the production of carbonate mud as described previ-
ously (Harris, 1994). High carbonate facies are restricted to areas of reef growth 
and adjoining areas where reef derived sediments are dispersed by waves and 
currents. In the high tidal energy zone of the southern Great Barrier Reef, the area 
of carbonate dispersal is up to 20km distant from the nearest reef, whereas further 
north it rarely extends more than 2km beyond reef margins (Maxwell, 1968). 
 There is significant potential for riverine inputs of terrigenous sediment, carbon, 
nutrients, and other contaminants to impact biota within the Great Barrier Reef 
lagoon (Isdale, 1984; Haynes and Johnson, 2000; Wolanski, 2001; Cappo and Kel-
ley, 2001; Suzuki et al., 2001). While sediment loads have been increased approxi-
mately four-fold by changes in land use (Neil et al., 2002), the impact on coral 
communities located over the mid- and outer-shelf is still unclear. For example, 
Larcombe and Woolfe (1999) argue that sediment accumulation and turbidity are 
limited by wave and current dynamics rather than sediment supply. Sediments, 
resuspended mainly by wave action on the inner-shelf, migrate northward with the 
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wind-driven currents and may be carried offshore in the lower water column by 
downwelling flows (Orpin et al., 1999; Lambeck and Woolfe, 2000). 

 

Figure 35.9   A Large Marine Ecosystem (LME) regionalisation for the seas surrounding the Australian 
continent (upper, The Marine Science and Technology Plan Working Group 1999); the southeast sector 
of a meso-scale regionalisation referred to as the Interim Marine and Coastal Regionalisation of Aus-
tralia (IMCRA) for the continental shelf (center left, Interim Marine and Coastal Regionalisation for 
Australia Technical Group 1998); and a still smaller scale mapping of seabed habitats over part of the 
south-eastern continental shelf (lower right, adapted from Bax and Williams 2001). 

 Riverine nutrient inputs are highly variable with strong peaks during floods 
induced by tropical cyclones (Birkeland, 1982; Mitchell et al., 1997; Cappo and 
Kelley, 2001). Significant inputs have also been associated with tidal exchange of 
detritus from coastal mangroves (Alongi, 1990) and regeneration in bottom sedi-
ments (Lourey et al., 2001). However, riverine inputs are largely responsible for 
the seasonality in phytoplankton, particularly the inner-shelf diatom community, 
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which peaks during periods of high rainfall (Revelante et al., 1982; Revelante and 
Gilmartin, 1982). Nutrient supply to the outer reef from offshore has been docu-
mented through summer upwelling events (Furnas and Mitchell, 1986; 1996) and 
exchanges associated with internal tides (Thompson and Golding, 1981). Wolanski 
et al. (1988) estimated that the tidal mechanism could easily provide the entire 
nitrogen requirements of the Halimeda banks found inside the outer ribbon reef. 
However, the waters are much more oligotrophic than those on the inner-shelf, so 
that dinoflagellates appear to out compete diatoms for available nutrients (Reve-
lante et al., 1982) and when upwelling is absent nanoplankton and picoplankton 
form most of the biomass (Furnas and Mitchell, 1986). Consequently, total phyto-
plankton productivity is relatively low and there is little evidence of a regular sea-
sonal cycle (Furnas and Mitchell, 1987; Table 1). 
 There have been a large number of larval transport studies in the Great Barrier 
Reef region, applied to recruitment of coral larvae and coral fish larvae, and ag-
gregations of other zooplankton (Doherty et al., 1985; Doherty and Williams, 1988; 
Williams and English, 1992). These have focused on either retention of larvae 
around individual reefs (Jones et al., 1999; Carleton et al., 2001), or inter-reef 
exchange (Dight et al., 1990a,b). Retention or aggregation of larvae adjacent to 
reefs and coastal features have been associated in this region with physical features 
such as wake eddies (Alldredge and Hamner, 1980; Sammarco and Andrews, 1988; 
1989), tidal fronts, and Langmuir cells (Kingsford, 1990; Kingsford et al., 1991). 
Even with very modest vertical migratory behavior, larvae can be trapped in small-
scale features for extended periods. This may increase food availability and in-
crease the chance of recruitment back to the spawning reef. However, the small 
length scales of these features and patchiness of larval distributions provides a 
major challenge for dispersion models (Black et al., 1991; Oliver et al., 1992). 
 Outbreaks of the coral-eating crown-of-thorns starfish (Acanthaster planci) have 
had major ecological impacts on the Great Barrier Reef, with recovery time-scales 
of 20 years or more (Johnson, 1992). Understanding of the outbreaks has focused 
on the chain of reproduction, dispersal, and recruitment. While elevated nutrient 
levels may enhance larvae survival (Birkland, 1982; Brodie, 1992), physical factors 
appear to be more important (Keesing and Halford, 1992) with outbreaks favored 
by weak residual currents and high local retention of larvae (Black et al., 1995). 
Models of circulation and larval dispersion suggest that once initiated, outbreaks 
propagate as a wave of secondary outbreaks (Dight et al., 1990a,b; James and 
Scandol, 1992; Scandol and James, 1992). The spatial extent of the outbreak is 
restricted by larval behavior and the time-scales over which they are competent to 
settle (Johnson, 1992). 

3.2 East Coast 

The east coast province extends from south of the Great Barrier Reef to the 
southeastern corner of mainland Australia (Fig. 9). The shelf is relatively narrow 
(< 50 km) and sediments range from clean quartzose sand with low carbonate and 
mud contents on the inner shelf, to calcareous gravelly sands with high carbonate 
content on the outer shelf (Short, 1979; Jones and Davies, 1979; Fig. 2). The car-
bonate material is derived from bryozoans and red algae occurring as rhodoliths 
off Fraser Island and commonly form cemented hardgrounds (Harris et al., 1994). 
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The presence of shallow water fossil species is also suggestive of a relict origin (e.g. 
Roy and Thom, 1981). 
 The east coast is the strip of shelf most strongly influenced by the East Austra-
lian Current and its energetic eddy field. Newell (1966) was the first to propose 
that nutrient enrichment observed in this area is caused by upwelling of slope 
water, and subsequent studies have identified a range of current, wind, and topog-
raphic interactions that may drive the upwelling (Boland, 1979; Tranter et al., 1986; 
McClean-Padman and Padman, 1991; Condie, 1995; Gibbs et al., 1997, 1998, 2000; 
Marchesiello et al., 2000; Oke and Middleton, 2000, 2001). These flows also influ-
ence the transport of primary treated sewage plumes from offshore outfalls near 
Sydney. Salinity fronts associated with these plumes appear to attract large num-
bers of juvenile fish, although any consequences for contamination of the local 
food web are still unclear (Gray, 1996b; Middleton et al., 1997). 
 Results from a long-term monitoring station off Sydney (100 m isobath) have 
identified variability in the plankton community associated with the East Austra-
lian Current (Hallegraeff and Reid, 1986), as well as short-term succession of dia-
toms and dinoflagellates in spring and summer (Grant and Kerr, 1970), and more 
persistent groups such as the nanoplankton (Hallegraeff, 1981). Subsequent obser-
vations confirm that the phytoplankton response extends over most of the east 
coast region (Tranter et al., 1986; Hallegraeff and Jeffrey, 1993; Gibbs, 2000) and 
pelagic species such as yellowfin tuna appear to aggregate in response (Young et 
al., 2001). While the modeling studies mentioned above have successfully simu-
lated a number of physical upwelling events, plankton responses and other biogeo-
chemical processes are yet to be explicitly represented in these models. 
 The cross-shelf circulation on the east coast appears to have a significant influ-
ence on the vertical distribution of larval fish. One consequence is that there is no 
simple correlation between species distributions and water masses (Miskiewicz et 
al., 1996; Dempster et al., 1997; Gray and Miskiewicz, 2000). However, considera-
tion of offshore transport during upwelling favorable winds has allowed larval 
distributions to be tracked over timescales of days to weeks (Smith et al., 1999; 
Smith and Suthers, 1999; Smith, 2000). For other species living in such a dynamic 
environment, larval behavior may be the dominant influence (Gray, 1996a,b). For 
example, the vertical migratory behavior of prawn larvae has been shown to assist 
recruitment to east coast estuaries through tidal advection processes (Rothlisberg 
et al., 1995). 

3.3 Southeast Coast 

The southeast coast region encompasses all the waters surrounding the island of 
Tasmania, including Bass Strait (Fig. 9). The area covers a temperate, carbonate-
shelf environment, where the lack of large rivers results in a characteristically low 
level of terrigenous material being deposited (Rao, 1986; Blom and Alsop, 1988; 
Lavering, 1994; Harris, 1994). Sediments are reworked and dispersed by tidal and 
ocean currents and storm waves, with sediment grain sizes and composition often 
being closely related to the controlling physical processes (Malikides et al., 1988, 
1989; Harris, 1994). Fine sediments (muds and silty sands) occur only in pockets 
along the east coast of Tasmania and in the central Bass Strait where carbonate 
content is also very high (Fig. 2). A notable plume of terrigenous (low-carbonate) 
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sediments, located off the west coast of Tasmania, probably reflects the influx of 
fluvial sediments from Macquarie Harbour. 
 Winter cooling of the shallow waters of Bass Strait generates a strong frontal 
region where they meet the warmer waters of the Tasman Sea. This feature feeds 
into the Bass Strait Cascade, which carries nutrient rich water north along the 
mainland east coast and supports enhanced phytoplankton and zooplankton levels 
(Gibbs et al., 1986, 1991; Bax et al., 2001). Further south, the Tasmanian shelf is 
influenced by the Subtropical Front separating the low nutrient subtropical waters 
of the East Australian Current from more productive subantarctic waters. Long-
term monitoring off eastern Tasmania (~ 40 years) reveals high interannual vari-
ability in the timing and duration of the spring phytoplankton bloom (Harris et al., 
1987; Clementson et al., 1989, Table 1). This variability is driven by a combination 
of seasonal and episodic events related to ENSO and the location of the westerly 
wind belt, which influence environmental factors such as the positioning of East 
Australian Current eddies and local mixed layer depths. It also appears to have a 
significant influence on spawning times and recruitment levels in local fisheries 
(Harris et al., 1988; Jordan et al., 1995). 
 The shelf-break current system known as the Zeehan Current travels anti-
clockwise around western and southern Tasmania (Baines et al., 1983). Studies 
using aged larval data suggest that the recruitment of finfish spawning over the 
Tasmanian slope may be strongly influenced by advection patterns within this 
system (Gunn et al., 1989; Bruce et al., 2001b,c). This conclusion has been further 
supported by recent modeling of dispersion patterns in the southeast region sug-
gesting that larvae sampled off the southeast mainland were spawned off eastern 
Bass Strait slope, rather than the known spawning grounds off the west coast of 
Tasmania (Bruce et al. 2001a). 

3.4 The Southwest and Great Australian Bight 

This region extends from the southwest corner of mainland Australia eastward 
across the Great Australian Bight to the gulfs of South Australia. It comprises the 
largest cool-water carbonate province in the modern world (James et al., 2001). 
The facies are characterised by abundant bryozoans and are contrasted from tropi-
cal carbonates by the lack of corals and Halimeda (Bone and James, 1993). In the 
Great Australian Bight biogenic sediment production is balanced by surface-wave 
erosion processes to yield zero net sedimentation (James et al., 1994). Sediments 
found in less than 100 m water-depth contain mainly coarse-grained sand and 
gravel consistent with wave reworking and slow accumulation rates (James et al., 
2001). Sediment facies exhibit contrasts in upwelling, downwelling and sedimenta-
tion patterns between the central Bight (Eyre shelf) and adjacent shelves to the 
west (Baxter shelf) and east (Ceduna shelf), where periodic upwelling occurs 
(James et al., 2001). These gradations are also reflected in the distributions of 
planktonic foraminifera (Li and McGowran, 1998). The inner Baxter shelf experi-
ences warm (22°C) oceanic conditions due to the southern arm of the Leeuwin 
Current, which supports luxuriant algal growth and the deposition of abundant 
rhodoliths, while sediments on the middle shelf and upper slope are dominated by 
molluscs and bryozoans. 
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 Seasonal variations in the southern arm of the Leeuwin Current also impact the 
dispersion of eggs and larvae along the southwest coast from both small pelagics 
such as pilchards (Fletcher et al. 1994) and more tropical species (Maxwell and 
Cresswell, 1981). Because the Leeuwin Current is low in nutrients and there are 
few terrestrial inputs, productivity tends to be low over most of the Great Austra-
lian Bight (Motoda et al. 1978, Table 1). However, seasonal winds off Kangaroo 
Island can lead to episodic upwelling of higher nutrient slope water (Lewis 1981, 
Schahinger 1987) and localized phytoplankton blooms. Griffin et al. (1997) consid-
ered the potential role of these processes in initiating a mass mortality of adult 
pilchards in 1995, but concluded that environmental conditions were not abnormal 
for the region at the time of the outbreak. 

3.5 West Coast 

The west coast shelf is relatively broad in the north where the main feature is 
Shark Bay, then gradually narrows to the south (Fig. 1). Sediments deposited on 
the shelf along the southwest margin of Western Australia reflect the transition 
from sub-tropical to temperate climate regime that characterizes this region. West-
coast rivers carry little sediment and most of this is trapped in estuaries. Thus 
terrigenous sediment is typically a minor constituent in shelf deposits, which are 
mostly algal remains, shell fragments, foraminifera, and bryozoa. The southern 
Rottnest Shelf sediments consist of mobile medium-to-coarse sands, transitioning 
to finer silts and clays beyond the 90 m isobath (Collins, 1988). In contrast, the 
northern Rottnest shelf is characterised by luxuriant seagrasses growing on coral-
line-encrusted hardgrounds (James et al., 1999). The Houtman Abrolhos reef 
platforms support widespread coral growth with surrounding sediments dominated 
by bryozoans and coralline red algae (Collins et al., 1996). 
 Adjacent to Shark Bay, the Dirk-Hartog shelf exhibits mostly relict sediment of 
sorted planktonic foraminiferal sands under strong bottom currents, or spiculitic 
mud. James et al. (1999) suggested that relict sediments are due to arrested car-
bonate sedimentation caused by downwelling and episodic outflows of saline wa-
ters from Shark-bay onto the outer shelf and upper slope. Within Shark Bay the 
plankton community is dominated by diatoms and small copepods (Kimmerer et 
al., 1985), and algae trap and bind sediment in columnar structures referred to as 
stromatolites (Logan et al., 1964; Playford, 1979). These structures develop prefer-
entially in the hypersaline parts of Shark Bay, where grazing pressure by metazo-
ans such as gastropods is low. Here extreme nutrient limitation also favors a 
plankton community consisting mostly of dinoflagellates and demersal forms of 
zooplankton (Kimmerer et al., 1985). 
 Biophysical studies along Australia’s west coast have focused on the role of the 
Leeuwin Current on larval advection and recruitment of finfish and invertebrates 
such as the western rock lobster (Caputi et al., 1996). For example, the main 
spawning of tailor on the inner shelf coincides with the presence of wind-driven 
northward coastal currents capable of transporting eggs and larvae towards coastal 
nursery areas (Lenanton et al., 1996). Rock lobsters have a much longer planktonic 
larval phase (9–11 months) and the correlation between Leeuwin Current strength 
and settlement is well established (Pearce and Phillips, 1988; Caputi and Brown, 
1993; Caputi et al., 2001). However, sophisticated models of larval movements 
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have not been able to explain the observed interannual variability in settlement 
(Griffin et al., 2001). 
 The Leeuwin is also responsible for the recruitment of tropical reef fishes as far 
south as Rottnest Island off Perth (Hutchins and Pearce, 1994), and influences the 
recruitment of other species such as scallop and pilchards (Caputi et al., 1996), and 
possibly corals (Simpson, 1991; Simpson et al., 1993). The presence of this pole-
ward flow also suppresses upwelling along the west coast and the resulting low 
primary productivity levels appear to strongly limit fish densities (Williams et al., 
2001). 

3.6 North West Shelf 

Australia’s North West Shelf encompasses the tropical waters from Northwest 
Cape northeast almost to Joseph Bonaparte Gulf. It is characterised by large tidal 
ranges, including internal tides along the outer shelf, and a high incidence of tropi-
cal cyclones (Lough, 1998). Each of these processes contributes to the movement 
of sediments across the North West Shelf (Ribbe and Holloway, 2001). The com-
position of the sediments is predominantly calcareous sands and gravels derived 
from relict skeletal debris (Jones, 1973; McLoughlin and Young, 1985). Calcareous 
pellets (pisoliths) and oolites comprise more than 50% of the sediments over much 
of the middle and outer shelf (Jones, 1973), indicating that most of the shelf is 
currently starved of sediments. Finer silts and clays appear to be restricted to 
coastal environments, such as Exmouth Gulf (Brunskill et al., 2001), where water 
column turbidity is also high. 
 With minimal terrestrial inputs (Lough, 1998; Burns et al., 2003), nutrients are 
supplied to the shelf through a combination of barotropic and internal tidal mo-
tions, summertime wind-driven upwelling, and episodic cyclone events (Holloway 
et al., 1985). Because upwelling does not extend to the surface, nutrient levels in 
surface waters remain very low. As a consequence, phytoplankton biomass is also 
low, although rapid recycling of nutrients supports high primary productivity rates 
(Table 1, Furnas and Mitchell, 1999; Burns et al., 2003) and higher than average 
zooplankton abundance (Tranter, 1962; Wilson et al., 2003). While the biomass 
levels are similar in Exmouth Gulf, lower primary productivity and high grazing 
pressure have been reported in this system (Table 1, Ayukai and Miller, 1998). 
Over the mid- and outer-shelf phytoplankton biomass tends to be concentrated 
below the thermocline or in the bottom mixed layer, where benthic production is 
also high (Tranter and Leech, 1987). 
 Recent modeling studies indicate that primary production is closely coupled to 
the spring-neap tidal cycle, with only relative weak seasonal variability 
(NWSJEMS). However, El Nino conditions also affect the region by lowering the 
incidence of tropical cyclones, weakening the Indonesian Throughflow, and allow-
ing increased upwelling. Recent studies suggest these conditions support higher 
chlorophyll and zooplankton abundance on the shelf (Wilson et al., 2003). A rela-
tionship has also been demonstrated between tropical cyclone incidence and re-
cruit survival for tiger prawns in Exmouth Gulf (Penn and Caputi, 1986). The 
influences of seasonal and interannual variability on larval dispersion are only now 
being studied for coral spawning events, commercial pearl oysters, and other appli-
cations (Condie et al., 2003). 
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3.7 Northern Australian Seas 

The tropical coastal waters of northern Australia are characterised by broad shal-
low shelf seas, such as the Timor Sea (Sahul Shelf), the Arafura Sea, the Gulf of 
Carpentaria, and Torres Strait. Currents in the Timor Sea are influenced by the 
eastern arm of the Indonesian Throughflow (Godfrey, 1996), as well as seasonal 
winds driving currents to the northeast during the summer monsoon and to the 
southwest during winter (Cresswell, 1993). However, most of the shelf is domi-
nated by tidal motions, which are particularly strong in Joseph Bonaparte Gulf and 
Torres Strait. 
 The surficial sediment composition varies significantly across the region. On the 
Sahul Shelf grain size is negatively correlated with calcium carbonate content (Fig. 
2), with coarse-grained carbonate sediments contrasting with fine-grained terri-
genous mud (Van Andel and Veevers, 1967). This relationship breaks down in 
Joseph Bonaparte Gulf where sediments are enriched with quartzose terrigenous 
sand deposited as ebb tidal deltas (Lees, 1992). On the Arafura Shelf carbonate 
content diminishes toward the coast as fluvial inputs become more significant (Fig. 
2). 
 In the Gulf of Carpentaria, bottom sediments and suspended sediments gener-
ally trend parallel with the coastline (Jones, 1987; Wolanski and Ridd, 1990). They 
include sandy near-shore facies characterised by relatively high sedimentation 
rates and mud-sand mixtures in deeper areas characterised by low sedimentation 
rates. These patterns have been shown to influence the distribution of commercial 
prawns, with some species preferring muddy sediments and others sandy sediments 
(Somers, 1987, 1994). Tidal sand banks and subtidal dunes can also be found 
around the major island groups. The latter have been shown to reverse their orien-
tation in Torres Strait in response to seasonal reversals in wind direction (Harris, 
1988, 1991). Sedimentation rates in northern Torres Strait may also be enhanced 
by inputs from the Fly River, with potential impacts on coral and seagrass commu-
nities (Wolanski et al., 1999; Hemer et al., 2003). 
 Turbidity tends to be high in the northern seas, particularly within the coastal 
zone (0 – 20 m), where phytoplankton production has been found to be light lim-
ited (Table 1, Rothlisberg et al., 1994; Burford and Rothlisberg, 1999). While ni-
trate and phosphate levels are relatively low, the availability of silicate allows 
diatoms to dominate the phytoplankton community with chlorophyll levels peak-
ing over the wet season (Burford et al., 1995). Further offshore thermal stratifica-
tion develops during summer and surface production becomes nutrient limited. 
The net effect is limited seasonal variability in chlorophyll without any obvious 
species succession of diatoms (Burford et al., 1995). 
 Because of their commercial importance, a number of modelling studies have 
addressed the advection and recruitment of prawn larvae to mangrove and sea-
grass nursery beds (Rothlisberg et al., 1983, 1996; Condie et al., 1999). These stud-
ies have demonstrated how larvae can move rapidly towards the coastline and 
estuaries by coinciding periods of pelagic swimming with flood tides, and periods 
of benthic habitation with ebb tides. However, the results of these models are 
sensitive to details of the larval behavior, which are yet to be fully quantified. 
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3.8 National integration 

Section 2 described various attempts to develop geographically integrated descrip-
tions of the physical, chemical, biological, or sedimentological environment around 
the Australian continent. A small number of studies have progressed to exploring 
interdisciplinary links at the national scale. For example, Porter-Smith et al. (2004) 
have used oceanographic conditions and sediment characteristics from around the 
entire continental shelf to identify where bottom sediments are likely to be mobi-
lized and by what processes. Their results indicate that sediments are mobile over 
most of the mid- and inner-shelf, with the North West Shelf, Northern Australia 
(excluding the southern Gulf of Carpentaria), southern Great Barrier Reef, and 
parts of Bass Strait dominated by tidally induced resuspension, and the remainder 
by wave induced resuspension (Fig. 10). 

 

Figure 35.10   Regions of the Australian shelf in which sediment resuspension occurs and whether it is 
caused by surface waves or tidal currents (adapted from Porter-Smith et al. 2004). 

 The national biogeographic description used to structure this review (Fig. 9) was 
developed mainly on the basis of benthic and epibenthic information. However, 
pelagic descriptions have also been constructed on the basis of seasonal patterns of 
phytoplankton distributions (Fig. 8) and the physical and chemical conditions 
limiting primary production (Figs. 5 and 6). While the global biogeographic analy-
sis of Longhurst (1998) does not adequately resolve features on the Australian 
shelf, finer-scale analyses are consistent with nutrient limitation of surface layer 
primary productivity over nearly all the shelf (Condie and Dunn, 2004). The main 
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exceptions are the turbid tropical coastal waters of the North West Shelf and 
Northern Australia, where light limitation is a significant factor. 
 Approaching the topic of larval advection at a national scale is difficult because 
of potential dependencies on larval behavior and small-scale circulation features. 
However, by focusing on the large-scale transport of larvae residing in the upper 
water column, Condie et al. (2004) have recently developed a national analysis of 
marine connectivity patterns for advection timescales of days to months. While not 
replacing the finer-scale larval advection studies needed in complex coastal envi-
ronments, it provides a generalized description within an easily accessible web-
based user-interface (http://www.per.marine.csiro.au/aus-connie). 

4. Research Directions and Issues 

While particular regions or topics have received special attention due to their 
conservation significance (e.g. nutrient inputs and larval transport on the Great 
Barrier Reef) or relevance to major fisheries (e.g. larval transport on the West 
Coast), the number of studies that have focused on interdisciplinary processes in 
the Australian marine environment is still relatively small (Table 2). However, this 
situation is changing rapidly as the increasing focus on ecosystem-based manage-
ment prompts a range of new initiatives. For example, a diverse range of charac-
terization and process studies are progressing on the Great Barrier Reef and 
providing a basis for the development of a more integrated understanding of the 
system. While there is significantly less data available for the North West Shelf, 
highly integrated models have recently been developed for this ecosystem and its 
interactions with human activities (Section 3.6). Other major ecosystem studies 
have also been initiated on the west coast, where the focus is on biophysical inter-
actions of the offshore Leeuwin Current system with the shelf and coastal envi-
ronment, and in the shallow tropical waters of Torres Strait where the focus is on 
seabed habitats and their response to oceanographic and sedimentary processes. A 
range of fisheries and ecologically related studies in the Southeast are also begin-
ning to address issues such as the relationship between ocean circulation, primary 
production, recruitment, and trophic interactions. 

4.1 Major information gaps 

A comprehensive assessment of information gaps is beyond the scope of this re-
view. However, on such a large continental shelf surrounding a sparsely populated 
continent, there are clearly large data gaps across all disciplines. Even a seemingly 
large dataset, such as historic hydrography, is insufficient to characterize the sea-
sonal cycle in many areas of the Australian shelf (Ridgway et al., 2002). Biological 
distributions are typically very patchy, but for key variables such as primary pro-
ductivity there are estimates available from only a few localities (Table 1). There 
are other important ecosystem components that have received almost no attention. 
For example, studies in other parts of the world suggest that microphytobenthos 
play a much larger role in nutrient cycling on continental shelves than previously 
suspected. Information on zooplankton distributions and secondary production is 
also quite limited and limited progress has been made in collating this data and 
interpreting it within an ecosystem context. While obtaining the necessary field 



1438 INTERACTIONS IN AUSTRALIA’S SHELF SEAS  

data to address these issues is major challenge, they represent critical sources of 
uncertainty in both biogeochemical models and tropic models linking primary 
production to fisheries production. 

4.2 Scale related issues 

A recurring issue when considering interdisciplinary interactions in Australian 
shelf waters (and elsewhere) is that temporal and/or spatial scales are often not 
directly compatible. This may relate to the scales of the field sampling, model 
resolution, or the dynamical scales of underlying processes. For example, while it 
has been clearly established that El Nino cycles effect Australia’s marine environ-
ment, local ecological impacts of climate variability and change are largely unex-
plored. Scale mismatches can be particularly problematic where water column and 
benthic processes are coupled, the latter usually being associated with much 
smaller length scales. Scales are also important when considering the influence of 
larval behavior on transport patterns. While most behaviors have limited ability to 
effect long pelagic phases (e.g. inter-reef exchange), they may be critical during the 
settlement phase (e.g. retention around reefs). Improved strategies are clearly 
required for re-scaling information and coupling processes operating at different 
scales. 

4.3 Whole-of-system approaches 

This review has described a diverse range of studies exploring specific interdisci-
plinary links. However, the ultimate goal is to expand this approach into a whole-
of-system understanding through the development of conceptual, statistical, or 
dynamical integrated models. While many of the necessary components for such 
models are available for intensively studied regions such as the Great Barrier Reef, 
it has so far only been seriously attempted on the North West Shelf (North West 
Shelf Joint Environmental Modelling Study, 2002; Condie et al., 2003). The out-
comes of this study are centered around coupled ecosystem models incorporating 
ocean circulation, waves, sediment dynamics, nutrient cycling, primary and secon-
dary production, and higher trophic interactions. This approach has revealed 
strong interactions between the spring-neap tidal cycle, suspended sediments, 
primary productivity, and habitat and fish distributions. These ecosystem models 
have also been dynamically linked to models describing the cumulative impacts of 
human activities (Fig. 11). This approach is supporting management of the region 
by allowing a wide range of management strategies to be evaluated in terms of the 
sometimes-conflicting needs of multiple human uses and the natural ecosystem. 
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Figure 35.11   Major components of the integrated model applied to the North West Shelf ecosystem 
and human activities. 

 The North West Shelf study represents a first attempt at a whole-of-system 
model for a small part of Australia’s continental shelf. It has provided a framework 
for identifying the processes most critical in addressing particular issues, as well as 
helping to prioritize needs for further observations (including ongoing monitoring) 
and improvements in model components and parameterizations. It should also 
provide a template for regional ecosystem studies in other shelf environments. 
Focusing interdisciplinary effort on a small number of geographical areas appears 
to be the most viable strategy for progressing understanding on the Australian 
continental shelf ecosystem. 
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1. Introduction 

The islands of New Zealand rise from a submerged continental block stretching 
from 18°S to 56°S (Fig. 36.1). The total shelf area is about 300,000 km2 ranging 
from a width of less than 1 km wide off Fiordland to a 250 km wide central western 
shelf (Sharples, 1998). There are three regions of extensive continental shelf 
(Greater Cook Strait, Pegasus Bay and the region south of South Island) while in 
other places the continental shelf is almost nonexistent (Fig. 36.2). New Zealand 
tides are characterized by a coastally-trapped Kelvin wave that travels anticlock-
wise around the shelf forming a degenerate amphidrome in the centre of New 
Zealand. The country also sits astride the roaring forties on the pole-ward bound-
ary of the South Pacific gyre and has climatic features that produce high precipita-
tion on the western slopes of the Southern Alps and very dry conditions in central 
Otago (Tomlinson, 1992). This set of unique circumstances produces a range of 
nearshore conditions, upwelling, tidal mixing and upper-ocean mixing that deter-
mines the continental shelf environment. For the location of geographic features 
mentioned in the text, refer to figures 36.2b, 36.7, 36.11 and 36.15. 
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Figure 36.1   New Zealand region bathymetry, major currents, and the location of the major plate 
boundary (after Carter et al. 1998). ACC = Antarctic Circumpolar Current, DC = D’Urville Current, 
EAUC = East Auckland Current, EC = East Cape Eddy, ECC = East Cape Current, NCE = North 
Cape Eddy, SAF = Subantarctic Front, SF = Southland Front, STF = Subtropical Front, TF = Tasman 
Front, WE = Wairarapa Eddy, WAUC = West Auckland Current. Inset showing the four case studies 
mentioned in section 2. 1 = Northeast shelf, 2 = Greater Cook Strait, 3 = Western South Island shelf, 4 
= Otago shelf. See color insert. 

1.1 Geographical and geomorphologic settings 

The New Zealand continental block is split by a plate boundary that runs NE – SW 
(Walcott, 1987) (Fig. 36.1). Along most of this boundary, the Australian and Pa-
cific plates push past and into one another. It is the increase in the component of 
convergence over the last few million years that has made New Zealand moun-
tainous. In turn, these mountains supply a massive 209 Mt y-1 of sediment (New 
Zealand contributes about 1% of the mud supply to the world’s oceans) to mainly 
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narrow continental shelves (Zeldis et al., submitted; Hicks and Shankar, 2003) 
(Fig. 36.2a). The largest rates of supply of sediment to the New Zealand coast (> 
60 t km-2 y-1) off the East Cape region and South Westland are amongst the highest 
in the world (e.g. Milliman and Meade, 1983; Orpin et al. 2002). During Cyclone 
Bola in 1988 flooding of the Waipaoa River discharged sediment to the coast as a 
sea-bed hugging hyperpycnal flow which generated a fluid mud layer that smoth-
ered benthic organisms (Foster and Carter, 1997). 
 The nature of shelf sediments can be directly affected by subduction processes. 
When the subducting Pacific Plate reaches 80 – 100 km deep, it gives off volatiles 
that rise to form a line of volcanoes and a huge caldera that has filled to form Lake 
Taupo (Cole, 1979, 1990). Volcanic ash derived directly from airfall and washed in 
by rivers is a major component of the sediments of the Bay of Plenty and the shelf 
to the east and to a lesser extent the west (Lewis and Pantin, 1984). 
 East of North Island, the dense floor of the oceanic Pacific Plate is subducting at 
a rate of 40–50 mm y-1 (Lewis, 1980). Sand and mud scraped off the subducting 
plate is pressed against and under eastern North Island producing a rising margin 
of young, soft, and easily eroded, muddy coastal hills (Lewis and Pettinga, 1993). 
The three major rivers that drain the Raukumara Ranges carry over 30% of total 
sediment input to the New Zealand coast (Hicks and Shankar, 2003) (Fig. 36.2a). 
Thick, soft mud now blankets the narrow shelf (Foster and Carter, 1977). Only at 
Hawke Bay, where the sea has broached the coastal hills, is the shelf wider (Lewis, 
1971). 
 At the southern end of South Island, the plate boundary is almost a mirror-
image of that in North Island. The oceanic Australian Plate is being subducted, at 
rates of 30–40 mm y-1, obliquely beneath the Fiordland edge of the Pacific Plate 
(Walcott, 1998). The mirror-image systems are linked by the Alpine Fault, a dex-
tral transpressive transform fault, which has sheared the western side of South 
Island and simultaneously pushed it beneath the eastern side. Continental crust of 
the Australian plate is colliding with the Pacific Plate and results in the formation 
of the Southern Alps mountain chain. Short, steep, often glacier-fed rivers draining 
the metamorphic rocks of the high alps carry mineral-rich sands and gravels to the 
western and eastern continental shelf (Carter, 1975). Immediately east of the main 
divide, much of the modern input is presently trapped in freshwater glacial lakes, 
although glaciers once carried huge amounts of debris to the very narrow shelf or 
straight into canyons (Barnes et al., 2001). 
 In relatively stable parts of New Zealand away from the plate boundary, includ-
ing northern and western North Island, western Cook Strait, and southern and 
southeastern South Island, rivers sourced from the mountains have had time to 
build relatively wide shelves over many cycles of low and high sea level. Because of 
their width, the modern sand and mud prism is generally confined to the inner 
shelves, the outer shelves being covered either by sands, gravels or shell debris that 
are mainly relict near-shore deposits of glacially lowered sea-level (e.g. Carter, 
1975). 
 Around much of New Zealand, the continental shelf edge is incised by canyons, 
which, like the shelves themselves, are presumed to be a product of glacial lower-
ings of sea-level. (Carter, 1975; Carter and Carter, 1993). Where the canyon heads 
are close to shore, gravel, sand and mud is trapped in them and when shaken by 
rupture of plate boundary faults may avalanche down canyons and, in a few cases, 
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travel over 2000 km as high-velocity turbid flows along deep-ocean channels. In 
places, shelf-edge instability is enhanced by seeps of methane-rich fluids that sup-
port extensive chemosynthetic faunas and carbonate concretions (Lewis and Mar-
shall, 1996; Orpin, 1997). Massive slope failures have occurred and probably 
generated tsunamis large enough to stir large areas of the shelf (e.g. Collett et al., 
2001). 

 
 

 Figure 36.2   a, Source map of river suspended sediment (t.km-2y-1), with sediment yields to the coast 
totalled by region (Mt.y-1). Hatched areas define catchments of large natural lakes (adapted from Hicks 
and Shankar, 2003); b, Distribution of main sediment types on the New Zealand continental shelf (from 
Carter and Heath, 1975) and location of some geographic features mentioned in the text. 

 

 The geomorphologic setting, tidal characteristics and wave climate result in a 
shelf mantled mainly by modern and relict terrigenous and biogenic sediments 
with a wide range of grain sizes (Carter and Heath, 1975) (Fig. 36.2b). They con-
clude that sediments suspended during storms are re-distributed by tidal currents 
and to some extent by the mean circulation. 

1.2 Physical environment 

New Zealand is a relatively long, narrow archipelago that lies athwart the West 
Wind Drift and forms the western boundary to the South Pacific Ocean south of 
34°S. This results in shelf edge currents and oceanic eddies that interact with 
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coastal waters over much of the narrow continental shelf and maintain an intimate 
contact of oceanic waters with the coastal zone (Sharples, 1998). Offshore currents 
are particularly important in maintaining shelf-break fronts, e.g. the East Auck-
land Current and the Southland Current/STF. 
 The South Pacific western boundary current, the East Australian Current, sepa-
rates from the coast of Australia and a flow of water crosses the Tasman Sea form-
ing the Tasman Front. A portion of this warm, salty Subtropical Water (STW) lies 
adjacent to the New Zealand landmass to form the East Auckland Current, which 
transports between –5 and 24 Sv of water south along the northeast continental 
shelf break with a mean transport of 9 Sv (Stanton et al., 1997, Stanton and Sutton, 
2003). Most of this flow deflects south around East Cape as the East Cape Current 
before forming the northern side of the Subtropical Front (Tilburg et al., 2001; 
Carter et al., 1998; Heath, 1985). Three permanent eddies lie offshore of this 
boundary current: the North Cape, East Cape and Wairarapa Eddies (Roemmich 
and Sutton, 1998) (Fig. 36.1). These large-scale offshore features may impact 
coastal ecosystems, for example, through, for example, the retention of the larvae 
of coastal organisms (Chiswell and Booth, 1999) or by entraining coastal water and 
taking it offshore (Bradford and Chapman, 1988b). 
 New Zealand intersects the circumpolar Subtropical Front (STF), which sepa-
rates warm, salty STW from cold, fresh Subantarctic Water (SAW). The STF 
passes south of Australia and Tasmania and extends towards New Zealand at 
around 45°S off Fiordland. The front deviates south along the continental margin 
before following the shelf break northwards along the east coast of South Island 
where it is locally known as the Southland Front and has an associated current 
called the Southland Current. The Southland Current advects roughly 8 Sv (with 
measurements ranging between 3 and 13 Sv) of mainly SAW with peak surface 
speeds of 20–30 cm s-1 (Chiswell, 1996; Sutton, 2003). The STF turns east along the 
crest of Chatham Rise at 43.5°S where it is constrained by the shallow bathymetry 
to a limited depth of 300–350 m and a narrow width of ~100km (Sutton, 2001). 
Although the southern limits of South Island are at latitudes associated with SAW, 
in fact the entire coastal region is bathed in water of STW origin, with the transi-
tion to SAW (i.e. the STF) occurring at the continental shelf break around the 
southern extreme of South Island. 
 Coastal seas around New Zealand are strongly influenced by atmospheric forc-
ing. The local climate is strongly influenced at all times of year by the passage of 
transient anticyclones and depressions in the prevailing westerlies (Renwick et al., 
1998 and references therein). The region is dominated by fronts resulting from the 
interaction of subtropical and polar air masses. The topography has dramatic ef-
fects on wind speeds, especially in Cook Strait, and the west coast of South Island 
is the wettest region in New Zealand due to the interaction of the Southern Alps 
with the persistent moist on-shore flow (Sturman and Tapper, 1996). 
 The oceanographic conditions around New Zealand are highly variable in both 
time and space. The temperature variability in STW is strongly correlated with 
ENSO, with near-surface temperatures typically being cooler during El Niños 
(Gordon, 1986; Greig et al., 1988; Stanton et al., 1997; Goring and Bell, 1999; Sut-
ton and Roemmich, 2001). There are also thought to be correlations with the In-
terdecadal Pacific Oscillation (IPO), although temperature time-series records are 
too short to confirm this. 
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 New Zealand’s semidiurnal tides (M2 and N2) have a complete 360° range of 
phase around New Zealand (Walters et al., 2001). The semidiurnal tides have been 
characterized as a coastally-trapped Kelvin wave traveling anticlockwise around 
the shelf. Tidal elevations increase towards the coast with a degenerate am-
phidrome situated in the centre of New Zealand (Heath, 1985). A by-product of 
this geometry is that the tides are always 180° out of phase through Cook Strait, 
resulting in very high tidal velocities through the strait. High tidal velocities also 
occur north of Cape Reinga and in Foveaux Strait. These areas of strong tides are 
associated with tidal mixing (e.g. Bowman et al., 1980). 
 River flow regimes are influenced by a wide range of combinations of physical 
and climatic features (Duncan, 1992). The wettest areas of the country are on the 
western slopes of the Southern Alps where average rainfall is greater than 6400 
mm y-1, and the driest are in central Otago (Tomlinson, 1992). This results in mean 
flows ranging from 563 m3 s-1 from the Clutha River south (Duncan, 1992) down to 
very small flows from minor rivers, such as along the northeastern coast of North 
Island. 
 The seasonal pattern of mixed-layer depth varies from north to south, with 
water mass and with large-scale circulation (Longhurst, 1998). The seasonal pat-
tern of mixed layer depth in coastal waters interacts with the nutrient characteris-
tics of the water masses, fresh water inflow and the light regime (mainly through 
the depth of the photic zone) to determine the seasonal patterns of primary pro-
duction and nutrient depletion in coastal surface waters (e.g. Bradford and Chang, 
1987; Zeldis, in press). 

1.3 Nutrient and chemical environment 

New Zealand is located on the pole-ward boundary of the South Pacific gyre in the 
southwest Pacific Ocean. For this reason shelf edge (at 200 m) nitrate concentra-
tions (Fig. 36.3a) are modest (5–15 mmol m-3) in comparison with many regions of 
the world (Conkright et al., 2002) and are similar in range to the northeastern 
Atlantic Ocean. The absolute concentrations of dissolved inorganic nutrients in 
oceanic water around New Zealand depend on the water mass involved. Coastal 
water is mainly of subtropical origin, although SAW water lies adjacent to the 
southeastern South Island slope. These two water masses have different nutrient 
characteristics that result in a north to south gradient in mean nitrate at 200 m at 
the shelf break (Ridgway et al., 2002) (Fig. 36.3a). The distribution of mean nitrate 
at 200 m off the east coast shelf break of New Zealand ranges from 10 mmol m-3 in 
the northeast to 16 mmol m-3 in the southeast. The distribution on the west coast 
ranges from 10 mmol m-3 in the northwest to 12 mmol m-3 to the southwest, with a 
minimum off the central west coast of < 6 mmol m-3. 
 Subtropical, South Pacific Central Water has a typical mix of nutrients 
(Tomczak and Godfrey, 1994) and nitrate (NO3) and dissolved reactive silica 
(DRSi) are depleted more or less together (Zentara and Kamykowski, 1981) (Fig. 
36.3b). SAW, as well as being low in Fe and Cu (Sedwick et al., 1997; Croot and 
Hunter, 1998), has excess NO3 relative to DRSi (Zentara and Kamykowski, 1981). 
Atmospheric transport of iron from arid and semi-arid parts of Australia may be a 
source of iron to surface seawater in this region (Kieber et al., 2001; Boyd et al., 
2004). 
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Figure 36.3   Upper panel: Mean nitrate (mmol m-3) at 200 m derived from a four-dimensional ocean 
interpolation system based on locally weighted least squares fitting (Ridgway et al, 2002). Lower panel: 
Scatter diagrams and regression lines of silicic acid vs nitrate concentration showing A, a near simulta-
neous decline of both silicic acid and nitrate to near zero values in South Pacific Central Water; B, the 
depletion of silicic acid when about 15 mmol m-3 nitrate remains in Subantarctic Surface Water 
(adapted from Zentara and Kamykowski, 1981). 

 The contribution of freshwater inflow to dissolved nutrients in the nearshore 
can be estimated from river water concentrations. Nutrient concentrations in New 
Zealand’s rivers depends on run-off, and are proportional to the area of catchment 
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composed of soft sedimentary rock, intensive pasture use (which is negatively 
correlated with steep slopes and high altitudes), exotic forest, and volcanically-
derived rocks (Close and Davies-Colley, 1990). Rivers cluster into eleven types. 
For example, Cluster 1 rivers tend to be the high altitude or less-developed catch-
ments draining major mountain ranges; this type is particularly common in the 
South Island and fairly low in DRP, Si and NO3 (0.13, 391, 3.93 mmol m-3) respec-
tively. It is possible that freshwater input of nutrients is not significant on the open 
coast, given the degree of dilution that is achieved (e.g. Hawke and Hunter, 1992). 
Deep winter mixing and upwelling of deep waters are more likely to be dominant 
in enhancing nutrient flux in New Zealand waters (Zeldis et al. 2004.). 
 In addition to dissolved inorganic nutrients, river waters may carry other sub-
stances. Land derived dissolved / colloidal organic material (yellow substance), as 
indicated by the extinction coefficient at 440 nm (g440), reaches a high of 1.8 m-1 in 
the southwestern fiords, 0.10 m-1 in Foveaux Strait, and 0.04–0.09 m-1 off the west 
coast of South Island (Davies-Colley, 1992). Even though some rivers, e.g. Cluster 
5 and 11 of Close and Davies-Colley (1990) have high g440 (2.2, 4.0), it is probable 
that measures of this parameter in coastal waters are not primarily due to freshwa-
ter run-off (Davies-Colley, 1992 and references therein). Concentrations of yellow 
substance explain nearly 50% of total variation in light absorption in New Zealand 
waters and optical properties mainly conform to Jerlov optical types II and III 
(Davies-Colley, 1992). 

1.4 Ecosystem characteristics 

Ecosystem characteristics of New Zealand coastal waters are known from only a 
few regions. Information has been contributed by a small number of workers (e.g. 
Phytoplankton: Cassie, 1966; Chang, 1988. Zooplankton: Bradford, 1972; Jillett, 
1971; Murdoch, 1989). From this work we can make the following generalizations. 
 The New Zealand shelf region has a biota similar to that of other temperate 
regions (e.g. Colebrook et al., 1961). The seasonal succession of phytoplankton 
appears to be typical of temperate waters (Parson et al., 1977). Early spring bloom 
populations on the northeastern continental shelf are dominated by chain-forming 
diatoms such as Lauderia annulata and Cerataulina pelagica, followed by smaller 
Chaetoceros spp. in late spring (Chang et al., 2003). As nutrients become depleted 
by early and late summer, diatoms are succeeded by a summer community consist-
ing of dinoflagellates, small nanoflagellates and picophytoplankton, with the pro-
portion of non-photosynthetic dinoflagellates increasing (Chang et al., 2003). 
Species diversity of diatoms, thecate dinoflagellates, and nanoflagellates decreases 
in summer although non-thecate dinoflagellate diversity increases. 
 Biomass in terms of chlorophyll a may be > 2 mg m-3 (Chang et al., 2003) in 
spring, but drops back to < 1 mg m-3 in late spring. The mean oceanic phytoplank-
ton biomass (as measured by SeaWiFS), adjacent to New Zealand, is not remark-
able in a global context (e.g. Doney et al., 2003). This observation may be a natural 
consequence of the modest potential nutrient supply at 200 m. 
 Coastal zooplankton populations around New Zealand reflect the degree of 
riverine input, latitude and longitude, and the proximity of offshore populations. 
Neritic forms such as ctenophores (Pleurobrachia pileus), cadocerans (Evadne 
nordmanni, Penilia avirostris, Pleopsis polyphemoides) and copepods (Fig. 36.4) 



 J. BRADFORD-GRIEVE, K. PROBERT, K. LEWIS, P. SUTTON, J. ZELDIS AND A. ORPIN 1459 

are typical of New Zealand coastal waters. Over the shelf, species of Acartia, Ca-
lanus, Centropages, Clausocalanus, Corycaeus, Paracalanus, Temora, and the 
euphausiid Nyctiphanes australis are common (Jillett, 1971; Bradford, 1985) (Fig. 
36.4). These species are either endemic to New Zealand, are confined to New 
Zealand and southeastern Australian waters and in one case (Calanus australis) 
also to South American coastal waters, or are widespread tropical / subtropical 
species. Some oceanic species are commonly encountered on the shelf depending 
on the fauna of the adjacent oceanic waters and the time of year (e.g. Jillett, 1971; 
Bradford, 1972, 1985) including chaetognaths (Serratosagitta tasmanica), salps 
(Thalia democratica, Salpa fusiformis), amphipods (Themisto gaudichaudii) and 
copepods (Fig. 36.4). 

 

Figure 36.4   Onshore / offshore distribution of species of copepods in New Zealand coastal waters and 
adjacent oceans. 

 The sedimentary and hydraulic regime governs the broad pattern of benthic 
populations on the New Zealand shelf. The major infaunal benthic assemblages 
have been classified on the basis of the contained bivalve, echinoderm, and poly-
chaete faunas and the sediment substrate (McKnight, 1969). Suspension-feeder 
dominated benthos is found on modern terrigenous sands (often as a nearshore 
prism) and on relict terrigenous or biogenic sediments. These are the Venus com-
munities of McKnight (1969). In contrast, deposit-feeder dominated assemblages 
are found on shelves with high deposition of modern fine-grained sediment and 
are represented by the Nemocardium communities of McKnight (1969). Coarse 
relict, biogenic sediments also provide a substrate for an epifauna of sessile sus-
pension feeders (Probert et al., 1979; Cranfield et al., 1999). 
 The seasonal cycle of phytoplankton biomass in New Zealand shelf waters is 
known only from a few studies. It appears that a spring bloom occurs from late 
August to early September in phytoplankton and zooplankton, with lower, some-
times variable biomass the rest of the year (e.g. Jillett, 1971; Bradford, 1972). 
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2.0 Coastal biogeochemistry – four case studies 

The following four case studies have been chosen as they represent the best-known 
sections of the New Zealand continental shelf, from a multidisciplinary / interdis-
ciplinary perspective (see Fig. 36.1 inset for locations). In the absence of a com-
pleted typology of New Zealand coastal environments (Snelder et al., 2001) we are 
not able to say how typical these regions are of the whole coast. We have a general 
appreciation of the occurrence of each type of phenomenon that drives coastal 
ecosystems over most of the New Zealand region (see Section 1). Nevertheless, 
very little is known about the northwest coast of North Island. 
 Multidisciplinary / interdisciplinary studies of the New Zealand shelf region 
have been driven by various priorities that have been either scientist driven or 
more lately driven by the priorities of the funding agencies. Studies in region 1, the 
northeast shelf of North Island, are mainly physical – biogeochemical and interdis-
ciplinary in focus and are driven mainly by priorities relating to aquaculture and 
wild fisheries in the region. In region 2, greater Cook Strait, the multidisciplinary 
studies were first prompted by the need for an Environmental Impact Statement 
relating to the installation of an offshore gas platform. This work was aimed 
mainly at identifying the physical phenomena impacting biological spatial variabil-
ity in summer. In region 3, western South Island shelf, studies were aimed at un-
derstanding the breeding environment of hoki (Macruronus novaezelandiae) that 
is New Zealand’s largest fisheries by tonnage. This multidisciplinary study was 
focused mainly on ecosystem dynamics. In region 4, the Otago shelf, studies were 
not contemporaneous and represent an incremental approach to gaining an under-
standing of the functioning of the coastal ecosystem of this region by staff and 
students of the University of Otago. 

2.1 Northeast shelf of North Island 

The oceanography of northern New Zealand is dominated by a general west to 
east input of oceanic water originating from the East Australian Current that has a 
transport volume 15 Sv (Tomczak and Godfrey, 1994). Part of this flow attaches to 
the northeastern New Zealand continental platform forming the East Auckland 
Current (EAUC) (Stanton et al., 1997; Roemmich and Sutton, 1998; Zeldis et al., 
2004). Much of the northeast shelf is < 40 km wide and the proximity of slope 
waters has significant implications for the inner shelf and coastal zone physics and 
nutrient supply (Sharples and Greig, 1998). 
 There is a wind-forced component of the circulation on the northeastern shelf of 
North Island. Strong seasonal upwelling and downwelling results in this region 
being one of the most productive shelf regions of New Zealand (Zeldis et al., 2004 
press and references therein). There is also low freshwater and sediment input to 
this coast (Carter, 1975; Duncan, 1987, 1992). 
 Analysis of the non-tidal circulation over the shelf, slope and Hauraki Gulf 
separated wind-forced upwelling and downwelling (Fig. 36.5) from the outer shelf 
and slope dynamics that are dominated by long-period variability in the EAUC. 
Late summer downwelling is accompanied by more stratified conditions on the 
shelf and in Hauraki Gulf (Zeldis et al., 2004). Forcing of the shelf circulation 
arises largely from local winds. The EAUC serves to maintain the shelf-break front 
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and near-bed onshore flows at the shelf edge, while the formation of a strong sea-
sonal thermocline in late summer enables offshore surface water to intrude onto 
the shelf. In addition, the strong internal tide present on this shelf in summer 
(Sharples and Greig, 1998; Sharples et al., 2001) has the capacity to mix nutrients 
across the pycnocline. They calculate a flux of about 12 mmol N m-2 d-1 and suggest 
that internal tidal mixing could potentially drive annual new production of about 
100 g C m-2. 

 

Figure 36.5   Wind stress, distance / time diagram of surface temperature along the indicated transect. a, 
Wind stress from the NW has negative stress, and from the SE positive stress; b, AVHRR sea-surface 
temperature data along section (indicated in panel c) contoured in distance offshore with time. Four 
voyage periods, illustrated in c below, are shown by the boxes on the x-axis; c, Spatial AVHRR images 
are shown representing each voyage period. Arrows connecting the voyages with their dates (from 
Zeldis et al. 2004). See color insert. 
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 Strong seasonal variation in ecosystem functioning has been observed between 
the upwelling-to-downwelling seasonal transition (Zeldis et al., 1995; Zeldis, 2004). 
Winter mixing and spring upwelling cause extensive nutrient enrichment and ele-
vated phytoplankton growth within the water column. The dominance of autotro-
phic processes at this time is indicated by high ratios of new-to-regenerated 
nutrients (f-ratio 0.7), high chlorophyll concentrations (> 3 mg m-3), low phaeopig-
ment concentrations, and significant upper water-column oxygen evolution. Dia-
toms dominate the phytoplankton at this time (Chang et al., 2003). During the 
summer downwelling phase, decreasing f-ratio (< 0.6), low chlorophyll concentra-
tions (0.5 mg m-3), increased phaeopigments, and increases in apparent oxygen 
utilisation (AOU) indicate the increasing importance of heterotrophic (respira-
tory) processes (Fig. 36.6). During this phase, assemblages are composed of 
dinoflagellates, diatoms, nanoflagellates and picophytoplankton (Chang et al., 
2003). 

 

Figure 36.6   Cross sections of salinity, temperature, nitrate, silicate, chlorophyll a, phaeophytin ratio, f-
ratio, Apparent Oxygen Utilisation in early and late summer (from Zeldis, 2004). Location of transect 
indicated on Fig. 36.5. 



 J. BRADFORD-GRIEVE, K. PROBERT, K. LEWIS, P. SUTTON, J. ZELDIS AND A. ORPIN 1463 

 Dissolved inorganic nitrate concentrations in spring at the shelf edge at 200 m 
depth were about 10 mmol m-3 and increased in early summer to about 13 mmol 
m3. At the surface inshore nitrate concentrations were about 2.5 mmol m-3 in spring 
and increased to 7.5 mmol m-3 in early summer during upwelling, before decreasing 
during the downwelling event to < 2.5 mmol m-3 by late summer. 
 As the system evolves from upwelling to downwelling, it appears that remineral-
ised nutrients become more important relative to upwelled new nutrients. A mix-
ing model was used to test this hypothesis and estimate the relative proportions of 
‘new’ dissolved inorganic nitrogen (DIN) supplied by upwelling, vs ‘secondarily 
remineralised’ DIN supplied locally by benthic nitrification within the inner shelf 
system (Zeldis, 2004). In spring and early summer, the advected (deep ocean) DIN 
supply was found to dominate the remineralised (shelf) DIN supply. It was also 
found that this import of nutrient in spring was partially balanced in early summer 
by lateral export of organic matter to beyond the shelf break by surface advection 
associated with strong upwelling. It appears however, that most of the inner shelf 
production during the spring bloom was lost through the sedimentation of large 
diatoms, during a ‘bloom collapse’ in late spring (Chang et al., 2003). In late sum-
mer, during the downwelling phase, strong stratification caused near-bottom, 
remineralised DIN to accumulate but, on a water-column integrated basis, remin-
eralised nutrient concentration changed little between spring and summer. How-
ever, because the supply had decreased greatly with the cessation of upwelling, the 
steady supply of remineralised DIN between the seasons probably sustained shelf 
phytoplankton in summer, when the upwelled supply was low. There was also less 
surface transport of biologically-fixed material seaward across the shelf break in 
summer, because of the downwelling conditions. 
 The mixing model (Zeldis, 2004) also showed that remineralising activity was 
related to current speed and sediment type at different locations along the shelf. In 
both spring and summer, there was less DIN remineralised immediately south of 
Cape Brett than there was at greater distances to the south where the shelf is 
wider. Similar results were obtained for spatial distributions of remineralised silica 
and oxygen utilisation. At Cape Brett the shelf is narrow and strong currents allow 
only coarse sediment deposition (Eade 1974, Zeldis et al., 2004). Further south, the 
shelf is wider, the currents are weaker, and sediments are finer grained (Carter and 
Eade, 1980; Zeldis et al., 2004). It was also found that the ratio between O2 and 
remineralised DIN was above the value expected when organic matter is oxidised, 
suggesting that denitrification may also be a significant process in the region 
(Zeldis and Smith, 1999; Giles, 2001). 
 The nutrient concentrations and stratification of the water column on this coast 
result in several clearly defined stages in the development of phytoplankton popu-
lations. The inner shelf had a relatively stable assemblage of small autotrophs from 
early spring to late summer, overlaid by a highly variable assemblage of large 
autotrophs in early spring with chlorophyll a concentrations of about 1.2 mg m-3. In 
contrast, the outer shelf, early spring assemblage was composed of small cells with 
much lower chlorophyll a biomass (0.3 mg m-3) and therefore a lesser capacity to 
sink (Chang et al., 2003). 
 Early spring bloom populations on the inner shelf, where the euphotic zone was 
shallower than the depth of mixing, were dominated by chain-forming diatoms 
such as Lauderia annulata and Cerataulina pelagica (Chang et al., 2003). These 
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populations are supported by upwelling of nutrients and also, presumably, deep 
winter mixing. The collapse of this bloom was captured by a moored fluorometer 
and sediment trap records in late September and was driven by depletion of DIN 
and DRSi. The large diatom assemblage was followed by smaller diatoms such as 
Chaetoceros spp. in late spring and small-celled Nitzchia in early summer. 
 Strong upwelling in spring was associated inshore with lower salinities, higher 
nutrients in shelf surface waters and the offshore transport of diatom populations 
to the shelf break (Chang et al., 2003; Zeldis et al. 2004). These populations were 
replaced inshore by a low-biomass, dinoflagellate-dominated assemblage similar to 
the deep assemblage present at the outer shelf. The entrainment of deep water 
during upwelling in early summer was faster than the growth rate of the phyto-
plankton, preventing biomass accumulation at inner shelf depths. Another conse-
quence of cross-shelf transport in summer during downwelling, combined with 
favourable conditions for dinoflagellate growth in Hauraki Gulf, is the likely estab-
lishment of populations of toxic dinoflagellate species of offshore origin (Sharples, 
1997; Chang et al., 1995b). 
 At mid-shelf to upper-slope depths, the mean ratio of the depth of the euphotic 
zone to the depth of mixing was low. Algal growth was limited here in spring due 
to the depth of mixing and the impact of internal waves (see above). Therefore, 
nanoflagellates, dinoflagellates and picophytoplankton were the main groups pre-
sent (Chang et al., 2003). Species diversity of diatoms, thecate dinoflagellates, and 
nanoflagellates decreased in summer, although non-thecate dinoflagellate diversity 
increased. A small number of nitrogen-fixing Trichodesmium erythraeum were 
found in late summer after the advection of oligotrophic, subtropical water onto 
the outer shelf. 
 The maximum in spring phytoplankton biomass was not observed because of a 
mismatch between the field work and the timing of the spring maximum (Zeldis, 
2004). An inner shelf deployment of time-incremental sediment traps recorded a 
peak in particulate organic carbon flux at the end of September, although this flux 
was not substantial compared with shelf regions globally (Dr S. Nodder, NIWA, 
pers comm.). This inner shelf organic loading promoted high respiration in the 
sediments (Zeldis, 2004). As well as being exported downwards, the production on 
the inner shelf is also, on occasion, exported laterally beyond the shelf break by 
the upwelling circulation (Chang et al., 2003). This export occurred well after the 
decline of the spring bloom, so on that occasion it was a minor component of shelf 
production. Were the upwelling to occur closer to the peak spring biomass period, 
potentially large amounts of production could be exported offshore, rather than be 
remineralised in situ on this narrow shelf region. 
 Meso- and microzooplankton composition has not been described for this coast. 
Nearshore mesozooplankton populations are likely to be similar to those of the 
nearby Hauraki Gulf with copepods dominant (Jillett, 1971). Other groups in-
cluded in the Gulf fauna are cladocerans, appendicularians, salps, euphausiids, 
medusae, ctenophores, with the addition of chaetognaths, pteropods and hetero-
pods in the outer Gulf. Salps (Thalia democratica) can dominate the assemblage in 
spring if shelf water exchange with the Gulf has been high (Zeldis et al., 1995). In 
the inner Gulf, common copepod genera (e.g. Acartia, Paracalanus, Centropages, 
Temora) tend not to have a strong seasonal signal in their abundance, whereas in 
the outer Gulf there was a distinct spring increase in abundance. 
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 Upwelling onto the shelf and into Hauraki Gulf bottom waters depends on the 
local winds, therefore new nutrient supply should vary with climatological varia-
tion in winds. Climate-scale variation in the wind field is expected to induce inter-
annual variation in upwelling and downwelling. Preliminary results suggest the El 
Niño phase of the Southern Oscillation favours upwelling whereas the La Niña 
phase favours downwelling (Zeldis et al., 2000). These differences are predicted to 
cause a cascade of biological effects which impact fisheries recruitment and aqua-
culture productivity in the region. 

2.2 Greater Cook Strait 

Greater Cook Strait, the region between North and South Islands of New Zealand, 
is composed of the broad, flat, South Taranaki Bight and Cook Strait Narrows 
through which Cook Strait Canyon extends (Fig. 36.7). The region is exposed to 
strong westerly winds (Harris, 1990 and references therein), with orographic influ-
ences funnelling prevailing winds through Cook Strait Narrows (winds up to 240 
km h-1 have been measured), tidal currents are strong (up to 3.5 m s-1) (Heath, 
1974), there are large spatial changes in tidal energy dissipation (Bowman et al. 
1980), and there is moderate freshwater input (Duncan, 1992). Winds and tides 
drive most of the variability in sediment distribution and the physical, chemical 
and biological properties of the region. 

 

Figure 36.7   Bathymetry and locality diagram for greater Cook Strait region. 
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 The sediments of the region are predominantly mud thought to originate from 
discharges from the Manawatu and Wanganui Rivers (van der Linden, 1969; Lewis 
and Eade, 1974; McDougall, 1975; Carter, 1983). A broad band of sand lies south-
west / northeast, dividing the mud region, near the western entrance. This sand has 
probably been carried up the west coast of South Island. Gravels occur in the Nar-
rows, off Cape Egmont, and west of Cape Farewell. Bowman et al. (1980) note the 
relationship between high mean bottom frictional stress during a tidal cycle and 
the distribution of coarse sediments. Sediment type has a strong bearing on the 
type of benthic communities found in the region (McKnight, 1969). Macrobenthic 
biomass of western Cook Strait lies between 200–650 mg m-2 although these figures 
are based on sparse data (Probert and Anderson, 1986). 
 The most conspicuous feature of greater western Cook Strait in summer, the 
Kahurangi upwelling plume (Fig. 36.8), results from the interaction of the wind-
driven Westland Current with the local bathymetry (e.g. Shirtcliffe et al., 1990). 
Winds induce a fall in sea level near Cape Farewell, and the resulting favourable 
sea surface slope accelerates flows of deep water over the bathymetric rise inshore 
of Kahurangi Shoals and also raises sea level at Cape Egmont. The hydraulic re-
sponse of the thermocline, coupled with the coastal convergence of the bottom 
Ekman flow, produce a strong upwelling source near Kahurangi Point. When the 
westerly wind drops, warm water sometimes moves southwards round Cape Fare-
well inshore of the upwelling plume. 

 

Figure 36.8   AVHRR of sea surface temperature showing the Kahurangi plume from the NIWA SST 
archive (Uddstrom and Oien, 1999). See color insert. 
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 This Kahurangi Point upwelling results in a north-eastwards shedding of cold, 
nutrient-rich (> 2 mmol m-3) water associated with greater concentrations of chlo-
rophyll a (> 2 mg m-3) (Fig. 36.9) and primary production than the surrounding 
waters (e.g. Bradford et al., 1986). Cross-sections through upwelling features show 
that the maximum chlorophyll concentrations are usually located adjacent to the 
coldest, most nutrient-rich water (Kibblewhite et al., 1982). Surface primary pro-
ductivity follows approximately the same pattern (Bradford et al., 1986). 

 

Figure 36.9   Surface properties during January – February 1980: A, Nitrate nitrogen (mmol m-3); B, 
Chlorophyll a (mg m-3) (adapted from Bradford et al., 1986 and references therein). 

 Potential primary production (measured continuously over 24 hours in an on-
deck incubator and corrected for diel rhythms in photosynthetic capacity) as great 
as 12 mg C m-3 h-1 was recorded in greater Cook Strait (Bradford et al., 1986). Nev-
ertheless, Viner (1990) showed that non-photosynthetic 14C uptake in the plume 
region can be very high (up to 88%). The most elevated rates of dark 14C fixation 
were associated with the warmer, more mature parts of the plume and with ele-
vated ambient NH4 concentrations and NH4 uptake. Viner concluded that the dark 
uptake resulted mainly from high bacterial nitrification rates because nitrification 
uses inorganic carbon as a source of carbon and NH4 as an energy source. Ob-
served nitrification rates may have supplied about 40% of the algal requirements 
for NO3 (Priscu and Downes, 1985). The f-ratio ranged from 0.06 to 0.87 and the 
highest ratios imply that new nitrate-nitrogen was a more important source of N 
than NH4 in the upwelling plume itself (Viner and Wilkinson, 1988). Nitrate up-
take varied from 1–8.5 µg (mg N)-1 h-1 and was strongly inhibited in the presence of 
high levels of ambient NH4 (Viner and Wilkinson, 1988). Upwelling also was asso-
ciated with the lowest proportion of 14C incorporation into protein compared with 
flow into storage products (Priscu and Priscu, 1984). 
 The spatial distribution of summer zooplankton populations and their biomass 
are formed by advective as well as in situ processes (James and Wilkinson, 1988; 
Bradford-Grieve et al., 1993). Zooplankton within the plume divide into five geo-
graphically coherent assemblages, generally reflecting temporal changes in the 
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zooplankton community as the upwelled water advected from west to east (Brad-
ford-Grieve et al., 1993). Near the source of the plume, inshore plankton biomass 
decreased as did the numbers of several coastal species, and oceanic species were 
introduced into nearshore waters. The capacity of copepods and the euphausiid 
Nyctiphanes australis to reproduce was reduced (Bradford and Chapman, 1988a), 
and the diversity indices and proportion of herbivorous copepods decreased, rela-
tive to water south of the plume source. Downstream in the plume, many zoo-
plankton species were distributed in a manner reflecting the physical 
characteristics of the plume, whereas oceanic forms were entrained along the off-
shore border of the plume. In the eastern plume the proportion of omnivorous 
copepods was reduced and the capacity of herbivorous copepods and N. australis 
to reproduce increased. The abundance of common coastal copepods was appar-
ently related to their vulnerability to offshore transport on an upwelling coast. 
Zooplankton biomass (as wet weight) is about 100 - 300 mg m-3 in autumn but can 
be as high as 8000 mg m-3 in summer when dominated by the salp Thalia democ-
ratica (Kibblewhite et al., 1982). 
 Small copepods, such as Acartia ensifera, Oithona similis, and Paracalanus in-
dicus, had the largest influence over the patterns of distribution of metabolic pa-
rameters. Their carbon ingestion and NH4 excretion is more highly weight specific 
compared with Nyctiphanes australis (James and Wilkinson, 1988). Calculations of 
the carbon requirements of zooplankton suggests that at the upwelling source their 
grazing may have overtaken phytoplankton production, although it is more likely 
that microzooplankton were an important part of their diet. 
 Bradford et al. (1993) compared the Kahurangi upwelling plume with the Mau-
ritanian plume, West Africa, in the eastern subtropical North Atlantic Ocean. The 
mauritanian upwelling has much greater NO3,  chlorophyll a concentrations and 
primary productivity than the Kahurangi system (Table 36.1), while zooplankton 
biomass attained much higher biomass near the Kahurangi plume. This suggests 
that the Kahurangi plume is either converting primary production into zooplank-
ton biomass more efficiently or the structure of the food web differs. We do not 
know if the benthos benefits from the vertical export of the overlying production 
in the western part of greater Cook Strait. 

TABLE 36.1 
Comparison of the Mauritanian and greater Cook Strait upwelling plumes (from 

Bradford-Grieve et al., 1993). 

 MAURITANIA GREATER COOK STRAIT 

Latitude 19oN 40oS 
Surface NO3 maximum > 20 mmol m-3 > 7.4 mmol m-3 
Surface chlorophyll a maximum > 20 mg m-3 > 4–5 mg m-3 
Surface primary production maximum > 60 mgC m-3 h-1 > 9 mgC m-3 h-1 
Maximum zooplankton dry weight 1800 mg m-2 5926 mg m-2 
Principle herbivorous copepods Calanoides carinatus Clausocalanus jobei 

Paracalanaus indicus 
Maximum percentage herbivorous copepods 78% 68% 
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 Tidal mixing has been demonstrated theoretically (Bowman et al., 1980) and 
confirmed from field observations (Kibblewhite et al., 1982) to be a source of 
nutrient renewal in summer in Cook Strait Narrows and off D’Urville Island and 
Marlborough Sounds; tidal mixing also occurs in Taranaki Bight but the shallow 
depth of the region ensures that nutrients are depleted throughout the water col-
umn (Bradford et al., 1986). Vertical sections off Marlborough Sounds show pro-
files of a number of parameters typical of tidal mixing. For example, near-surface 
isotherms bend towards the surface and deeper isotherms bend towards the sea-
floor adjacent to a region of completely mixed water inshore (Fig. 36.10). Never-
theless, the concentrations of chlorophyll a were low (<2 mg m-3) (Bradford et al., 
1986) compared with those found in the western approaches to the English Chan-
nel by Pingree et al. (1978), even though the levels of nutrients were similar. The 
Marlborough Sounds tidal mixing region is a deepwater front (Pingree et al., 1978) 
where inshore, cold water remains nutrient-rich because photosynthesis is light-
limited there. Thus, higher chlorophyll a levels are found only in areas of weakly 
stratified water adjacent to the well-mixed water (Bradford et al. 1986). 

 

Figure 36.10   Vertical profiles along section off Marlborough Sounds (see Fig. 36.7): A, Temperature 
(oC); B, Nitrate nitrogen (mmol m-3); C, Chlorophyll a (mg m-3); D, Potential primary production (mg C 
m-3 h-1) (from Bradford et al., 1986). 

 Freshwater discharges into greater Cook Strait are greatest along the Manawatu 
coast of North Island where the Wanganui, Rangitikei, and Manawatu rivers open 
onto the coast (Harris, 1990 and references therein). These rivers are part of Clus-
ter 8 on the east coast of North Island (Close and Davies-Colley, 1990) and have 
average silica content (356 mmol m-3) but low NO3 and DRP (1.1, 0.13 mmol m-3 
respectively). This freshwater is responsible for shoaling of the surface mixed layer 
and has been implicated in elevated reactive silicate, chlorophyll a, and primary 
production levels off the Manawatu River (Bradford et al., 1986). The reasons for, 
and extent of, enhanced primary productivity near rivers have not yet been clearly 
established. Freshening also occurs in Tasman and Golden Bays but not to the 
same extent. In Tasman Bay, freshwater runoff from agricultural land has been 
implicated in local nutrient and phytoplankton enrichment (MacKenzie and Gil-
lespie, 1986). This nutrient enrichment may be responsible for enhanced microphy-
tobenthic production and denitrification that is known to occur in shallow regions 
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of Tasman Bay (Christensen et al., 2003). They calculate that denitrification ac-
counted for 11–20% of the total carbon remineralised – one of the highest num-
bers reported for coastal sediments. 
 The Greater Cook Strait area is highly complex. We have not integrated our 
understanding of the interactions between the physical, chemical, and biological 
processes and cannot yet be predictive. Bowman et al. (1980) noted an association 
between the squid fishing fleet and the Kahurangi upwelling plume. Also, there is 
a moderate jack mackerel fishery in the region but we have not quantified the 
supply of organic material to the sea floor nor its impact on the benthic food web. 
In spite of the apparently biologically rich nature of at least the pelagic ecosystem, 
Greater Cook Strait is only a moderate focus for fisheries activity. 

2.3 Western South Island shelf 

The western South Island coast is flanked by a nearby, high mountain range. The 
continental shelf ranges from <25 to 100 km wide (Fig. 36.11), has high freshwater 
input, very high riverine sediment discharges, and is exposed to prevailing westerly 
weather systems resulting in marked cloudiness, windiness, upwelling, and variabil-
ity in mixed layer depth. A model driven by observed meteorological data, pro-
duced a realistic seasonal cycle in sea surface temperature, mixed layer depth and 
surface nitrate concentration over the continental slope (Hadfield and Sharples, 
1996). The continental slope off this region is an important breeding ground of 
hoki (Macruronus novaezelandiae) that forms New Zealand’s largest fishery and 
whose numbers increase many-fold during winter spawning migrations (Patchell, 
1982). 
 New Zealand’s bathymetric platform constrains the west to east oceanic flow to 
the south along the southern flank of Challenger Plateau, although northwards 
flowing currents are observed close inshore (Heath, 1982). The general circulation 
affects the distribution of properties near shore with high surface and subsurface 
temperatures and salinities have been observed to the left of the southwestwards 
flow along the coast (Stanton, 1976) thus aligning isotherms and isohalines parallel 
to the shore. These water properties and the mixed-layer depth (Bradford and 
Chang, 1987) attain maxima near the continental slope, because of the juxtaposi-
tion with cold, less saline coastal water. 
 Coastal currents are highly variable with a weak mean alongshore flow of about 
4 cm s-1 (Cahill, et al., 1991). The bulk of the alongshore flow variance within 50–
100 km of the coast is explained by a combination of low mode and wind-forced 
coastally trapped waves (CTW) (Stanton and Greig, 1991; Cahill et al., 1991; 
Stanton, 1995). At subtidal frequencies the CTW field is the dominant signal in the 
shelf currents and is generated by broad-band wind forcing over Cook Strait. Vari-
able flow through Cook Strait is considered to be the major forcing mechanism for 
CTWs on the Westland shelf (Stanton and Greig, 1991). It is also possible that 
CTWs are involved with shelf-to-offshore exchange of water and biological mate-
rial through events known as coastal squirts (Moore and Murdoch, 1993). 
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Figure 36.11   Bathymetry and locality diagram for the west coast of South Island. 

 Upwelling occurs in sporadic events lasting 2–12 days and rarely reaches a dis-
cernible steady state (Stanton and Moore, 1992). Upwelling-favourable winds 
occur 40–50% of the time, but calculations place the Westland coast in the lower 
part of the upwelling range compared with the California/Oregon, Peru, and 
Northwest African coasts where upwelling seasons can last for months (Stanton 
and Moore, 1992). It appears that southwesterly winds are not the only forcers of 
upwelling. On some occasions upwelling has been observed when winds were not 
upwelling-favourable (Chang et al., 1992; Moore and Murdoch, 1993). It is possible 
that CTWs are important in the spin-up of upwelling along this coast, although this 
hypothesis has not yet been investigated (Moore and Murdoch, 1993). 
 The impact of upwelling on near-surface nutrient concentrations is variable (set 
in a background of relatively low nutrient at 200 m) (Fig. 36.3a) on the western, 
upper panel South Island coast) and sometimes does not have surface expression 
because a cap of dilute river water water overlies the upwelled water (Bradford, 
1983; Bradford and Chang, 1987). Field measurements of dissolved inorganic nu-
trients show that both upwelling and river inflow impact coastal nutrient levels, 
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although the importance of these two sources to the biological production system 
has not yet been quantitatively assessed. 
 Rivers contribute a relatively large proportion of the shelf water volume 
(Stanton, 1976), modify the salinity distribution, and add dissolved inorganic nutri-
ents and yellow substance (Cole and Davies-Colley, 1990). Sometimes the influ-
ence of river water may be very large and produces strong, non-seasonal 
temperature and salinity variations (Heath and Ridgeway, 1985). There is also 62 
Mt y-1 input of terriginous sediment (Fig. 36.2a) (Griffiths, 1979; Hicks and 
Shankar, 2003) resulting in a shore-attached sediment wedge composed of sand 
and mud (Carter, 1980; Probert and Swanson, 1985), and attenuation of the pene-
tration of light into the water column (Chang and Bradford, 1985). 
 Cloud cover on this coast is highly variable and can cause summer incident solar 
radiation to be as low as in winter (Chang and Bradford, 1985; Bradford and 
Chang, 1987). A large proportion of variability in production per unit chlorophyll a 
integrated over the euphotic zone for both winter and summer is explained by 
incident solar radiation received (Fig. 36.12) (Bradford and Chang, 1987). The 
attenuation of light is consistently greatest in near surface waters towards the coast 
(e.g. Bradford and Chang, 1987) with a 1% light level of 21–77 m. Chang and 
Bradford (1985) noted that the attenuation of photosynthetically active radiation 
brought about by non-photosynthetic particles was significantly negatively-
correlated with salinity and therefore likely to be associated with river input. Al-
though some of this light attenuation may be due to terrigenous sediment, concen-
trations of yellow substance explain nearly 50% of the variation in light absorption 
in southern New Zealand waters (Davies-Colley, 1992; Howard-Williams et al., 
1991, 1995). 
 All of these physical processes impact the biological production system in ways 
not yet fully understood. The highest concentrations of chlorophyll a, primary 
production, and zooplankton biomass (Table 36.2) are usually found in a narrow 
band close inshore in both winter and summer (Bradford, 1985; Chang and Brad-
ford, 1985; Bradford and Chang 1987). In inshore waters the 2–20 µm phytoplank-
ton size fraction is the more dominant (Chang, 1988), but very small autotrophic 
cells (< 5 µm) comprise a large proportion (40–90%) of the total chlorophyll a and 
production offshore. Winter neritic populations were dominated by diatoms, with 
phytoflagellates concentrated on the outer shelf and dinoflagellates most dominat-
ing away from the coast (Chang, 1983). In summer, dinoflagellates dominated 
populations with Prorocentrum micans particularly abundant and diatoms were 
most numerous close inshore (Chang, 1988). Although upwelling appears to en-
hance biological production (Fig. 36.13) (Chang et al., 1992), if it is too strong it 
can alter light attenuation by re-suspending sediment from the sea floor and intro-
ducing phytoplankton with low light-saturated photosynthetic capacity into near 
surface waters (Chang and Bradford, 1985). Under these conditions, upwelling did 
not have an appreciable effect on phytoplankton biomass. 
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Figure 36.12   Production per unit chlorophyll a (PB) integrated over the euphotic zone (g C (g Chl a)-1 
h1) plotted against incident solar radiation (I) (E m-2 h-1). • = stations not dominated by Prorocentrum 
micans; x = stations dominated by Prorocentrum micans (from Bradford and Chang, 1987). 

 Studies of the utilisation of nitrogen by phytoplankton showed that both new 
and regenerated forms of production occur on this coast. Nitrate was the most 
important source of nitrogen in winter (Chang et al., 1989, 1992). Nevertheless, all 
size classes of phytoplankton were shown to have a strong preference for NH4. The 
f-ratio for the < 2 µm fraction fell below 0.5 in winter and 0.3 in summer suggesting 
the picophytoplankton-sized organisms are more efficient utilisers of NH4 than 
their larger counterparts. f-ratios were generally high inshore both in summer and 
winter (Chang et al, 1989, 1992, 1995a). Mean bacterial biomass was 869 and 928 
mg C m-2 in winter and spring, respectively (Smith and Hall, 1997). This biomass 
represents 65 and 37% of the total plankton biomass in winter and spring, respec-
tively, and indicates the importance of recycling processes on this coast. 
 Limited work has been carried out on the role of micro- and mesozooplankton 
as grazers and recyclers of nutrients. Microzooplankton herbivory was 80–194% of 
primary production in winter and 20–64% in spring and grazing on bacterial pro-
duction was 92–154% and 79–250% respectively (James and Hall, 1998). These 
grazing rates indicate the microzooplankton grazing can control phytoplankton 
and bacterial biomass. Neritic mesozooplankton are found in large concentration 
close to shore (Bradford, 1985). Here, their filtering rates were greatest in popula-
tions dominated by Acartia ensifera (James, 1989) and were sometimes at levels 
that had a negative impact on the biomass of phytoplankton. On other occasions, 
only 1–4% of primary production was ingested by mesozooplankton implying that 
other sources of food (microzooplankton) are necessary if they are to obtain suffi-
cient food for growth (Bradford-Grieve et al., 1998). James (1989) also established 
that the regeneration of nitrogen was related to zooplankton biomass and that up 
to 24% of the NH4 uptake by phytoplankton is potentially regenerated by zoo-
plankton > 55 µm. 
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Figure 36.13   Vertical profile of water properties along a transect of Wanganui Bluff, June 1979. A, 
temperature (oC); B, nitrate-nitrogen (mmol m-3); C, primary production (mg C m-3 h-1); D, chlorophyll a 
(mg m-3);. Ticks directed towards regions of minimum values. For location of transect see Fig. 36.11 
(from Bradford and Chang, 1987). 

TABLE 36.2. 
Phytoplankton biomass and production and zooplankton biomass on the continen-
tal shelf off the western coast of South Island. Chl a = chlorophyll a, PP = primary 

production, WW = wet weight (from Chang and Bradford, 1985; Bradford and 
Chang, 1987). 

Season Location 

Chl a 

mg m-2 
Chl a surface 

mg m-3 

PP 

mgC m-2 d-1 

Zooplankton WW  
0–200 m mg m-3  

winter inshore 22–41 0.75–1.42 47–147 25 - >1000  
 offshore 29–52 0.64–0.99 55–152 <25 - 100  
summer inshore 15–84 0.37–8.76 175–4885 >100 - >400 
 offshore 110–401 0.26–0.45 110–401 25 - >100  

 

 Certain characteristics of slope waters appear to be important to the survival of 
young hoki larvae. Hoki aggregate to breed off the western South Island coast 
from the Campbell Plateau east of New Zealand and other regions, from late June 
through July and August (Murdoch, 1992 and references therein). Hoki lay their 
eggs in the water column above the shelf edge (Zeldis et al., 1998), although in 
some years very few eggs and larvae have been found. Older stage hoki larvae 
have been recorded further inshore than eggs and newly hatched larvae, suggesting 
shoreward transport. The diet of hoki larvae consists primarily of copepod adults 
and copepodites (Murdoch, 1990) and they actively select copepods of the genera 
Calocalanus and Paracalanus and the tintinnid Dyctyocysta (Fig. 36.14) (Murdoch 
and Quigley, 1992). 
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Figure 36.14   Diet of hoki (Macruronus novaezelandiae) larvae. A, Percentages of planktonic species in 
the environment (left) and diet (right) of larvae. Value of alpha selectivity index denoted by star: 0 
indicates random feeding, values > 0 positive selection, values < 0 negative selection (thecate dinoflag-
ellates and diatoms excluded); B, Mean number of selected prey types per larvae size classes (see 
Murdoch, 1992). C, larva standard length 5.2 mm (Patchell et al., 1987). 

 Attempts have been made to identify the optimal physical conditions for the 
survival of hoki larvae, but at the time such a study was carried out there were no 
hoki larvae present in the samples so the resulting hypotheses have not been tested 
(Bradford-Grieve et al., 1996). Bradford-Grieve et al. (1996) note that in early 
winter the depth of mixing appears to have a strong impact on the distribution of 
small zooplankton species that are actively selected for or are important in the diet 
hoki. For example, Calocalanus spp. and Oithona similis were distributed, not only 
in highest concentrations, but also over a much greater depth range in surface 
waters above the continental slope when the depth of mixing was deepening (158 
m), nitrate-nitrogen was increasing (3.8 mmol m-3) and the percentage of chloro-
phyll a was in the > 20 µm size fraction was increasing (32%). Hindcasts of the 
depth of mixing (Hadfield and Sharples, 1996) for 1987 and 1988 which contrib-
uted strong year classes to the adult hoki fishery indicate that the early and gradual 
onset of winter mixing was associated with the replenishment of nitrate in surface 
waters to 1 mmol m-3 by the end of June (Bradford-Grieve et al., 1996). Whereas, 
in 1990 when the hoki year class was weak, the hindcasted winter mixing began 
later, nitrate replenishment reached 1 mmol m-3 a month later, at the end of July, 
and mixing progressed rapidly to depths > 200 m (Bradford-Grieve et al., 1996) 
that would have inhibited net primary production. 
 High sedimentation and episodic upwelling promote a deposit-feeder domi-
nated macrobenthos with opportunistic taxa seemingly well represented (Probert 
and Grove 1998; Probert et al., 2001). However, the amount of primary production 
that reaches the seafloor and is utilised there is not clear. Macrofaunal benthic 
biomass ranges from 24–143 g wet weight m-2 with biomass and faunal density is 
inversely related to depth (Probert and Anderson, 1986). The predominant source 
of energy to the benthos is planktonic production (calculated to be 182 g C m-2 y-1), 
but calculated benthic production (39, 3.6, and 1.8 g C m-2 y-1 for bacteria, meio-
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fauna, and macrofauna, respectively) seems low relative to the overlying primary 
production (Probert, 1986). Rivers would be expected to provide a large input of 
carbon to the shelf, based on annual flow rates, but given that the catchments are 
forested, much of the particulate organic carbon is likely to be structural plant 
tissue not readily assimilable by the benthos. Probert suggests that efficient bacte-
rial remineralisation of phytodetritus, its export off the shelf, and/or burial could 
all be explanations for apparently low benthic production. 
 Gillespie et al. (unpubl. data) examined the relative microbial activity of sedi-
ments. Both the rate of 14C-glucose mineralisation (Vmax) and ATP concentration 
declined by more than an order of magnitude from shelf to upper slope sites. Ra-
tios of sulphate reduction to oxygen consumption indicated that the relative impor-
tance of anaerobic mineralisation of organic C decreased dramatically with 
distance offshore. High ratios observed at nearshore stations suggested that a 
significant or even major fraction of total C mineralisation within the sediments 
may occur through the anaerobic pathway. Kaspar et al. (1985) recorded a higher 
denitrification capacity of sediments at shelf sites than on the upper slope. At an 
inner shelf (50 m) site, 75% of net mineralised N was denitrified. By markedly 
reducing the flux of NH4 and NO3

 from some sediments, microbial denitrification 
may have an indirect regulating effect on primary production on the shelf. 

2.4 Otago shelf 

The South Otago continental shelf averages 30 km in width between Molyneux 
Bay at the mouth of the Clutha River and Blueskin Bay north of Otago Peninsula, 
and is constricted to only about 10 km in width off the out-jutting volcanic complex 
of the Otago Peninsula (Fig. 36.15). The shelf break occurs at water depths of 125–
150 m. The shelf edge is incised by several submarine canyons that connect with 
tributary channels of the Bounty Trough (Carter et al., 1985). 
 Modern sediment input to the South Otago shelf is predominantly from the 
Clutha River, which now contributes an estimated 0.39 Mt y-1 (reduced from 2.3 
Mt y-1 before damming of the river that commenced in the 1950s) (Hicks and 
Shankar, 2003) (Fig. 36.2a). Much of the bedload (sand and gravel) reaching the 
shelf is stored within a large nearshore sand wedge off the Clutha mouth, whilst 
bedload that escapes storage is transported north-eastwards and deposited on 
littoral and inner shelf environments to north of Otago Peninsula (Carter, 1986; 
Carter and Carter, 1986) (Fig. 36.15). Bedload transport to the north-east is initi-
ated by tides and storm events, with mean flow (Southland Current) playing a 
minor role, but reinforced by southerly storm events, which may stir sediments to 
mid-shelf depths (Carter and Heath, 1975). Modern terrigenous sediments are thus 
confined to an inshore sand wedge (< 40 m water depth with increasing silt content 
> 20 m). The inner shelf sand benthos is similar to faunas of well-sorted terri-
genous sands at 20–40 m at open sea locations worldwide (in terms of, for example, 
amphipod and polychaete taxa), though with a conspicuous suspension-feeding 
trochid gastropod component (Pérès, 1982; Probert and Wilson, 1984). 
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Figure 36.15   Hydraulic and sedimentary regimes of the Otago coast (from Carter et al., 1985). 

 Mean flow over the south-east New Zealand shelf is to the northeast associated 
with the Southland Current (Heath, 1972) (Fig. 36.1). The presence of this current 
is thought to be due to remote forcing from strong topographically constrained 
abyssal currents located approximately 12° east of New Zealand (Tilburg et al., 
2002) although variability in the current speed has been shown to be correlated 
with local winds (Chiswell, 1996). Mean current speeds in the Southland Current at 
the 100 m isobath off Oamaru (North Otago) and Nugget Point (South Otago) 
were 14 and 24 cm s-1 respectively (Chiswell, 1996). Southland Current water on 
the shelf derives from the region of the STF west of New Zealand and consists 
mainly of STW with some SAW (Heath, 1975), while off the shelf the Southland 
Current advects SAW horizontally (Sutton, 2003). To the east, shelf water is 
bounded by a narrow (mean width 8 km) well-defined front (temperature differen-
tial of 1.5–2.0° C), the Southland Front, which represents the sector of the STF off 
south-east New Zealand separating modified subtropical shelf water from offshore 
SAW (temperature differential of c. 1.8° C). The mean position of the Southland 
Front follows the 500 m isobath (Shaw and Vennell, 2001). 
 The Southland Current on the continental shelf is recognisable as a relatively 
warm, high salinity flow (typically > 9.5° C and > 34.4 in winter; > 12.0° C and > 
34.6 in summer) (Jillett, 1969; Hawke, 1989) (Fig. 36.16). As a consequence of this 
strong along-shelf flow, a meso scale lee eddy is generated in the embayment north 
of Otago Peninsula. This eddy entrains plankton (Robertson, 1980; Zeldis, 1985; 
Murdoch, 1989; Murdoch et al., 1990). Nearshore, riverine input forms neritic 
water with temperature and salinity of <10° C and <34.4 in winter, and >12° C and 
< 34.6 in summer (Jillett, 1969; Hawke, 1989; Vincent et al., 1991; Chiswell, 1996).  
The main freshwater source is the Clutha River (mean flow 563 m3s-1), 100 km  
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Figure 36.16   Vertical section of salinity distribution across the Otago coast (from Jillett, 1969). 

south of Otago Peninsula. Periods of high Clutha flow produce northward-
propagating pulses of lower salinity water with higher suspended sediment (Mur-
doch et al. 1990) (Figs. 36.17 and 36.18). El Niño events produce a marked cooling 
of sea surface temperature (Greig et al., 1988), e.g., by < 2.9° C and by < 3.4° C for 
Southland Current and neritic water, respectively, between 1990 and mid-1992 
(Shaw et al., 1999). 
 Reactive phosphorus levels are depleted by primary production processes over 
the shelf in summer relative to winter (0.12 and 0.78 mmol m-3, respectively) 
(Hawke, 1989; Kirchlechner, 1999), corresponding to minima in the partial pres-
sure of CO2 in the surface waters (Currie and Hunter, 1999). Reactive phosphate 
concentrations are greatest in SAW offshore (see also Fig. 36.3, top panel) al-
though the vertical density gradient associated with the Southland Front probably 
inhibits transfer to inshore surface waters (Hawke and Hunter, 1992; Croot and 
Hunter, 1998). There is also evidence of nutrient renewal processes off the Otago 
Peninsula and nutrient depletion in the lee eddy north of the peninsula. Riverine 
input appears to be the main source of reactive silicate (Butler et al., 1992), with 
high concentrations occurring after Clutha flood events (Vincent et al., 1991; 
Hawke, 1995). Resuspension of shelf sediments is suggested to be the main source 
of dissolved iron although iron is unlikely to be transported offshore because the 
Southland Front is an impediment to onshore / offshore transport (Croot and 
Hunter, 1998). 
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Figure 36.17   Satellite image of suspended particulate material concentration in the Otago region on 5 
July 2000, showing sediment-rich waters being discharged by the Clutha River. Turbid waters are 
shown in a red colour, and clearer waters are shown in a purple colour. Data were received by the 
SeaWiFS ocean colour satellite (used courtesy of NASA SeaWiFS project and Orbimage Inc) and 
processed at the National Institute for Water and Atmospheric Research, Wellington, New Zealand. 
See color insert. 

 Primary production is estimated at 150–200 g C m-2 y-1 for the neritic to 
neritic/subtropical zone (60–120 m) and 115 g C m-2 y-1 for STW (300 m). Diatoms 
dominate the neritic zone phytoplankton, but the contribution of nanoflagellates, 
particularly prymnesiophytes, increases in Southland Current and STF waters 
(Kirchlechner, 1999). Compared to STW, primary production in the vicinity of the 
Southland Front appears to be somewhat elevated (~ 200 g C m-2 y-1). Enhance-
ment of primary production at the STF is also indicated by CO2 draw-down (Cur-
rie and Hunter, 1998). 
 Neritic zooplankton are characterised by an abundance of meroplanktonic 
larvae of inshore species (e.g., stomatopod larvae, barnacle nauplii, porcellanid 
zoeae) and the harpacticoid Euterpina acutifrons. Among species typical of shelf 
waters in general are the euphausiid Nyctiphanes australis, Munida gregaria post-
larvae, the salp Ihlea magalhanica, and the copepod Calanus australis (Jillett, 1976; 
Murdoch, 1989). Ichthyoplankton similarly indicate fish spawning distributions 
associated with water masses (e.g., Sprattus antipodum in neritic water; Seriolella 
brama in Southland Current) (Robertson, 1980). With the STF off Otago there is a 
major biogeographic boundary adjacent to the shelf (Robertson et al., 1979; Jack-
son et al., 2000). Proximity of SAW facilitates the incursion of subantarctic species 
into shelf waters, such as the copepod Neocalanus tonsus, which is seasonally 
abundant in the Southland Current and probably introduced each spring from 
deeper SAW (Jillett, 1968; Ohman, 1987). Its high lipid content may be of signifi-
cance to the shelf food web (Ohman et al., 1989). 
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Figure 36.18   Temporal variability in surface salinities on the Otago shelf showing the pulses of riverine 
input to the neritic zone (from Murdoch et al., 1990). 

 Particularly distinctive and seasonally important to shelf trophic structure are 
surface swarms of Nyctiphanes australis and Munida gregaria. The galatheid Mu-
nida gregaria is a subantarctic species important to both pelagic and benthic sys-
tems (Williams, 1980; Zeldis, 1985). Adults are benthic, but the postlarvae are 
pelagic and in the warmer months (November-March) form large aggregations (> 
100 m across) (Fig. 36.19). These aggregations are controlled by hydrodynamic 
processes, such as internal waves that may provide a mechanism for their onshore 
transport (Zeldis and Jillett, 1982; Jillett and Zeldis 1985). Aggregations of Munida 
postlarvae (< 1.5 kg m-3) (Zeldis 1985) and of Nyctiphanes are important prey for 
planktivorous fish such as barracouta (Thyrsites atun), jack mackerel (Trachurus 
murphyi) and slender tuna (Allothunus fallai) (O’Driscoll, 1998a; O’Driscoll and 
McClatchie, 1998), as well as for seabirds (Larus scopulinus, L. bulleri, L. domini-
canuss, Puffinus griseus) (McClatchie et al., 1989; O’Driscoll, 1998b; Cruz et al., 
2001). 
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Figure 36.19   Aerial photo of Munida gregaria aggregation at a headland front south east of Taiaroa 
Head, taken from 1100 m altitude. (from Zeldis and Jillett, 1982). See color insert. 

 The benthos of the middle and outer shelf reflects the fact that the region is 
starved of modern sediment input and is characterised by coarse relict (from last 
glacial maximum) and biogenic sediments (Andrews, 1973; Carter et al., 1985). 
Suspension feeders are again well represented in the infauna (McKnight, 1969; 
Probert and Wilson, 1984). The coarse sediments support a well-developed sessile 
epifauna, most notably mid-shelf bryozoan thickets associated with relict gravels 
off the Otago Peninsula where the inshore flow accelerates as it is constricted 
between the Peninsula and the SAW offshore (Probert et al., 1979) (Fig. 36.15). 
Several bryozoan species (e.g., Cinctipora elegans, Hippomenella vellicata, Cellepo-
rina spp.) form thicket-like structures, mostly at 75–110 m water depth, that signifi-
cantly enhance benthic habitat complexity and associated biodiversity (Batson and 
Probert, 2000). Bryozoan-dominated habitat may be important in the life history of 
commercially important fish and shellfish (Vooren, 1975; Bradstock and Gordon, 
1983; Cranfield et al., 1999). The mid to outer shelf epibenthos also supports a 
diverse and abundant mobile fauna (e.g., echinoderms, gastropods, decapod crus-
tacea) (Probert et al., 1979). Benthic recruitment of Munida gregaria occurs to 
these middle and outer shelf sediments (Zeldis, 1985). Also distinctive of the sedi-
ment-starved outer shelf is the scallop Zygochlamys delicatula (Powell, 1950; 
Orpin et al., 1998). 
 Thus, the narrow Otago continental shelf is a highly advective system domi-
nated by along-shelf flow of subtropical origin. Its unusual close proximity to the 
STF, located over the upper slope, facilitates the introduction of distinctive 
subantarctic elements to the biota. Modern sedimentation is low and confined to 
an inner shelf sand wedge. Relict and biogenic sediments dominate the middle and 
outer shelf and provide for a well-developed sessile epifauna. 
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3 Prospects: Research directions and issues 

The requirement for an evidence-based approach to the management of human 
activities on the continental shelf is driving the research agenda currently in New 
Zealand. The aim is to ensure that human activities are sustainable and do not 
limit the options of future generations. No matter how closely research is targeted 
to current management issues, this targeted research will not achieve its aims if it is 
not underpinned by basic knowledge of ecosystem functioning. Optimal results are 
always obtained if the work is carried out in an integrated, interdisciplinary man-
ner. This requires that the physical oceanographers first identify the processes that 
create spatial and temporal variability in order that the biological studies can be 
properly planned so that the impacts of the physical phenomena can be identified. 
Unfortunately, it has not always been possible to carry out this first step and stud-
ies have proceeded simultaneously. 
 The current level of integrated knowledge of physical, biological, chemical, and 
sedimentological processes in New Zealand coastal seas is reflected in the way 
studies were planned and carried out. On the southeastern shelf of South Island, 
studies progressed separately to some extent and information has been added 
incrementally, whereas, in the greater Cook Strait region, and the western shelf of 
South Island there was an attempt to conduct the research in a coordinated, mul-
tidisciplinary manner, although with limited resources. This project came to an end 
just as significant physical phenomena (squirts and coastally trapped waves) were 
identified, therefore, their impact on the patterns of productivity in the region 
were not able to be identified at that time. The most recent, and ongoing, study off 
the northeastern shelf of North Island and Hauraki Gulf has the best interdiscipli-
nary integration of information, with the gaining of knowledge of physical proc-
esses partly preceding the biological studies. This study is also tackling the issue of 
interannual biological variability and its drivers. This work is an essential compo-
nent of the information necessary for estimating the suitability of coastal regions 
for aquaculture or for the harvest of wild marine organisms. The main drivers of 
coastal biological variability are likely to differ in various sections of New Zea-
land’s coast because of the New Zealand’s complex physical characteristics. 
 For its size, the New Zealand shelf encompasses a considerable range of charac-
teristics relating to geomorphology, sedimentary regime, hydrography, and pat-
terns of biological productivity. The whole New Zealand shelf is bathed in water of 
mainly subtropical origin and modest potential nutrient status, but there are 
marked regional differences in the importance of riverine input, advection, upwell-
ing / downwelling, and inshore / offshore exchange, all of which have important 
implications for nutrient dynamics, patterns of primary productivity, pelagic-
benthic coupling and interannual variability. The particular mix of characteristics 
and drivers results in a number of already identified issues. 
 From a benthic point of view it is striking that New Zealand has shelf areas that 
have very different modern sediment input. Some regions receive very high mod-
ern sediment input (on a global basis), while others are relatively starved of sedi-
ment. These differences apparently result in strong contrasts in benthic structure 
and function (e.g., between western and southeastern South Island shelves). One 
of the impediments to creating a marine classification (Snelder et al., 2001) is the 
absence of appropriate information on the contribution that river water quantity 
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and quality makes to the biogeochemistry of the coastal zone. Therefore, some 
priority should be given to estimating average sediment input to coastal waters, 
derived from satellite sea surface colour data, and to devising methods of mapping 
the average freshwater fraction. 
 Ongoing work on the northeast shelf of North Island includes studying the 
fluxes of nutrient from benthos in sustaining production; the role that bottom 
stresses, associated with the passage of internal waves, play in the resuspension 
and transport of sediments across the shelf break; and the relative roles of benthic 
and pelagic nutrient forcing. There are good possibilities to understand clima-
tological predictors of production at the El Niño / Southern Oscillation and longer 
time scales up to the Interdecadal Pacific Oscillation. The processes driving the 
benthic deposition of organic matter and the importance of shelf areas as sources 
of greenhouse gases are also subjects that could be advanced in New Zealand shelf 
regions (especially NE coast). 
 In the greater Cook Strait region knowledge of physical-biological-chemical-
sedimentological interactions in the system have not yet been well integrated. The 
most obvious gaps in our knowledge are: the impact of water column processes on 
benthic biomass and benthic productive potential, the impacts on organisms higher 
in the food web, and the impact of interannual variability on ecosystem function-
ing. 
 Knowledge of the physical processes operating on the western shelf of South 
Island were not well known when the research in that area began. Therefore the 
chemical, biological and sedimentological studies were not planned in such a way 
that the impacts of river inflow, upwelling, CTWs, offshore eddies, and mixed layer 
depth maxima over the continental slope could be separately identified. When and 
if the prediction of the survival of hoki larvae on this coast becomes an issue again 
for New Zealand fisheries management, we have an excellent base from which to 
launch work to refine and integrate our understanding and predictive capability. 
 A great deal is known about certain aspects of the Otago shelf, eastern South 
Island. Nevertheless, the role of winter mixing, recycling from shelf sediments, and 
advection of dissolved inorganic nutrients needs attention, as well as the relative 
impact of all these processes on the level of primary production. A possibly unique 
feature of this coastal region is the presence of a major ocean water mass front 
situated over the continental slope. It is possible that there is little inshore / off-
shore exchange across this front. 
 The codification of the current state of knowledge into tools such as a classifica-
tion system facilitates marine environment management in the presence of sparse 
data and little prospect of acquiring better data quickly. In this context, the further 
development of a typology and ecological geography of the New Zealand shelf is 
timely now we appreciate some of the main drivers. 
 Low cost proxies for estimating the health of ecosystems are also in demand so 
that managers can be alerted to problems before they become unmanageable. 
Unfortunately, much of the work that is necessary to verify that potential indices 
(e.g. diversity measures or other proxies for ecosystem state, natural or otherwise) 
actually measure what we think they are measuring in New Zealand coastal waters, 
has not yet been done. There is a need to review a range of specific indices that are 
possible candidates in relation to particular environmental attributes or human 
activities and to carry out the work to tailor these indices to the use for which they 
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are intended. Such work would need to be placed in a setting where there is a good 
knowledge of seasonal, geographic and interannual variability. 
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1. Introduction 

The Antarctic coastal zone is characterized by the following features, which distin-
guish it from other coastal regions around the globe. 

• The effective location of the coast changes dramatically on an annual basis, 
because sea-ice extends from hundreds to thousands of kilometers from the 
land in winter, before melting back close to the shore in summer. This annual 
expansion of sea-ice covers ~19 million km2 in winter but only ~4 million km2 
remains in summer (Gloersen et al., 1992). The presence of sea ice is such a 
dominant aspect of the waters surrounding Antarctica that any assessment of 
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processes in the coastal zone must include the entire region annually covered 
in sea ice. 

• The coastal shelf surrounding Antarctica is narrow and deep, effectively 
separating pelagic and benthic processes, and permitting free exchange with 
deep ocean water masses. 

• There is a distinct lack of chemical or biological inputs from the continent to 
the coastal zone – rivers are restricted to ephemeral summer melt-streams, 
mineral aerosol deposits are minimized by ice cover, and the ice-shelf and 
ice-bergs provide only very pure freshwater. 

• The prevailing surface circulation patterns are circum-continental, and at 
relatively constant latitude. Therefore, while processes that occur ‘upstream’ 
certainly influence local physics, chemistry and biology, the circumpolar cur-
rents do not pass through significantly different biogeographic zones, as is the 
case for, say, the Leeuwin Current, California Current and the Gulf Stream. 

As the sea ice zone effectively defines the Antarctic coastal zone, in this review we 
will concentrate on what has been defined as the marginal ice zone (MIZ; Arrigo 
et al., 1998a), both on and off the Antarctic shelf. In particular, we will examine 
the links between sea-ice and the structure of Antarctic ecosystems, including both 
spatial aspects such as the distribution of phytoplankton and zooplankton in rela-
tion to sea-ice, and temporal aspects such as the seasonal cycles of biological activ-
ity in relation to ice-melting and water column stratification in spring. We focus on 
East Antarctica for several reasons: 

• Relatively little attention has been paid to this region in comparison to the 
intensively studied marine ecosystems of the Antarctic Peninsula and the 
Weddell and Ross Seas; 

• It offers interesting contrasts and comparisons with these other regions. For 
example, the East Antarctic coast effectively runs east-west with little geo-
graphic variability in the form of bays or peninsulas. Therefore it is domi-
nated by circumpolar circulation rather than the large gyres which influence 
the Weddell and Ross Seas. It is also south of the milder climate which influ-
ences the Antarctic Peninsula; 

• Recent studies of the Indian Ocean sector provide a broad overview of bio-
logical, physical and chemical properties, which can be compared with other 
sectors; and 

• Volume 11 of “The Sea” described the oceanography of the Atlantic and Pa-
cific sectors of the Southern Ocean (Hofmann and Klink, 1998). In address-
ing the remaining sector here (from 0°E eastwards to 150°E), we complete 
the survey of the Antarctic coastal zone. 

 We first briefly summarize the physical oceanography of the region from 0° to 
150°E, then we discuss the associated chemical and biological properties. Finally 
we summarize the similarities and differences between this sector and other re-
gions of the Antarctic coast. In particular we examine whether it is appropriate to 
view the circumpolar sea-ice zone as a region of relatively homogenous ecosystem 
properties. 
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 A number of recent reviews have addressed aspects of the Antarctic marine 
environment. In addition to Hofmann and Klink’s (1998) review of the shelf zone 
from 150°E to the Greenwich Meridian, the Antarctic Circumpolar Current Sys-
tem has been extensively reviewed (Jacobs and Weiss, 1998; Rintoul et al., 2001), 
and the location of Southern Ocean circumpolar fronts has been described (Orsi et 
al., 1995). The ecology of the Antarctic pack ice has been discussed (Lizotte and 
Arrigo, 1998; Brierley and Thomas, 2002) as have the spatial and temporal vari-
ability of the sea ice and its physical properties (Jeffries, 1998; Zwally et al., 2002). 
The biogeography of the Southern Ocean has been addressed in general terms 
(Longhurst, 1998) and with particular attention to biogeochemical cycles based on 
shipboard observations (e.g. Treguer and Jacques, 1992; Le Fevre et al., 1998; Trull 
et al., 2001; Nelson et al., 2002), satellite remote sensing (e.g. Comiso et al., 1993; 
Arrigo et al., 1998a; Moore and Abbott, 2000; Moore et al., 2000) and paleocean-
ographic studies focusing on the influence of biogeochemistry on glacial-
interglacial cycles (e.g. Kumar et al., 1995; Francois et al., 1997; Anderson et al., 
2002). There have also been efforts to describe circumpolar biological and physical 
interactions in relation to fisheries management (Constable et al., 2003). 
 The gross physical features of the Southern Ocean appear on initial inspection 
to be relatively simple. Far offshore the waters of the ACC (known in earlier lit-
erature as the West Wind Drift) circulate from west to east, while inshore the 
Antarctic Coastal Current (known in earlier literature as the East Wind Drift, and 
defined here as bounded by the coast and the southern boundary of the ACC, or 
SBACC; see Figure 1) circulates from east to west. A series of frontal zones sepa-
rate the different currents and water masses (Orsi et al., 1995), and overlain on this 
general circulation pattern is the annual north-south advance and retreat of the sea 
ice. Closer inspection reveals a much higher degree of complexity. The Antarctic 
Coastal Current consists of a number of interlinked gyres rather than being a co-
herent zonal current, and is often defined by topographic or bathymetric features 
as shown in Figure 3. This, in turn, leads to considerable meridional variation in 
physical properties such as the formation of bottom water or the distribution of sea 
ice (Bindoff et al., 2000), and to regional variability in the ecosystems along a 
coastline that is relatively uniform compared to the Ross and Weddell Seas and the 
Antarctic Peninsula (Nicol et al., 2000a). 
 The ecosystems of the Antarctic coastal zone vary most obviously in a latitu-
dinal gradient. There are distinct biological communities associated with the 
coastal zone, the shelf break, offshore waters and the shifting pack ice (Hosie 1994; 
Hosie et al. 2000). The offshore waters of the ACC are characterised as high ni-
trate/nutrient, low chlorophyll (HNLC) because they contain high levels of the 
macro-nutrients phosphate, nitrate and silicate, but support only modest levels of 
phytoplankton growth and accumulation, primarily because of a lack of the essen-
tial micro-nutrient iron (Martin et al., 1990; de Baar et al., 1995; Boyd et al., 2000). 
In contrast, the waters of the Coastal Current, which are seasonally covered in 
pack ice, can be highly productive. Elevated productivity appears to be associated 
with areas where the Coastal Current is widest and seasonal pack ice is at its most 
extensive. Conversely, depressed productivity occurs where the Coastal Current is 
narrowest, the pack ice is least extensive and where the oligotrophic waters of the 
ACC come closest to the coast (Nicol et al., 2000a). The physical environment, 
particularly the width of the Coastal Current and the extent of winter pack ice, 
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varies considerably and systematically across the Indian Ocean sector. Therefore, 
this region is especially well-suited to examining hypotheses that have been devel-
oped in other regions concerning the role of physical processes in driving seasonal 
and interannual variations in biological productivity (Loeb et al., 1997; Tynan, 
1998). 
 Studies of the Indian Ocean sector of the Southern Ocean have generally been 
regional in their focus. Earlier work includes the Biological Investigations of Ma-
rine Antarctic Systems and Stocks (BIOMASS) Program in Prydz Bay (70° – -
80°E) and to the west (0° –, -70°E; Hosie, 1994; Miller, 1985; Miller and Monteiro, 
1988; Smith and Treguer, 1994; Smith et al., 1984; Terazaki and Wada, 1986). More 
recently Nunes Vaz and Lennon (1996) and Wong et al. (1998) have addressed the 
physical oceanography of Prydz Bay. The 80–150°E region has been more inten-
sively studied of late with a single large-scale biological-physical survey (Nicol et 
al., 2000b) and six repeat transects along World Ocean Circulation Experiment 
(WOCE) line SR3 (140°E between Tasmania and Antarctica) between 1991 and 
1996 (Rintoul and Bullister, 1999). Smaller scale efforts include studies of the full 
annual cycle of water column physical, chemical and biological properties close to 
shore in the vicinity of Antarctic stations (Gibson and Trull, 1999; Gibson et al., 
1999) and extensive investigations of sea ice properties and processes (e.g., Heil 
and Allison, 1999; Worby et al., 1998). Long-term studies of the population biology 
of the land-based vertebrates (seals and seabirds) are now being linked to concep-
tual models of variability in secondary production (Barbraud and Weimerskirch, 
2001a and b; Wilson et al., 2001). The distribution of completely pelagic verte-
brates (cetaceans, fish, pack ice seals) is more difficult to quantify, but attempts 
have been made to link their abundance to oceanographic patterns (Tynan, 1997) 
and to wider ecological studies (Nicol et al., 2000a; Murase et al., 2001; Thiele et 
al., 2000). Historical fishing records are scarce but modern fisheries investigations 
have successfully determined links between biological features and regional 
oceanography (Ichii, 1990) while providing considerable information on the distri-
bution, if not necessarily abundance, of commercial species. 
 A number of papers have recently attempted to synthesise observations relating 
the biological oceanography of the Southern Ocean to physical features such as sea 
ice variability (Loeb et al., 1997), frontal systems (Tynan, 1998), the intrusion of 
Circumpolar Deep Water (Prézelin et al., 2000), surface water mass distribution 
(Nicol et al., 2000a), and other variables including wind stress and the rate of sea 
ice retreat (Constable et al., 2003). Attempts to transplant models developed for 
one region to another have met with limited success and there is evidence that the 
considerable physical differences observed around the Antarctic continent are 
reflected in regional biological variability (Constable et al., 2003). Thus, it makes 
sense to examine the Antarctic coastal zone as a series of interlinked regions 
rather than as a single entity. 

2. Overview of major physical features and circulation of the Antarctic  
coastal zone 

The Antarctic is unique oceanographically because of the current system that rings 
the continent. The climatic and ecological effects of these circulation patterns have 
been widely written about and will not be discussed in detail here (Deacon, 1982; 
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Knox, 1994; Rintoul et al., 2001). Despite the zonal linkages that the large-scale 
circulation pattern confers both physically and biologically, there is still consider-
able regional variation around the continent. We have defined the coastal zone as 
being contained within the marginal ice zone (MIZ; Longhurst, 1998; Arrigo et al., 
1998a), and this region will be the focus of this chapter. But first we examine the 
regional variability in the physical and biogeographic zones that make up the 
Southern Ocean. 
 The Polar Front (PF) defines the Southern Ocean (Figure 1), and only near 
South Georgia does it come close to the coastal zone. The northern limit of winter 
ice extent defines the southernmost limits of the Permanently Open Ocean Zone 
(POOZ). The Southern Boundary of the Antarctic Circumpolar Current 
(SBACC) lies within the seasonal sea ice zone and reflects the transition from the 
eastward flowing ACC to the westward flowing Antarctic Coastal Current. The 
SBACC is defined as the southernmost edge of the Upper Circumpolar Deep 
Water (UCDW) signal, and is generally south of the Southern ACC Front 
(SACCF) – the southernmost deep-reaching front in the Southern Ocean. This 
transition is also referred to as the Antarctic Divergence (AD; Deacon 1937) and 
corresponds to the point of maximum wind stress curl between the westerlies to 
the north and the easterlies to the south (Bindoff et al., 2000). 

 

Figure 37.1   The major physical features of the Southern Ocean. The maximum and minimum sea ice 
extents were derived from passive microwave data compiled at the Antarctic Cooperative Research 
Centre, Australia between 1989 and 1999. The locations of the Polar Front and the Southern Boundary 
of the Antarctic Circumpolar Current are from Orsi et al. (1995). The 1000 m bathymetric contours 
were sourced from the GEBCO Digital Atlas 1994, published by the British Oceanographic Data 
Centre on behalf of the IOC and IHO. Map produced under the guidance of D. Smith, Australian 
Antarctic Data Centre. 
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TABLE 37.1 
The bounding and typical values for density, temperature and salinity that define 
each of the water masses found in the 80°-150°E region (Bindoff et al., 2000) and 
in the Prydz Bay region (Smith and Treguer, 1994) compared to the water mass 

properties found in the other regions of the Antarctica descorbed by H & C 
(Hoffmann and Klinck, 1998) 

Region  
(west to east) Water mass Temperature(°C) Salinity (ppt) 

80–140°E Antarctic Surface Water -1.84 – 2.0 >34 
 Circumpolar Deep Water >1.8 ~34.7 
 Modified Circumpolar Deep Water <1.8 <34.7 
 Antarctic Bottom Water -1.7 - < 0 34.65 - < 34.72 
 Ross Sea Bottom Water ~ -0.4 >34.68 
 Adélie Land Bottom Water <0.5 34.66 - < 34.68 
 Shelf Water <-1.7 <34.72 
Prydz Bay  Winter Water -1.87 34.34 
(70–80°E) Circumpolar Deep Water 0.61 34.68 
 Continental Shelf Water -1.85 34.56 
 Ice Shelf Water -2.00 34.5 
 Antarctic Bottom Water -0.51 34.66 
150°E–0°E Antarctic Surface Water 0.0 – 1.5 34.0 – 34.4 
 Winter Water <-1.5 34.0 – 34.4 
 Circumpolar Deep Water >0 34.6 – 34.73 
 Modified Circumpolar Deep Water 1.0 – 1.4 34.6 – 34.7 
 Ice Shelf Water (Ross and Weddell 

Sea) 
Shallow 
Deep 

 
<-1.8 
<-2.0 

 
34.36 – 34.42 
34.62 

 Bottom Water (Ross Sea) 
Low salinity 
High salinity 

 
-0.1 
0.5 

 
34.65 
34.71 

 

 The water masses of the Antarctic have been well described in earlier publica-
tions (Hofmann and Klinck, 1998; Orsi et al., 1995; Bindoff et al., 2000) and com-
parative properties of these water masses between East and Western Antarctica 
are presented in Table 1. Temperature-salinity diagrams for the various regions 
can be found in the source publications. Apart from the highly regional water 
masses, such as Weddell Deep Water (Hofmann and Klinck, 1998), most of these 
water mass types are found in all regions around the Antarctic. Of particular inter-
est in East Antarctica is the presence of regional water masses, including Ross Sea 
Bottom Water, Adélie Land Bottom Water (Bindoff et al., 2000) and Ice Shelf 
Water. The latter emerges from the vicinity of the Amery Ice Shelf in Prydz Bay 
(Smith and Treguer, 1994). Overlain on the gross and relatively conservative water 
mass structure is the summer surface water, which can exhibit a wide range of 
temperatures and salinities resulting from the seasonal melting of sea ice and ice 
shelves, cooling events and surface mixing (Smith and Treguer, 1994). This surface 
layer can vary considerably in depth and therefore have a considerable effect on 
biological productivity (see Section 3). 
 The remaining physical features of importance include the edge of the continen-
tal shelf and the Antarctic coastline itself. The areas encompassed by each of these 
physical boundaries have been calculated (Table 2) and there is considerable re-
gional variability. Presentation of these regions as areas is subject to bias because 
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the area encompassed per degree of latitude increases as latitude decreases, i.e., 
regions in the north of each 10° sector become larger, which tends to distort the 
analysis. Never the less, there is some value in comparing the relative proportions 
of sectors occupied by the various zones – these relationships are summarized in 
Table 1, Figure 2 and below: 

• When the SBACC is further offshore (i.e. the coastal current is widest) the 
width of the sea ice zone is greatest 

• When the coastline is further south there is a greater annual sea ice extent 
• The widths of the oceanic zones are greatly affected by physical features, 

which affect the circulation. For example, the Antarctic Peninsula/Drake 
Passage in the South Atlantic and the Kerguelen Plateau in the South Indian 
Ocean. 

• There are striking regional differences in the relative areas of the different 
zones, and some relationships between features that are apparent in some 
sectors are absent in others. 

 There are noticeable effects associated with the major geographic features. 
Variability in the width of the continental shelf is clearly associated with the domi-
nant geographical features – the Antarctic Peninsula, the Weddell Sea, the Ross 
Sea and to a lesser extent Prydz Bay (Figure 2a). The continental shelf in Antarctic 
waters is unusually deep (average depth >500m) compared to other continents, 
because of the effect of the ice sheet mass on the continent. Some sectors, such as 
the Pacific, have a coastline that is entirely south of 70°S. Although the coastline of 
East Antarctica is relatively uniform, there is a significant gradient in latitude from 
approximately 70°S in the west to 62°S in the east. Consequently the area covered 
annually by sea ice in the 0° – 10°E sector (1.02 million km2) is more than three 
times that covered in the 130° – 140°E sector (0.31 million km2). The coastline near 
130° E is the farthest from the pole (with the exception of the Antarctic Peninsula) 
and was reported by Gloersen et al. (1992) to be climatologically warmer than the 
other regions around Antarctica. The area between the coastline and the SBACC 
varies considerably, as does the relationship between the SBACC and the SACCF 
—from being nearly coincident in the 140° – 160°E region to being widely sepa-
rated in the 40°E region (Figure 1 and Orsi et al, 1995). 
 The POOZ, MIZ, ACC and Coastal Current (Figure 1) vary in their spatial 
extent between the major Antarctic sectors (Figure 2 b). in the following ways: 

• In the South West Indian Ocean there is a substantial decrease in the area 
occupied by the Coastal Current moving from the west to the east associated 
with the Weddell Gyre. This change is mirrored by a decrease in area occu-
pied by the MIZ and an increase in the width of the ACC. 

• There is an increase in the area of the POOZ, ACC and MIZ in the Prydz 
Bay/Kerguelen Plateau region. All three decrease in area across the In-
dian/Pacific and into the Ross Sea whilst the decrease in the width of the 
Coastal Current is less dramatic. 

• In the Ross Sea, the area of the POOZ and the width of the ACC decline as 
the Southern Boundary and the MIZ extend northwards. 
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• In the Amundsen-Bellingsahusen Seas there is little change in the relative ar-
eas of the four regions, but 

• In the Antarctic Peninsula region, all four appear to increase simultaneously. 
To some extent this increase is due to the distortion of area with latitude as 
described above. The north-south alignment of the coastline is also influenc-
ing the calculation of sector areas here. For the rest of the Antarctic coast-
line, the distance to the ice edge and fronts is essentially perpendicular to the 
coast. For the peninsula this is not the case, and so the MIZ is at a minimum. 

 

Figure 37.2   Graphical representation of the areas between physical boundaries by sector. (a.) The 
areas between the coast and 60°S and between the coast and the shelf break (defined as the 1000m 
isobath). (b.) The sectoral width of each of the major biogeographical zones defined as the areas be-
tween the various oceanographic boundaries. 



 
ST

E
P

H
E

N
 N

IC
O

L
, A

N
T

H
O

N
Y

 P
. W

O
R

B
Y

, P
E

T
E

R
 G

. S
T

R
U

T
T

O
N

, T
H

O
M

A
S 

W
. T

R
U

L
L

 
15

01
 

T
A

B
L

E
 3

7.
2 

P
A

R
T

 I
 

T
he

 a
re

a 
w

it
hi

n 
ge

og
ra

ph
ic

 z
on

es
 in

 1
0°

 s
ec

to
rs

 a
ro

un
d 

th
e 

A
nt

ar
ct

ic
. 1

0°
 s

ec
to

rs
 w

er
e 

ch
os

en
 to

 r
es

ol
ve

 r
eg

io
na

l d
if

fe
re

nc
es

 a
nd

 to
 

pr
ov

id
e 

a 
su

ff
ic

ie
nt

 la
rg

e 
sa

m
pl

e 
si

ze
 (

36
) 

fo
r 

st
at

is
ti

ca
l p

ur
po

se
s.

 T
he

 a
re

as
 w

er
e 

ca
lc

ul
at

ed
 u

si
ng

 a
 L

am
be

rt
 A

zi
m

ut
ha

l E
qu

al
 A

re
a 

m
ap

 p
ro

je
ct

io
n 

an
d 

A
rc

G
IS

m
8.

2 
so

ft
w

ar
e 

(E
SR

I,
 U

SA
).

 N
ot

es
: T

he
 fi

rs
t o

f t
he

 tw
o 

m
in

. i
ce

 to
 m

ax
. i

ce
 c

ol
um

ns
 in

cl
ud

es
 ic

e 
on

ly
 t

o 
th

e 
P

F
, w

hi
le

 s
ec

on
d 

co
lu

m
n 

in
cl

ud
es

 ic
e 

be
yo

nd
 th

e 
P

F
. 

 
Se

ct
or

 
C

oa
st

-6
0°

S 
C

oa
st

 p
ol

ar
 

F
ro

nt
 (

km
2 )

C
oa

st
-S

ou
th

 
B

ou
nd

ar
y 

A
cc

 (
km

2 ) 

P
ol

ar
 F

ro
nt

 
so

ut
he

rn
 

B
ou

nd
ar

y 
A

cc
 (

km
2 ) 

C
oa

st
-1

00
0m

 
B

at
hy

 C
on

-
to

ur
 (

km
2 ) 

M
in

 I
ce

 E
x-

te
nt

-M
ax

 I
ce

 
E

xt
en

t (
km

2 ) 

M
in

 I
ce

 
E

xt
en

t -
M

ax
 

Ic
e 

E
xt

en
t 

(k
m

2 ) 

M
ax

 I
ce

 
E

xt
en

t-
P

ol
ar

 
F

ro
nt

(k
m

2 ) 

 
0°

–1
0°

E
 

51
99

73
 

12
52

07
7 

88
12

44
 

37
08

83
 

14
64

1 
10

20
00

8 
10

20
00

8 
23

21
19

 

 
10

°–
20

°E
 

50
95

15
 

12
42

78
7 

98
01

30
 

26
26

58
 

16
84

0 
10

08
78

0 
10

08
78

0 
23

40
07

 

 
20

°–
30

°E
 

51
70

71
 

13
00

56
0 

75
78

89
 

54
26

71
 

63
27

 
95

19
44

 
95

19
44

 
34

86
17

 

W
es

te
rn

 I
nd

ia
n 

O
ce

an
 

30
°–

40
°E

 
48

39
30

 
11

06
56

8 
33

44
56

 
77

21
12

 
44

97
1 

69
34

48
 

69
34

48
 

40
19

26
 

 
40

°–
50

°E
 

42
04

96
 

99
78

49
 

17
83

01
 

81
95

48
 

41
00

9 
66

34
74

 
66

34
74

 
33

46
26

 

 
50

°–
60

°E
 

35
35

39
 

88
39

04
 

10
95

22
 

77
43

82
 

32
12

8 
56

82
25

 
56

82
25

 
31

58
43

 

 
60

°–
70

°E
 

41
35

12
 

12
73

06
6 

10
69

36
 

11
71

93
2 

11
32

65
 

64
11

11
 

64
11

11
 

63
77

70
 

P
ry

dz
 B

ay
 

70
°–

80
°E

 
47

44
35

 
13

18
05

6 
17

05
25

 
11

49
48

6 
28

90
09

 
76

94
57

 
76

94
57

 
55

06
07

 

 
80

°–
90

°E
 

36
76

32
 

97
48

92
 

15
53

29
 

81
95

63
 

48
69

7 
60

07
87

 
60

07
87

 
36

39
86

 

 
90

°–
10

0°
E

 
33

29
71

 
92

03
36

 
20

44
99

 
71

58
38

 
70

95
3 

52
21

36
 

52
21

36
 

39
84

10
 

 
10

0°
–1

10
°E

 
33

57
22

 
85

52
52

 
21

12
53

 
64

39
99

 
64

98
2 

51
00

53
 

51
00

53
 

34
19

56
 

E
as

te
rn

 I
nd

ia
n 

O
ce

an
 

11
0°

–1
20

°E
 

35
27

44
 

85
37

86
 

20
79

79
 

64
58

07
 

57
74

4 
39

98
60

 
39

98
60

 
44

50
73

 

 
12

0°
–1

30
°E

 
36

44
19

 
69

25
14

 
15

00
62

 
54

24
52

 
68

04
1 

34
92

76
 

34
92

76
 

32
16

96
 

 
13

0°
–1

40
°E

 
34

52
28

 
61

71
17

 
12

25
63

 
49

45
55

 
65

41
6 

31
32

98
 

31
32

98
 

30
38

21
 

 
14

0°
–1

50
°E

 
39

74
52

 
65

72
04

 
15

50
16

 
50

21
88

 
74

62
2 

37
48

07
 

37
48

07
 

26
71

08
 

 
15

0°
–1

60
°E

 
46

68
92

 
64

97
44

 
26

86
13

 
38

11
31

 
82

34
4 

46
46

28
 

46
46

28
 

13
10

79
 

 
16

0°
–1

70
°E

 
62

18
23

 
60

22
30

 
44

30
28

 
15

92
02

 
11

12
68

 
58

69
38

 

60
58

72
 

98
26

 

 
17

0°
–1

80
° 

77
56

07
 

65
29

33
 

50
94

80
 

14
34

53
 

16
88

59
 

65
28

66
 

69
75

89
 

73
 

R
os

s 
Se

a 
17

0°
–1

80
°W

 
79

43
90

 
75

18
16

 
49

54
21

 
25

63
94

 
11

63
91

 
73

25
22

 
73

66
16

 
19

39
5 

 
16

0°
–1

70
°W

 
79

87
26

 
82

19
73

 
59

12
09

 
23

07
64

 
61

32
8 

78
09

82
 

78
26

99
 

40
99

1 
 

15
0°

–1
60

°W
 

77
28

37
 

95
16

13
 

69
08

41
 

26
07

73
 

31
97

4 
83

42
23

 
83

42
23

 
10

45
09

 

 



15
02

 
O

C
E

A
N

O
G

R
A

P
H

IC
 I

N
F

L
U

E
N

C
E

S 
O

N
 A

N
T

A
R

C
T

IC
 E

C
O

SY
ST

E
M

S 

T
A

B
L

E
 3

7.
2 

P
A

R
T

 I
I 

T
he

 a
re

a 
w

it
hi

n 
ge

og
ra

ph
ic

 z
on

es
 in

 1
0°

 s
ec

to
rs

 a
ro

un
d 

th
e 

A
nt

ar
ct

ic
. 1

0°
 s

ec
to

rs
 w

er
e 

ch
os

en
 to

 r
es

ol
ve

 r
eg

io
na

l d
if

fe
re

nc
es

 a
nd

 to
 

pr
ov

id
e 

a 
su

ff
ic

ie
nt

 la
rg

e 
sa

m
pl

e 
si

ze
 (

36
) 

fo
r 

st
at

is
ti

ca
l p

ur
po

se
s.

 T
he

 a
re

as
 w

er
e 

ca
lc

ul
at

ed
 u

si
ng

 a
 L

am
be

rt
 A

zi
m

ut
ha

l E
qu

al
 A

re
a 

m
ap

 p
ro

je
ct

io
n 

an
d 

A
rc

G
IS

m
8.

2 
so

ft
w

ar
e 

(E
SR

I,
 U

SA
).

 N
ot

es
: T

he
 fi

rs
t o

f t
he

 tw
o 

m
in

. i
ce

 to
 m

ax
. i

ce
 c

ol
um

ns
 in

cl
ud

es
 ic

e 
on

ly
 t

o 
th

e 
P

F
, w

hi
le

 s
ec

on
d 

co
lu

m
n 

in
cl

ud
es

 ic
e 

be
yo

nd
 th

e 
P

F
. 

 
Se

ct
or

 
C

oa
st

-6
0°

S 
C

oa
st

 p
ol

ar
 

F
ro

nt
 (

km
2 )

C
oa

st
-S

ou
th

 
B

ou
nd

ar
y 

A
cc

 (
km

2 ) 

P
ol

ar
 F

ro
nt

 
so

ut
he

rn
 

B
ou

nd
ar

y 
A

cc
 (

km
2 ) 

C
oa

st
-1

00
0m

 
B

at
hy

 C
on

-
to

ur
 (

km
2 ) 

M
in

 I
ce

 E
x-

te
nt

-M
ax

 I
ce

 
E

xt
en

t (
km

2 ) 

M
in

 I
ce

 
E

xt
en

t -
M

ax
 

Ic
e 

E
xt

en
t 

(k
m

2 ) 

M
ax

 I
ce

 
E

xt
en

t-
P

ol
ar

 
F

ro
nt

(k
m

2 ) 

 
14

0°
–1

50
°W

 
72

44
43

 
98

83
80

 
76

39
73

 
22

44
07

 
23

06
2 

88
02

96
 

88
02

96
 

91
80

5 
 

13
0°

–1
40

°W
 

69
46

73
 

80
23

62
 

40
97

01
 

39
26

62
 

33
73

2 
76

88
77

 
76

89
93

 
31

81
4 

 
12

0°
–1

30
°W

 
66

61
61

 
66

71
40

 
19

74
69

 
46

96
71

 
45

42
0 

60
62

11
 

60
62

58
 

60
93

5 
B

el
lin

gs
ha

us
en

 a
nd

 
11

0°
–1

20
°W

 
67

38
52

 
57

54
77

 
17

29
15

 
40

25
62

 
34

19
3 

49
22

28
 

49
22

28
 

82
89

6 
A

m
un

ds
en

 S
ea

s 
10

0°
–1

10
°W

 
67

56
96

 
63

55
31

 
14

40
36

 
49

14
95

 
83

32
3 

45
73

07
 

45
73

07
 

16
94

97
 

 
90

°–
10

0°
W

 
60

87
28

 
50

76
06

 
82

82
5 

42
49

42
 

67
07

4 
40

76
00

 
40

76
00

 
10

01
66

 

 
80

°–
90

°W
 

64
45

75
 

51
62

15
 

14
94

28
 

36
67

87
 

12
64

56
 

46
78

24
 

48
25

39
 

48
39

1 
A

nt
ar

ct
ic

 P
en

in
su

la
 

70
°–

80
°W

 
57

29
56

 
43

67
33

 
17

87
67

 
25

79
66

 
14

92
05

 
40

94
72

 
46

32
55

 
40

0 
 

60
°–

70
°W

 
36

85
67

 
40

07
80

 
17

83
80

 
22

24
00

 
16

34
47

 
35

96
40

 
45

96
02

 
0 

 
50

°–
60

°W
 

71
91

40
 

92
37

25
 

69
64

88
 

22
72

37
 

46
42

88
 

51
49

89
 

54
35

93
 

98
08

 

 
40

°–
50

°W
 

79
01

40
 

15
12

22
0 

85
41

06
 

65
81

15
 

21
79

92
 

87
36

97
 

87
36

97
 

41
36

89
 

W
ed

de
ll 

Se
a 

30
°–

40
°W

 
78

45
23

 
15

14
01

9 
93

73
42

 
58

03
42

 
14

53
08

 
11

90
21

4 
11

90
21

4 
28

02
41

 

 
20

°–
30

°W
 

70
17

64
 

13
29

25
6 

87
84

69
 

45
07

88
 

43
01

2 
10

90
80

8 
10

90
80

8 
23

87
64

 

 
10

°–
20

°W
 

60
17

39
 

11
74

20
7 

63
41

14
 

54
00

94
 

16
39

4 
93

87
73

 
93

87
73

 
23

54
34

 

 
0°

–1
0°

W
 

53
31

87
 

13
23

18
3 

72
08

45
 

60
23

38
 

11
43

7 
95

49
30

 
95

49
30

 
36

82
54

 

  



 STEPHEN NICOL, ANTHONY P. WORBY, PETER G. STRUTTON, THOMAS W. TRULL 1503 

 These physically delimited zones have biogeographic counterparts, which result 
in differences around the continent in phytoplankton productivity (section 3) and 
higher trophic levels (section 4). The factors that determine the annual extent of 
sea ice in a sector (Section 2.4) include the circulation patterns, latitude, bathym-
etry and the interactions of these factors with each other. In many sectors the area 
of the sea ice zone is a reflection of the area of the coastal current in that sector 
(eg. the extreme west of the southwest Indian Ocean, the eastern portion of the 
southeast Indian, the west of the Ross Sea and the western Antarctic Peninsula 
region). Given the influence of sea ice on productivity, generalisations on the 
relationship between physical and biological variability are likely to hold true only 
for particular regions. Attempts to apply conceptual models derived in areas such 
as the Antarctic Peninsula to regions with a considerably different physical envi-
ronment such as the Ross Sea should be viewed with caution. 

2.1. East Antarctica 

The eastern end of the Weddell gyre reaches approximately 20°E (Deacon, 1937) 
at which point the ACC turns south toward the coast. The ACC influences the 
winter ice boundary such that the ice edge runs essentially north-south in this 
region. The Weddell gyre is characterized by chlorophyll concentrations ~1 mg m-3, 
particularly in December and January, while chlorophyll between the coast and 
the maximum ice extent east of 20°E is ~0.1 mg m-3. The movement of CDW to-
ward the continental margin at the eastern end of the gyre is important for recircu-
lating water back into the Weddell gyre and eventually forming Antarctic Bottom 
Water (AABW) in the Weddell Sea. Whitworth et al. (1998) claimed that this only 
occurs at two places around Antarctica, the second being in the Ross Sea, where 
bottom water is also formed. However recent results from Bindoff et al. (2000) and 
Rintoul (1998) show that this is also important near 140°E. As discussed below, the 
Adélie Land region is now acknowledged as a significant source of AABW forma-
tion. 
 Prydz Bay, between 70° and 80°E, represents the only substantial embayment 
along the coastline between 0° and 150°E. Numerous hydrographic surveys have 
been undertaken in the region and reported by Grigor’yev (1967), Smith et al. 
(1984) and Smith and Treguer (1994). Prydz Bay is bounded to the south by the 
Amery Ice Shelf and is characterized by depths near 600 m, with Fram Bank (to 
the west) and Four Ladies Bank (to the east) providing a partial barrier to ex-
change with the deep ocean. The general circulation pattern between 60° and- 
90°E, discussed by Smith and Treguer (1994), is characterized by a clockwise circu-
lating gyre south of the Antarctic Divergence, fed by a broad inflow from the NE 
and a stronger, coastally-confined outflow toward the west, connecting the conti-
nental shelf waters with the offshore flow of the ACC (Figure 3). Northward out-
flows occur near the West Ice Shelf (around 90°E) and MacRobertson Land near 
60°E. Geostrophic calculations indicate that substantial amounts of cold water may 
be carried into Prydz Bay from near the West Ice Shelf, and this may have a bear-
ing on the water mass balance within the bay. The flow within Prydz Bay and the 
outflow past Fram Bank toward the west are at least partly controlled by bathym-
etry and, in the case of the outflow, are thought to influence the distribution of 
biological communities (Smith et al., 1984). Data from drifting buoys deployed in 
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the ice cover of Prydz Bay reveal a split in the flow north of Cape Darnley, with 
some buoys heading west parallel with the coast, while others drift almost due 
north along 70°E before turning eastward in the flow of the ACC (Allison, 1989). 
Heil and Allison (1999) observed that this northward extension of the Prydz Bay 
gyre interrupts the eastward flow of ice north of the Antarctic Divergence. The 
depression between Four Ladies Bank and Fram Bank permits only limited ex-
change with waters outside the bay and is seen as a key element in the deep circu-
lation with Prydz Bay. It is the lack of a mechanism for mixing the warm, salty 
Circumpolar Deep Water with the cold shelf water that is seen as a major obstacle 
to bottom water formation in this region (Smith et al., 1984). Smith and Treguer 
(1994) comment that the presence of the West Ice Shelf near 85°E is significant for 
determining the circulation and characteristics of the shelf waters in this region. 
The coldest water in the region has been observed west of the ice shelf (Smith et 
al., 1984). 

 

Figure 37.3   The general surface circulation pattern off east Antarctica. Diagram produced from figures 
in Mackintosh (1972), Bindoff et al. (2000), and Pakhomov (1995a). The Kerguelen Plateau is to the 
North of Prydz Bay separated from the Antarctic Continental Shelf by the Princess Elizabeth Trough. 
Bathymetry is shown in grey scale. 

 Prydz Bay is ice covered for much of the year, with the exception of a short 
period in January-February (Worby et al., 1998). Within Prydz Bay, surface water 
conditions are typically highly variable and closely associated with ice conditions 
(Smith et al., 1984). Over the continental shelf, sea surface temperatures have been 
observed to be higher in regions where the pack ice retreats earliest. A recurring 
feature is an area of anomalous warm water north of the Amery Ice Shelf in the 
central part of the bay, that has been linked to polynyas in the region (e.g., Knapp, 
1969; Leont’yev, 1973). Shelf water salinities can vary over a large range depending 
upon brine rejection during sea ice formation, convection and mixing with sub-
surface water and horizontal advection and interleaving of water masses. Low 
salinity shelf water originating from the east near the West Ice Shelf can be differ-
entiated from high salinity continental shelf water which is formed by freezing and 
convection within the bay (Smith et al., 1984). While this is not a region of AABW 
formation, deep mixing is driven by sea ice formation, transporting water with 
surface properties into the deep ocean. During the ice melt season the water col-
umn is re-stratified, adding a fresh surface layer that is readily heated by solar 
radiation. An intense spring/summer bloom of >5 mg m-3 chlorophyll occurs within 
the bay (70° – 80°E), reaching its peak in January – SeaWiFS imagery shows that it 
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is bounded to the north by the shelf break. Between the shelf break and the maxi-
mum extent of winter ice (55° – 56°S) surface chlorophyll is ~0.1 mg m-3 in the 
western part of this sector, and 0.5 mg m-3 or slightly higher in the east. North of 
the winter ice boundary chlorophyll is ~0.5 mg m-3 in the west and ~2.0 mg m-3 in 
the east over the Kerguelen plateau. This topographical feature is probably im-
pacting surface chlorophyll concentrations in two ways. First, the shoaling bathym-
etry likely interacts with the Polar Front to cause enhanced vertical mixing and 
meandering of the front, both of which will bring nutrients into the euphotic zone 
(Moore et al., 1999). Second, the land mass of Kerguelen Island and its shelf (ad-
mittedly small) act as an iron source to the waters ‘downstream’ (to the east) in the 
same way as the South Georgia Rise in the South Atlantic and the Galapagos and 
Marquesas Islands in the equatorial Pacific. 
 Ice Shelf Water (ISW) has also been identified in Prydz Bay, in the vicinity of 
the Amery Ice Shelf. Wong et al. (1998) showed that there was significant cooling 
and freshening of the water that flowed under the Amery Ice Shelf and derived a 
net melt rate from the bottom of the ice shelf between 10.7 and 21.9 Gt year-1 (Gt = 
gigaton = 1012 kg). This region is presently the focus of an intensive study called 
AMISOR (Amery Ice Shelf Ocean Research) to examine the interactions between 
the ice shelf and the ocean (Allison, 2003). Preliminary data show strong outflows 
of ISW between 150 and 400 m, and a total overturning circulation of approxi-
mately 1.3 Sv. Williams et al. (2001) used an ocean circulation model to simulate 
the ocean cavity beneath the Amery Ice Shelf and showed that the sub-shelf circu-
lation is predominantly barotropic, steered by the cavity topography, and is 
strongly influenced by melting and freezing processes at the ice-ocean interface. 
The model results showed basal freezing of several Gt year-1, sufficient to provide 
substantial layers of accreted ice. 
 The coastal circulation patterns between 80° and 150°E have been described 
recently by Bindoff et al. (2000). They reported the results of an experiment com-
prising eight meridional CTD sections between the coast and the SBACC, and one 
zonal section along approximately 63°S, during February and March 1996. The 
distribution of water masses along each of the meridional sections suggest that the 
continental shelf, break and slope regions have complex water-mass and frontal 
structures that vary along the entire survey area. On most of the sections, gradients 
in the ocean interior suggest the presence of cyclonic eddies or meanders. Near 
120°E, direct observation of the intrusion of Modified Circumpolar Deep Water 
(MCDW) onto the shelf has important implications for the salinity of the shelf 
waters and for the exchange of heat from offshore onto the shelf. The MCDW in 
this region is relatively cold and fresh compared to that found in the Adélie De-
pression (Rintoul, 1998) and is therefore not associated with the formation of 
AABW. Wong et al. (1998) showed that it is the more salty MCDW that is impor-
tant for this process. The bottom water properties at the western end of the region 
are warmer and fresher, in comparison to the eastern end between 140°E and 
150°E, where Adélie Land Bottom Water is formed. The distribution of tracer 
data suggests that the bottom waters spread westward along the continental rise 
(Bindoff et al., 2000). 
 The surface flow implied from hydrographic data shows the strongest part of the 
ACC passing north of the Kerguelen Plateau, with a small branch passing south 
into the Antarctic Basin on the northern side of the Princess Elizabeth Trough 



1506 OCEANOGRAPHIC INFLUENCES ON ANTARCTIC ECOSYSTEMS 

(PET) (Figure 3). A branch of the ACC passes eastward through the PET and 
follows the Kerguelen Plateau to the north, forming a western boundary current 
(Speer and Forbes, 1994). On the eastern side of the Kerguelen Plateau these two 
branches coalesce into a single current system that heads southeast towards the 
Antarctic continental shelf near 145°E (Orsi et al., 1995). These eastward-moving 
water masses are characterized by a shallow oxygen minimum layer (Lower Cir-
cumpolar Deep Water). The southern-most edge of this water mass has been used 
to define the location of the southern boundary of the eastward flowing ACC (Orsi 
et al., 1995) and in the 80° – 150°E region corresponds quite closely to the location 
of the Antarctic Divergence (Bindoff et al., 2000). It appears likely that the strong 
currents along the slope and the broad eastward flow at the western end of the 
region form a partially closed gyre (Bindoff et al., 2000). The flow field and water 
mass properties suggest that this gyre is widest in the western part of the basin near 
100°E, and narrowest near 140°E, consistent with the transport of sea ice as ob-
served by drifter data (Heil and Allison, 1999). 
 South of the Antarctic Divergence information on the surface ocean currents 
comes from buoy drift data (from sea-ice and drogued buoys; Bindoff et al., 1997, 
2000; Heil and Allison, 1999) and from iceberg drift data (Tchernia and Jeannin, 
1984). These data show a strong westward circulation of the surface waters along 
the Antarctic continental shelf from 150°E to near the Princess Elizabeth Trough, 
strongest near the Antarctic Slope Front (Whitworth III et al., 1998, Bindoff et al., 
2000) and weaker offshore towards the Divergence. The tracks of icebergs and 
drifting buoys are strongly affected by bottom topography and follow isobaths for 
long periods of time. Bottom topography also appears to play a strong role in 
creating large quasi-stationary eddies (Wakatsuchi et al., 1994; Bindoff et al., 
2000), seen in both the drifting buoy tracks and hydrographic data at depth. 
 Drifting buoys and icebergs east of 80°E do not escape from the Australian-
Antarctic Basin and are deflected north and then east at the Princess Elizabeth 
Trough and return south of the Divergence. Water mass properties (Rodman and 
Gordon, 1982; Heywood et al., 1999; Bindoff et al., 2000) indicate that the bottom 
waters in this basin are distinct from those found further west in the Weddell-
Enderby Basin, suggesting that relatively little water mass exchange occurs be-
tween the Weddell-Enderby Basin and Australian Antarctic Basin through the 
Princess Elizabeth Trough (Rintoul, 1998). At the sea-ice maximum (September) 
the sea-ice extent is greatest near the Kerguelen Plateau, and least near 140°E 
(Gloersen et al., 1992). Sea-ice is transported with the westward surface currents 
(and winds) around the gyre between 80° and 155°E, melting during the summer 
months. This distribution of sea-ice leads and surface currents means that the 
Antarctic Surface Waters (Whitworth III et al., 1998) characterized by their low 
salinity (and including the temperature minimum layer) also have the same spatial 
pattern as the gyre. 
 Figure 4 (after Heil and Allison, 1999) shows the meridional and zonal ice ve-
locities from a compilation of data from 39 satellite-tracked drifting buoys off East 
Antarctica between 1985 and 1996. The buoys were deployed in newly forming ice 
or on ice floes, mostly during the March-May period to maximise their time in the 
pack ice. Individual buoy tracks show that the pack ice drift is highly variable in 
space and time, however the large-scale circulation features described in Figure 3 
can clearly be seen in the ice drift climatology. The zonal flow presented in Figure 
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4 (top panel) shows that the region of westward ice transport, which is adjacent to 
the coast or fast ice, is only 2 – 3° of latitude wide in the western Pacific sector 
(82.5° – 150°E), while in the Indian ocean sector (20° – 65°E) the current is up to 
5° of latitude wide. The zonal velocity component has an average daily value of 
0.23 m s-1 in the Indian Ocean sector, compared with 0.17 m s-1 for the western 
Pacific and 0.11 m s-1 for the Prydz Bay region between 65° and 82.5° E. Features 
such as the Shackleton Ice Shelf near 95°E locally reduce the westward speed of 
the coastal drift, and other coastal protruberances in the Pacific sector slow the 
westward drift in some regions (Heil and Allison, 1999). Within the shear zone 
associated with the Antarctic Divergence, zonal ice speed is low. North of the 
Divergence drift speeds are generally slower and to the east. There is also less 
variability in this region suggesting that the ice drift is more influenced by steady 
oceanic forcing in the ACC rather than highly variable atmospheric forcing. The 
meridional ice drift is shown in the bottom panel of Figure 3. There are a number 
of areas of net northward drift where sea ice is transported from the westward 
flowing coastal current into the ACC. These occur in the Prydz Bay region at 67°E 
and 77°E, and also at 85°E, 98°E, 110°E, 125°E and 135°E (Heil and Allison, 
1999). The average meridional motion south of the AD is southward but only -0.02 
m s-1. North of the Divergence the drift is variable between -0.1 to 0.42 m s-1. 

 

Figure 37.4: Sea ice drift velocities off East Antarctica. Figure 37. From Heil and Allison (1999). 
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2.2. Sea ice 

Antarctic sea ice undergoes an extreme seasonal change from a minimum area of 
approximately 4 million km2 in February to a maximum of approximately 19 mil-
lion km2 in September (Gloersen et al., 1992). This represents one of the greatest 
seasonal changes in physical properties anywhere on earth. Significant regional 
variability in sea ice thickness occurs around Antarctica but the average thickness 
of the pack ice is approximately 0.5 - 1.0 m, while fast ice and multi-year ice reach 
average thicknesses between 1.0 and 3.0 m. Numerous studies from different re-
gions of the Antarctic pack have reported that frazil ice growth is the dominant 
mechanism for ice formation (Jeffries et al., 1994; Lange and Eicken, 1991), and 
that ridging, rather than thermodynamic growth, is primarily responsible for thick-
ening the ice beyond about 0.5 m (Worby et al., 1998). 
 The sea ice in different sectors of the Antarctic pack may exhibit significantly 
different characteristics. The large embayments of the Weddell and Ross Seas 
contain cyclonic gyres that influence the drift and distribution of the ice. The west-
ern Weddell Sea contains the thickest ice and also accounts for 80% of the multi-
year ice around Antarctica (Gloersen et al., 1992). The other region of persistent 
multi-year ice is along the Bellingshausen-Amundsen coast where minimum extent 
typically occurs in March, unlike other regions where it occurs in February (Glo-
ersen et al., 1992). The Ross Sea region and the East Antarctic coast are typically 
ice free during the summer months, except for relatively small, isolated embay-
ments where sea ice may become trapped. 
 The East Antarctic sea ice cover is contained in a relatively narrow and highly 
mobile zone, which near 140°E, extends only several hundred kilometers offshore 
at maximum extent. There is significant interannual variability in the rate of ice 
edge advance and also in maximum ice extent, consistent with other regions of the 
pack. The East Antarctic region has been the focus of numerous studies in the past 
decade that have focused on the structure, properties and drift of the ice. Worby et 
al. (1998) presented a first look at the ice thickness distribution based on observa-
tional data collected from icebreakers. This data set has subsequently been ex-
panded under the auspices of the Scientific Committee on Antarctic Research 
ASPeCt (Antarctic Sea Ice Processes and Climate) program and now includes data 
from more than 80 voyages to all regions of Antarctica between 1980 and 2004. 
The seasonal ice thickness distributions for the Indian (20°-90°E) and Pacific 
Ocean (90°-160°E) sectors are shown in Figure 5. The average sea ice thickness in 
the Indian sector is 0.60 m compared with an average of 0.75 m in the Pacific sec-
tor. In all seasons the “tail” of the distribution curves contain more ice in the Pa-
cific sector, which represents the thicker deformed ice. At the thinner end of the 
curves, the seasonal evolution is quite similar in the two sectors. The highest open 
water fraction and lowest concentrations of thin ice types occur in the summer 
(December-January-February, DJF) when the ice has retreated toward the coast 
and much of the remaining ice is multi-year. In the autumn (March-April-May, 
MAM) there is a much higher fraction of each ice type up to 1 m thick as air tem-
peratures fall and ice forms rapidly and expands northward. There is some evi-
dence in the Pacific sector of a bimodal distribution in the winter (June-July-
August, JJA) and spring (September-October-November, SON) periods which 
may be a result of deformation. This is consistent with the higher average ice 
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thickness in this sector. These data, which are obtained from vessels underway, 
provide an excellent first order estimate of sea ice thickness around Antarctica. 
Errors in ice thickness are estimated to be ±20%, but may be greater in areas of 
deformed ice where a simple model of the undeformed ice thickness, average sail 
height and fractional area ridged are used to determine ice thickness. The observa-
tional techniques and thickness calculations are described in detail in Worby and 
Allison (1999). Errors in ice concentration are estimated to be ±10%. 

Pacific Summer (DJF)

Obs = 534, zi = 1.11 ± 1.29 m

0

1

2

3

4

5

6

0 1 2 3 4

Ice thickness (m)
%

 c
o

v
e
r 

x
 1

0

Pacific Autumn (MAM)

Obs = 672, zi = 0.67 ± 1.04 m

0

1

2

3

4

5

6

0 1 2 3

Ice thickness (m)

%
 c

o
v
e
r 

x
 1

0

4

Pacific Winter (JJA)

Obs = 1321, zi = 0.67 ± 0.78 m

0

1

2

3

4

5

6

0 1 2 3

Ice thickness (m)

%
 c

o
v
e
r 

x
 1

0

4

Pacific Spring (SON)

Obs = 853, zi = 0.71 ± 0.63 m

0

1

2

3

4

5

6

0 1 2 3

Ice thickness (m)

%
 c

o
v
e
r 

x
 1

0

4

Indian Summer (DJF)

Obs = 871, zi = 0.93 ± 0.56 m

0

1

2

3

4

5

6

0 1 2 3 4

Ice thickness (m)

%
 c

o
v
e
r 

x
 1

0

Indian Autumn (MAM)

Obs = 1721, zi = 0.33 ± 0.29 m

0

1

2

3

4

5

6

0 1 2 3 4

Ice thickness (m)

%
 c

o
v
e
r 

x
 1

0

Indian Winter (JJA)

Obs = 818, zi = 0.46 ± 0.28 m

0

1

2

3

4

5

6

0 1 2 3 4

Ice thickness (m)

%
 c

o
v
e
r 

x
 1

0

Indian Spring (SON)

Obs = 1534, zi = 0.79 ± 0.86 m

0

1

2

3

4

5

6

0 1 2 3 4

Ice thickness (m)

%
 c

o
v
e
r 

x
 1

0

 

Figure 37.5: Monthly distribution of sea ice and snow thickness on sea ice off East Antarctica. 37. From 
Worby et al. (1998) 
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 There has been considerable research into trends in the distribution, abundance 
and characteristics of the sea ice that forms annually around Antarctica. Any per-
sistent changes in the amount of annual sea ice would have significant implications 
for the ecosystems of the region and for global climate. Unfortunately, the extent 
of sea ice is best measured using satellite remote sensing and the passive micro-
wave satellite records only extend back to 1973. Considerable ingenuity has been 
expended in finding proxies of past ice edges to compare to modern satellite re-
cords, and long-term variability in the location of the sea ice edge has been exam-
ined using various combinations of ship data from both historical and 
contemporary records, satellite data and proxies of sea ice extent present in sedi-
mentary records and in ice cores. Parkinson (1990) compared historical data from 
explorers’ logs of the early 19th century with the first three years of passive micro-
wave data (1973 – 76) and found no evidence of a substantial change. In contrast, 
de la Mare (1997) reported a southward shift in the summer ice edge (October – 
April) of 2.8° latitude between the mid 1950s and early 1970s, based on a compari-
son of whaling data and satellite passive microwave data. Ackley et al. (2003) 
however, claim that the variability observed by de la Mare (1997) is within the 
present day variability once the satellite data are corrected for a summer bias. 
Worby and Comiso (2001) reported the location of the ice edge observed by re-
search vessels to be routinely 1 – 2° latitude north of the passive microwave ice 
edge in summer. This is because summer ice is typically warm, low concentration 
and saturated with sea water and therefore has a passive microwave signature 
more like that of open water. Furthermore, an examination of ice edge trends 
using different algorithms to interpret the passive microwave data show variable 
results, suggesting that the current time series from remote sensing data is insuffi-
cient to draw firm conclusions (Cavalieri et al., 1997; Bjørgo et al., 1997; Comiso, 
2003). Another potential proxy for Antarctic sea ice extent, the concentration of 
methyl sulphonic acid (MSA) in continental ice sheet cores, suggest a decrease in 
sea ice extent in the 80 – 140°E region of up to 25% since the 1950s (Curran et al., 
2003). There is, however, considerable seasonality and variability in the MSA 
record and this proxy for sea ice has not been validated elsewhere in Antarctica. 

2.3. Polynyas 

The East Antarctic region in winter is characterized by numerous recurring areas 
of open water in the sea ice, known as polynyas. Adjacent to the coast these are 
known as “latent heat” polynyas because they are predominantly formed and 
maintained by cold density driven (katabatic) winds that drain off the ice sheet. 
These winds may reach 80 knots at the coast where, once in contact with the ocean, 
they rapidly form sea ice and advect it northward away from the shore. The heat 
required to balance loss to the atmosphere and hence maintain the open water is 
provided by the latent heat of fusion of the continually forming ice (Smith et al., 
1990). Consequently these are regions of thin ice cover but high ice production, 
and they play an important role in vertical convection and water mass modification 
due to the high input of brine from sea ice formation. Massom et al. (1998) identi-
fied 28 recurrent coastal polynyas around the East Antarctic coast and these are 
shown in Figure 6. The streamlines of near-surface gravity drainage winds that 
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cause katabatics are also shown and discussed further by Parish and Bromwich 
(1987). 

 

Figure 37.6: Predicted streamlines of near-surface gravity drainage winds over Antarctica. Note that the 
Mertz Glacier polynya (23,000 km2) is in a region of intensely cold and persistent katabatic winds and 
high ice production, linked to the formation of Adélie Land Bottom Water. Figure 37. Adapted from 
Parish and Bromwich (1987) and Massom et al. (1998). 

 Sensible heat fluxes may also play a part in maintaining coastal polynyas as 
suggested by Jacobs (1989), by upwelling relatively warm water from below. This 
may occur in regions where intrusions of Modified Circumpolar Deep Water 
(MCDW) come onto the shelf, bringing sufficient heat to maintain ice-free condi-
tions. This could in fact lead to increased ice production near the coast (latent heat 
region) by removing or reducing the amount of ice to the north and enhancing the 
offshore removal of new ice by winds. Such conditions occur in the Mertz Glacier 
polynya region and provide part of the mechanism by which Antarctic Bottom 
Water (AABW) is formed there, as described in the next section. A number of 
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studies (e.g., Adolphs and Wendler, 1995; Lytle et al., 2001) also show that synop-
tic winds may play a significant role in ice removal and that many polynyas are 
formed and maintained by a combination of processes. Additionally, coastal pro-
tuberances such as ice shelves or shoals of grounded bergs may contribute to the 
maintenance of polynyas by reducing the flow of sea ice into the polynya regions. 
 Polynyas may also be important regions for biological activity, and Massom et 
al. (1998) commented that although the relationship between regional productivity 
and biomass at higher trophic levels in polynya regions is largely unknown, polyn-
yas may be a critical component in the ecology of certain species. Cetaceans are 
known to utilise polynyas (Thiele and Gill, 1999), and it is likely that emperor 
penguins depend on polynyas to access the ocean close to shore during late winter 
and early spring (Wienecke and Robertson, 1997). However, limited results indi-
cate that polynyas do not sustain high productivity in winter, presumably due to 
light limitation. Arrigo and van Dijken (2003) carefully examined the persistence 
and productivity of 37 polynyas. They showed that several large polynyas (in the 
Ross Sea, Ronne Ice Shelf, Prydz Bay and Amundsen Sea) account for >75% of 
total polynya primary productivity. The significance of polynyas for the survival of 
Adélie penguins is greatest in east Antarctica, where 91% of all colonies are asso-
ciated with polynyas, and polynya primary productivity is related to the size of the 
penguin colonies. 
 As well as near the coast, polynyas may occur in the open ocean if they are 
driven purely by sensible heat fluxes (known as “sensible heat” polynyas). They 
occur in regions where there is sufficient oceanic heat at the surface to prevent sea 
ice forming. There is only one recurrent sensible heat polynya in the East Antarc-
tic region, centred near 65°S, 52°E, in the Cosmonaut Sea and initially observed in 
satellite imagery (Comiso and Gordon, 1987). Although it can be as large as 
114,000 km2 and has occurred in satellite imagery every year since 1972, it rarely 
occurs for longer than one month at a time. It is not generally characterized by 
elevated productivity, particularly in comparison with the Shackleton and Mertz 
polynyas. Comiso and Gordon (1996) showed that the centroid of the polynya 
varies only slightly with each formation, both during a given year and interannu-
ally. They suggest that its formation may not involve convective overturning, but 
rather locally enhanced upwelling of warm deep water induced through local to-
pography and circulation interactions. Similar circulation anomalies were invoked 
by Wakatsuchi et al. (1994) to explain notable decreases in ice thickness and con-
centration with upwelling and eddy formation, associated with north-south ocean 
ridges that intersect the ACC between 50°E and 130°E. 
 Cavalieri and Martin (1985) used passive microwave data and atmospheric 
model analysis combined with bulk-transfer calculations, to estimate sea ice pro-
duction in polynya regions to be 8.8 – 11.1 m year-1, compared with approximately 
1 m annual growth for adjacent fast ice. Given an ice growth season of approxi-
mately 100 days, this is an average of 8.8 – 11.1 cm day-1, although their study does 
show large variability during the winter. Recent studies have shown that ice pro-
duction rates may vary significantly between polynyas depending on the strength 
and direction of local winds, air and water temperatures, and any effect from geo-
graphic barriers such as ice shelves or grounded icebergs. The two largest and most 
frequently recurring polynyas along the East Antarctic coast are the Shackleton 
Ice Shelf polynya (~30,000 km2) at 95°E and the Mertz Glacier polynya (~23,000 
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km2) at 145°E (Massom et al., 1998). The Shackleton polynya, despite its larger 
size, is not associated with AABW production (Bindoff et al., 2001), while the 
Mertz polynya, which is associated with some of the world’s strongest and most 
persistent winds (Ball, 1957; Adolphs and Wendler, 1995), plays an important role 
in AABW formation due to the high ice production. Both polynyas are associated 
with high chlorophyll concentrations (> 2 mg m-3) during summer, the Shackleton 
perhaps more so on average. Sambrotto et al. (2003) observed a dense Phaeocystis 
bloom with chlorophyll concentrations >10 mg m-3 in the Mertz polynya in the 
summer of 2000–2001. 

2.4. Bottom water 

Ice production in katabatic affected coastal regions can be intense and this is an 
important process that drives vertical convection and leads to the formation of 
Antarctic Bottom Water (AABW). The production of such dense water masses at 
high latitudes has a critical effect on global ocean circulation and on world climate. 
Turbulent heat fluxes from the ocean in the range 400 – 500 W m-2 are common 
(e.g. Fahrbach et al., 1994) resulting in high sea ice growth rates such as the 4.9 to 8 
cm day-1 reported in winter in the Mertz Glacier polynya (67°S, 145°E) as cited 
above. 
 The dense water formed as a result of sea ice production may accumulate in 
depressions on the continental shelf and eventually spill over the sill at the shelf 
break or find paths down canyons to the deep sea (Baines and Condie, 1998). In 
the process it entrains and mixes with the warmer CDW over the slope and if sub-
sequently dense enough, will sink to the bottom of the slope constituting part of 
the Antarctic Bottom Water. If not, the downflow will mix with the Southern 
Ocean at shallower depths. 
 East Antarctica has been identified as a site for the formation of AABW 
(Gordon and Tchernia, 1972), but until recently the sources of AABW have been 
considered relatively weak in regions other than the Weddell and Ross Seas. Bot-
tom water off the Terra Adélie coastline (140°E) for example, was thought to be 
the product of mixing between Ross Sea bottom water (RSBW) and Weddell Sea 
bottom water (WSBW; Carmack, 1977). Recent hydrographic observations how-
ever have shown a local maximum in bottom CFC-11 concentrations and a mini-
mum in bottom temperatures (Bindoff et al., 1997; Rintoul and Bullister, 1999) 
that cannot be explained by mixing of these two water masses. This has led to the 
identification of a local source of bottom water on the continental shelf in the 
Adélie Depression near the Mertz Glacier that is estimated at three times the 
volume of RSBW (Rintoul, 1998), or 24% of the total AABW production. This 
contradicts much earlier results by Carmack (1977) who suggested that less than 
0.5% of AABW production could be attributed to this source. The Adélie Land 
region is unique in that it does not have the broad continental shelves or large ice 
shelves that are dominant features of the Weddell and Ross Seas, and have long 
been considered to dominate AABW formation. The two dominant factors leading 
to the formation of AABW in this region are the large amounts of brine produced 
in the Mertz Glacier polynya as a result of sea ice production, and the onshore 
flow of Modified Circumpolar Deep Water (MCDW), which increases shelf water 
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salinity, and potentially supplies sufficient heat to help maintain the polynya 
(Rintoul, 1998). 
 Bindoff et al. (2001) developed a model of the circulation in the Mertz Glacier 
polynya region for estimating the ice production and heat flux for the 
polynya/glacier system. They suggested two scenarios by which the Highly Modi-
fied Circumpolar Deep Water (HMCDW) exchanges with the Ice Shelf Water. 
The first, based on observational data collected during an experiment in July-
August 1999, is that HMCDW is converted to Winter Water (WW) and then to Ice 
Shelf Water (ISW). The pycnocline separating WW from the underlying High 
Salinity Shelf Water (HSSW) suggests that these water masses were not mixing 
during the experiment. The second flow pattern is suggested for the period prior to 
July, when there is active formation of HSSW, which interacts with the Mertz 
Glacier to form ISW. This flow pattern represents the process that would create 
the greatest brine rejection from sea ice formation. The ice production rate and 
heat flux out of the polynya for the latter flow pattern were estimated at 7.7 cm 
day-1 and 310.7 W m-2 respectively, while for the period of the experiment these 
values were 4.9 cm day-1 and 196.3 W m-2. These values compare well with ice for-
mation rates from direct observations of sea ice conditions in the polynya. Lytle et 
al. (2001) reported an average value of 8 cm day-1, approximately half of which 
could be attributed to thermodynamics and half of which was the result of defor-
mation. Roberts et al. (2001) reported that close to the coast where the most ex-
treme conditions of the polynya are prevalent, ice growth rates as high as 25 cm 
day-1 are possible. 

3. Phytoplankton communities 

The unique characteristics of the Antarctic coastal zone significantly impact 
phytoplankton primary production. The strong high-latitude seasonality in light 
availability is amplified further by the shading effects of sea-ice, because it persists 
well beyond the spring equinox over most of the East Antarctic shelf, and often 
lingers past the summer solstice along the coast (e.g. Worby et al., 1998). Sea-ice 
further retards production by buffering seasonal warming of surface waters and 
maintaining temperatures close to freezing, until it is gone. It then enhances pro-
duction by inducing stratification as it melts, which acts to keep phytoplankton in 
well-lit surface waters. Sea-ice is itself colonized by algae, both within brine chan-
nels and attached to its bottom surface. These algae appear to extend the overall 
season of primary production, by beginning earlier in spring than phytoplankton 
production beneath the ice, and acting as a seed population for the spring-summer 
bloom (e.g. Gibson and Trull, 1999). As noted in the introduction, the ecology of 
sea-ice algal communities has been recently reviewed. Here we focus on open 
ocean phytoplankton communities, which account for most of the total annual 
production. Production models for sea-ice (Arrigo et al., 1998b) and an annual 
study of export production in Prydz Bay (Gibson et al., 1999) attribute only about 
20% of total annual production to sea-ice algae. 
 The annual sea-ice cycle also contributes to the abundance of phytoplankton 
macro-nutrients (phosphate, nitrate, and silicate) observed in all Antarctic waters. 
These nutrients are brought close to the surface by upwelling Circumpolar Deep 
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Water as part of the broad scale meridional overturning circulation that affects all 
the Southern Ocean south of the Polar Front. Further mixing of these waters into 
the surface layer is driven by the rejection of brine during the formation of sea-ice 
each autumn. This upwelling provides one of the dominant features of Antarctic 
biogeochemistry – phytoplankton macro-nutrients are abundant everywhere, and 
virtually never limit primary production. This differs from the seasonal cycles of 
most coasts, which often include a period of macro-nutrient limitation in summer. 
 The abundance of macro-nutrients is counter-balanced by limitation of phyto-
plankton production by the micro-nutrient iron, at least in off-shore waters. The 
importance of iron has been clearly demonstrated by shipboard incubations, water 
column measurements, and open ocean iron fertilization experiments (e.g. Martin 
et al., 1990; de Baar et al., 1995; Boyd et al., 2000; Coale et al., 2004). Much less is 
known about the importance of iron limitation in Antarctic coastal waters, al-
though shipboard experiments suggest iron limitation does occur within the Ross 
Sea marginal ice zone (Sedwick and DiTullio, 1997) and low levels of iron have 
been observed in east Antarctic coastal waters in Adélie Land (Sambrotto et al., 
2003). Sources of iron to coastal waters include 1) upwelling of deep waters, and 
their penetration onto the shelf, which is enhanced by the depth of the shelf; 2) 
shelf-sediments, which despite the deep shelf can supply surface waters because of 
the deep winter-time convection and furrowing by ice-berg keels (Barnes and 
Lien, 1988; Beaman and Harris, 2003); 3) coastal sediments from the break-out of 
fast ice, and 4) aerosols from distant sources that have accumulated in snow on 
melting sea-ice, although initial measurements suggest levels are low (Edwards and 
Sedwick; 2001). 
 In combination, all these aspects of the interaction of sea-ice with production –  
light levels, ocean temperatures, ocean stratification, iron supply, provision of 
‘seed’ populations and/or nutrients derived from their breakdown – have fuelled 
the dominant paradigm regarding summer primary productivity in Antarctic wa-
ters: Production follows the retreat of the marginal ice zone southward. Given the 
complexity of these interactions, it is perhaps not surprising that there is some 
uncertainty regarding the development of ice-edge blooms. For example, Bath-
mann et al. (1997) observed no real increase in chlorophyll concentrations in the 
marginal ice zone (MIZ) of the Weddell Sea in the wake of ice retreat in 1992. For 
approximately the same time period, near the Antarctic Peninsula, Savidge et al. 
(1995) also observed no ice-edge bloom and attributed its absence to particularly 
rapid ice retreat. 
 Using remotely sensed chlorophyll and ice cover data, Constable et al. (2003) 
investigated the relationship between ice dynamics and regional productivity over 
a period of 4 years, 1997–2001. No consistent relationship was found between ice 
retreat rates and chlorophyll concentrations. Enhanced chlorophyll was found 
associated with rapid ice retreat in some areas (Ross Sea, Weddell Sea and Prydz 
Bay) with slower ice retreat in others (Bellingshausen Sea, consistent with Savidge 
et al. (1995)) and in some areas there was no correlation at all. There was also no 
simple relationship between productivity in an area and the average annual cover-
age of sea ice, which might be predicted from an extension of hypotheses devel-
oped at single locations (Loeb et al., 1997). Coastal regions are typically the most 
productive, but movement of this production offshore could occur in gyres. There 
was also evidence of localised upwelling associated with bathymetric features 
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causing increased open ocean productivity. This phenomenon has previously been 
observed, notably by Bathmann et al. (1997), Savidge et al. (1995) and Moore and 
Abbott (2000). 
 The areas of greatest primary production are generally the coastal waters to the 
south of the SBACC (Nicol et al., 2000a, Constable et al., 2003). The reduced wind 
stress, presence of sea ice (and consequent ice melt) and nutrient-rich water pro-
vide for high rates of primary and secondary production. The latitudinal range of 
production appears to be related to sea ice extent but may instead be driven by the 
northward extension of the Coastal Current. Localized northward extensions of 
this production occur at the western sides of the major gyral systems as a result of 
currents and winds. This production may then be retained, transported eastward in 
the ACC, and gradually depleted. It is in these areas where the relationship be-
tween biomass and ice extent breaks down. This process can be enhanced in areas 
without gyres as a result of a combination of the east-west Coastal Current, wind 
stress and ice formation causing an enhanced northward movement of ice, thereby 
extending the latitudinal range of the MIZ, such as in eastern Antarctica (Nicol et 
al., 2000a). 
 For the region considered by this chapter, in contrast to other regions such as 
the Ross, Weddell, Bellingshausen and Scotia Seas, there are few studies of the 
large-scale distribution of phytoplankton biomass or productivity based on in situ 
sampling. Therefore, in order to understand the relationship between physics and 
primary productivity, we rely here on satellite chlorophyll to describe large-scale 
patterns of phytoplankton biomass as a proxy for productivity. Underway meas-
urements have been made during the voyages of the Japanese icebreaker ‘Shirase’ 
that each year travels along the coast of East Antarctica between 40° and 150°E 
(Suzuki and Fukuchi, 1997). In particular, records of surface chlorophyll, salinity 
and temperature are available for coastal waters spanning 80° – 150°E for seven 
years. This provides an indication of longitudinal variations in summer conditions 
across the area surveyed. Although the latitudinal position of the cruise track 
varies according to the degree of seasonal ice cover, the general feature most no-
ticeable from these data is a peak in chlorophyll a concentration between 80° and 
110°E which is evident in five of the seven records presented. This is consistent 
with the work of Strutton et al. (2000) and Nicol et al. (2000a) who observed en-
hanced productivity in this region compared to the area between 120° and 150°E. 

3.1. Relationships between physical features and primary productivity 

The zonal gradient in chlorophyll and productivity observed by Strutton et al. 
(2000) and Nicol et al. (2000a) in 1996 is also observed in mean summer SeaWiFS 
chlorophyll images spanning 1997–2003 (Figure 7). Nicol et al. (2000a, b) proposed 
that elevated productivity was confined to the south of the SBACC. Between 80° 
and 150°E the SBACC corresponds with the northwards extent of the partially 
closed gyre (Figure 3) described by Bindoff et al. (2000). It is this physical feature 
that gives rise to the observed west to east decrease in biomass and productivity, 
since the SBACC extends several degrees further north between 80° and 120°E, 
compared to the region between 120° and 150°E. In 1996, this elevated productiv-
ity was observed across trophic levels from phytoplankton (Strutton et al., 2000) to 
krill (Pauly et al., 2000), whales (Theile et al., 2000) and seabirds. A transition in 
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trophic structure was also observed from west to east. While the western portion of 
the study area was dominated by diatoms and krill, salps (Hosie et al., 2000) and 
picoplankton (Wright and van den Enden, 2000) dominated in the east, where the 
nearshore physical conditions more closely resembled the oceanic waters to the 
north. There was no evidence of macronutrient limitation of photosynthesis any-
where in the study area, but enhanced silicate uptake rates and data obtained from 
a fast repetition rate fluorometer (FRRF) indicate that the phytoplankton com-
munity in the eastern transects may have been iron-deficient (Strutton et al., 2000). 
Iron deficiency in this general area was confirmed by the SOIREE experiment 
(Boyd et al., 2000), which took place at 61°S, 140°E in February 1999 (location 
labelled ‘S’ in Figure 7). 

 

Figure 37.7: Mean summer chlorophyll (Dec-Jan-Feb, SeaWiFS data spanning Dec-1997 to Feb-2003) 
for the region of interest, split into three subsections: The SE Atlantic/SW Indian sector (top), Prydz 
Bay (middle) and the region south of Australia (bottom). Also plotted are the 1000m isobath (solid 
white line), the southern boundary of the ACC (SBACC; dotted line), the maximum extent of winter 
sea ice (dashed line) and the polar front (solid line). The location of the SOIREE experiment is indi-
cated by `S’. 
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 As described above, Constable et al. (2003) used time series of ice coverage 
data from the Special Sensor Microwave/Imager (SSM/I) in conjunction with 
SeaWiFS chlorophyll to calculate ice retreat rates at weekly time scales. The ice 
retreat data were grouped into 10° longitude bins around the Antarctic coastline, 
and compared with mean chlorophyll in the corresponding region. The time period 
studied was the Austral summers of 1997–98 through 2000–01. Here we take a 
climatological approach by comparing the latitudinal extent (N-S distance) over 
which ice advance/retreat occurs (based on SSM/I data from the period 1989 to 
1999) with the mean chlorophyll in that area as quantified by SeaWiFS satellite 
data from the Austral summers of 1997–98 to 2002–03. The data are divided into 1° 
as opposed to 10° (Constable et al., 2003) longitude bins. 
 Given that ice retreat at any longitude around the Antarctic coastline takes 
place over approximately the same period of time (October through February), 
the north-south extent of sea ice should be an indication of the rate of the retreat. 
In regions where the north-south extent is large, the retreat should be rapid, and 
the converse should also be true. Figure 8(a) shows the relationship between the 
N-S extent of the MIZ, and the mean chlorophyll encompassed by that area. Con-
sistent with Constable et al. (2003), it appears that the relationship between the 
rate of ice retreat and primary productivity varies depending on location. For the 
entire coastline, the correlation is positive and significant (r = 0.178, n = 360), indi-
cating that rapid ice retreat favours enhanced chlorophyll. On closer inspection it 
seems that this relationship is mainly driven by the strong positive correlation 
between ice extent and MIZ chlorophyll in the regions we have identified as ‘bays 
and peninsula’: Prydz Bay (70°E to 80°E), the Ross Sea (170°E to 150°W) and the 
Antarctic Peninsula/Weddell Sea (70°W to 0°). Elsewhere the correlation is weak. 
 Given the importance of iron to phytoplankton production, and the probability 
that the continental shelf may represent a source of iron to offshore waters 
through sediment transport, a larger continental shelf area may represent a larger 
source of iron. Here we investigate this mechanism by comparing the productivity 
of a region to the extent of the continental shelf. Figure 8(b) shows the correlation 
between mean chlorophyll south of the SBACC (referred to as coastal chloro-
phyll) and the N-S extent of the shelf. For the entire Antarctic coast the relation-
ship is significant (r = 0.294, n = 360), and even more so for the region 80° – 170°E 
(r = 0.550, n = 90). These relationships also hold for mean chlorophyll south of the 
PF (data not shown) and mean chlorophyll in the MIZ (Figure 8(c)). This suggests 
that a broader continental shelf is associated with greater productivity both on the 
shelf and further offshore. Chlorophyll concentration at the shelf break (defined as 
±2° north and south of the 1000m isobath) is positively correlated with the N-S 
extent of the shelf for the region 80°–170°E (r = 0.523, n = 90) but not for the Ant-
arctic coast as a whole (Figure 8(d)). This relationship for east Antarctica probably 
occurs because, with the exception of the Antarctic Peninsula, this is the region 
where the SBACC corresponds most closely with the shelf break. 
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Figure 37.8: Relationship between the area bounded by a given physical feature and the mean chloro-
phyll within that area. Mean chlorophyll data depicted are the Dec-Jan-Feb average for December 1997 
through February 2003 (as for Figure 7). Each data point represents a 1° bin (i.e. n = 360). The data are 
presented by area, with sub-regions defined at (1) Bays and Peninsulas (Prydz Bay, Ross Sea, Weddell 
Sea and the Antarctic peninsula, plotted as open circles), (2) East Antarctica (80°E to 170°E, plotted as 
+ symbols) and (3) the remainder of the coast (plotted as open triangles). The four panels depict: (a) 
Relationship between mean chlorophyll within the MIZ and the north-south extent of the MIZ. (b) 
Relationship between mean chlorophyll south of the SBACC and the extent of the continental shelf. (c) 
Relationship between mean chlorophyll within the MIZ and the extent of the continental shelf, and (d) 
Relationship between mean chlorophyll at the shelf break and the extent of the continental shelf. 

4. Distribution, abundance and production of ecological communities 

Our understanding of higher trophic levels in the pelagic zone off east Antarctica 
is improving, but there are a number of areas which remain unsampled and there is 
a dearth of longer-term studies. Descriptions of the pelagic communities in the 
South Indian Ocean occurred in the ‘Discovery Reports’ and because of the geo-
graphic scope of these observations they still provide some of the best information 
on the distribution of species such as salps (Foxton, 1966) and krill (Mackintosh, 
1972; Marr, 1962). Analyses of pelagic communities in the Prydz Bay region, using 
multivariate analytical techniques, was undertaken as part of the BIOMASS (Bio-
logical Investigations of Marine Antarctic Systems and Stocks) program (Miller, 
1985; Hosie, 1994) and wider studies have extended the information base (Hosie 
and Cochran, 1994; Hosie et al., 2000; Pakhomov, 1995a, b, 2000). These studies 
can be divided into those that (a) describe the distribution and relative abundance 
of species and groups in focused (Miquel, 1991, Hosie, 1994), or wider areas (Hosie 
et al., 2000); (b) examine regional ecological relationships (Nicol et al., 2000a; 
Pakhomov, 2000) or long-term variability (Pakhomov, 2000); and (c) those that 
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examine production, or proxies of production such as recruitment or growth (Pak-
homov, 1995a, b; Nicol et al., 2000c).  Although Antarctic krill has been the focus 
of many studies there have been sufficient reports on other species such as the 
pelagic tunicate, Salpa Thomsoni (Pakhomov et al., 2002), and of overall commu-
nity structure (Hosie et al., 2000), to allow more general observations on ecosys-
tem structure to be made. There are now sufficient data that some comparisons 
can be made between the East Antarctic and the better studied South Atlantic. 
 Voronina (1968) described the general distribution of total zooplankton bio-
mass in the Southern Ocean, which later studies have confirmed. In the Prydz Bay 
region four pelagic communities have been identified (Hosie, 1994; Hosie and 
Cochran, 1994) which correspond to the general latitudinal ocean regimes. These 
consist of a neritic community located in the southern part of the Prydz Bay conti-
nental shelf, dominated by the coastal krill species Euphausia crystallorophias, 
gammarid amphipods and larvae of the fish Pleuragramma antarcticum. A second 
community, located mainly along the continental shelf edge, was characterized by 
the dominance of the Antarctic krill E.superba and also by the paucity of zoo-
plankton. The Oceanic community was prevalent in the region north of the shelf 
edge to approximately 62° – 63°S, with the major components being copepods, 
chaetognaths, siphonophores and the euphausiid Thysanoessa macrura. To the 
north of the coastal zone a northern oceanic community was identified and com-
prised of species generally confined to the Antarctic Circumpolar Current, Salpa 
thompsoni, small euphausiids and hyperiid amphipods. Pakhomov (1993) did not 
include copepods in his analyses but otherwise described similar species assem-
blages and distribution patterns in the Prydz Bay region. The pelagic community in 
the coastal zone in the 80° – 150°E region was structured in a remarkably similar 
way to that observed in the Prydz Bay region (Hosie et al., 2000) although there 
were onshore-offshore differences in the extent of the communities which were 
related to regional environmental differences (Nicol et al., 2000b). An examination 
of the spatio-temporal variability of the community structure in the 80° – -160°E 
region further confirmed the relative distribution of the species groups but indi-
cated that their geographic location can vary with physical forcing (Chiba et al., 
2001). Water temperature explains a large amount of variation in the community 
patterns for 80 – 150°E region (Hosie et al., 2000) and in Prydz Bay (Hosie, 1994    
 Other studies have mainly focussed on the distribution, abundance and, occa-
sionally, the life history of individual species, e.g. salps (Casareto et al., 1986), 
euphausiids (Terazaki and Wada, 1986; Nicol et al., 2000c) and chaetognaths 
(Terazaki, 1989). Since krill and salps are the species in this region that have been 
most intensively studied we will focus on these to examine the distribution and 
abundance of secondary production. The ‘Discovery Reports’ provide some of the 
few historical observations on krill abundance in the South East Indian Ocean 
(Marr, 1962). Krill in this sector were concentrated between 90° and 120°E and 
distinctly absent in the 120° – 150°E region.  Mackintosh (1973) defined a distinct 
Kergulen-Gaussberg stock between 85° – 100°E where krill were described as 
‘plentiful’ but in the 120° – 150°E region, he described krill as being confined close 
to the coast in the East Wind drift which ‘here forms a narrower belt near the coast 
than anywhere else’. He pointed out that krill may be plentiful in this narrow band 
but the overall quantity in this region may not be great because of its restricted 
latitudinal distribution. 



 STEPHEN NICOL, ANTHONY P. WORBY, PETER G. STRUTTON, THOMAS W. TRULL 1521 

 There have been a number of later studies in restricted parts of this region. 
Japanese acoustic studies have investigated the distribution of Antarctic krill 
(Euphausia superba) between 115° and 124°E and between 145° and 151°E (Ina-
gake et al., 1985). The distribution of euphausiids between 110° and 150°E was 
investigated as part of the BIOMASS Program (Terazaki and Wada, 1986) using 
both nets and acoustics. A single large-scale acoustic survey described krill distri-
bution and abundance between 0° and 150°E (Pauly et al., 2000). The results of 
this survey agreed with the general distribution pattern suggested by the Discovery 
Investigations with krill being confined mainly in the Coastal Current which was 
wider in the 80° – 115° E sector and narrower in the 115° –150°E region. 
 The relationship between the distribution of krill and the physical environment 
has been investigated in the Antarctic coastal zone between 15° and 30°E (Miller 
and Montiero, 1988; Weber and El Sayed, 1985; Hampton, 1985). There was a lack 
of correlation between krill abundance and chlorophyll a, dissolved oxygen, lati-
tude, density, stability, dissolved organics and nitrate, and krill abundance was 
negatively correlated with phytoplankton biomass. Krill were found to concentrate 
near the top of the thermocline and were mostly confined to the top 100 m of the 
water column. Krill densities in this area were considered to be low, however, the 
survey design and the target strength used in these studies means that it is difficult 
to compare them to more recent surveys in the 10° – 150°E region. Net-derived 
estimates of krill density in the 52° – 64°E region (5.2g m-2) are at the lower end of 
densities obtained by nets from other regions of the South Atlantic (Miller, 1985) 
though were higher than those estimated for the 0° – 150°E region (0.158 g m-2; 
Nicol et al., 2000c). In this region, as in areas further to the East, krill were most 
abundant in the southern strata of the survey, associated with the waters of the 
Antarctic Coastal Current (Miller, 1986). 
 Fishery-related studies have described where the Japanese and Soviet krill 
fishing fleets encountered fishable concentrations of krill and some of the biologi-
cal characteristics of the krill (Dolzhenkov and Timonin, 1990; Ichii, 1990). The 
krill fishery in the Indian Ocean Sector has been a summer fishery with all catches 
being reported between November and May and a peak in mid-January (Nicol and 
Endo, 1997). The fishery operated along the continental shelf and shelf break 
throughout the 0° – 150°E region and targeted fishable concentrations which ex-
tend a few tens of kilometres in horizontal extent and consist of swarms denser 
than 100g m-2 (Ichii 1990). The Japanese fishery has concentrated in the 120° – 
140°E region because the retreat of ice there in December is most rapid. Krill 
trawling, presumably reflecting the presence of dense krill concentrations, has 
focussed on the shelf-slope frontal zone. Vertical sections clearly indicate in-
creased trawling activity at 141°E and 147°30’E and in sections from other areas of 
the Antarctic (Ichii 1990). The fishery is an indicator of the distribution of fishable 
aggregations of krill but is probably not a particularly useful indicator of the over-
all distribution of krill because it tends to concentrate where catches are predict-
able and where the ice conditions are not difficult. Fishing fleets are also not 
concerned with the overall distribution and abundance of krill, but concentrate on 
local abundance, which is enough to sustain catches, but may not be representative 
of the gross abundance over wide geographic areas. 
 Indications of large-scale salp (Salpa thomsonii) abundance in the South East 
Indian Ocean come from the ‘Discovery reports’ (Foxton, 1966) and from Japa-
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nese studies (Casareto et al. 1986). Despite the paucity of samples for this area, 
there are indications that salps are more abundant close to the coast in the 120° – 
150°E region than in the 80° – 120°E region. Between 60° and 90°E there are indi-
cations that salps are to be found mainly north of 62°S and are indicative of off-
shore, oceanic water in the region (Hosie 1994). 

5. Interannual variability 

The region between 30° and 120°E was extensively studied as part of Soviet fisher-
ies investigations between 1977 and 1990 (Pakhomov, 2000). The life cycle of krill 
in this region was similar to that observed in other studies off East Antarctica 
(Miquel, 1991; Hosie, 1994; Nicol et al., 2000c) and in the Atlantic sector (Siegel, 
1986; Siegel et al., 1990), with spawning occurring offshore and spatial segregation 
of adults, juveniles and larvae. The long time series of studies allowed an examina-
tion of interannual variability in krill stocks and their relationship to the biological 
and physical environment. Previously identified associations between krill variabil-
ity and either oceanographic or atmospheric processes were tested using a correla-
tion analysis and no meaningful correlations were identified between krill biomass 
and any other biological or environmental parameter examined. There was, how-
ever, a positive cross correlation between krill biomass and the influx of warm 
deep water into the coastal area during the previous year, which the author attrib-
uted to a passive concentration of the juvenile year classes (Pakhomov, 2000). 
Years with high levels of warm deepwater input from the north to the shelf areas 
led to large numbers of salps occurring north of the Antarctic Divergence and 
successful krill spawning. These years were also characterised by low ice coverage 
and were subsequently followed by intense ice accumulation the following winter 
promoting successful krill recruitment. These processes occurring in this area were 
similar to those occurring off the Antarctic Peninsula (Siegel and Loeb, 1995; 
Siegel et al., 1997). 
 In the South Atlantic, the abundance of krill has been linked to the annual 
extent of sea ice (Loeb et al., 1997). This relationship to sea ice extent has also 
been observed regionally off East Antarctica; sectors with greater sea ice extent 
harbouring greater concentrations of krill than areas with less extensive annual sea 
ice (Nicol et al., 2000a). The explanations put forward for these two sets of obser-
vations differ. In the South Atlantic the sea ice is viewed as an overwintering habi-
tat for krill and therefore the more sea ice is present, the greater the habitat and 
the greater the success of the krill population. Off East Antarctica the amount of 
sea ice and the regional abundance of krill were related to the latitudinal extent of 
the cooler water, which is the habitat of krill. Neither set of relationships is likely 
to hold on a circumpolar scale (Constable et al., 2003). Although regional sea ice 
extent is positively related to the width of the cool Antarctic Coastal Current, the 
abundance of krill on a circum-Antarctic scale (where data exist) does not follow 
this general trend (Nicol et al., 2000a). Krill are most abundant in the Scotia Arc 
and this is the area in which annual sea ice is at its minimum. Although the areas 
with the greatest extent of annual sea ice are difficult to survey it is unlikely that 
they are regions with high krill biomass. Interannual variation in production may 
be driven by variation in the strength of coastal gyres, wind stress and the location 
of the ACC. Variation in these conditions promotes spatial changes in the relative 
distributions of the different pelagic communities. 
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6. Vertebrates 

Although vertebrates are undoubtedly key elements of the coastal ecosystem of 
Antarctica there are few long-term studies in the East Antarctic region, which are 
able to provide more general ecological insights. We will concentrate on the in-
formation from (1) Béchervaise Island (67°35’S, 62°48’E) which has been a part of 
the Ecosystem Monitoring Program conducted under the auspices of the body that 
regulates the fisheries of the Southern Ocean, the Commission for the Conserva-
tion of Antarctic Marine Living Resources (CCAMLR) (Agnew, 1997) since 1990, 
and (2) from studies conducted at the French station Dumont d’Urville (66.7°S, 
140.0°E). At Béchervaise Island, annual changes in breeding success and other 
biological parameters of Adélie penguins have been observed. Sometimes these 
changes have been catastrophic and have amounted to almost complete breeding 
failure (Irvine et al., 2000). These changes in breeding success have been attributed 
to changes in food availability, but this does not seem simply linked to sea ice 
extent. 
 There do appear to be direct linkages between the movement of sea ice in East 
Antarctica and the winter migrations of Adélie penguins from Béchervaise Island 
and other colonies in the Prydz Bay region (Clarke et al., 2003). The gyral ocean 
circulation between 0° and 80°E moves the sea ice westwards in the inshore areas 
with northward components in the west, which direct ice out into the eastward 
flow further offshore. This circulation pattern appears to aid penguins dispersing 
westwards during early winter when sea ice is less extensive and returning to their 
colonies during spring when sea ice is at its maximum extent. This study indicates 
that winter sea ice has effects, which are more complex than those that can be 
examined merely by reference to the north-south extent. 
 The effect of sea ice on the biology of individual species is a result of a complex 
interaction that also involves regional ocean circulation patterns. Consequently 
regional, seasonal and interannual differences are to be expected. Studies on the 
effect of sea ice cover on the breeding success of snow petrels near Dumont 
d’Urville show indications that seasonal sea ice can have both positive and nega-
tive effects, highlighting the complex relationship between physical variability and 
biological response. High levels of winter sea ice resulted in lower numbers of 
breeding birds but extensive spring sea ice could result in enhanced breeding suc-
cess and improved fledgling weight (Barbraud and Weimerskirch, 2001a). Em-
peror penguins at a nearby site showed similarly ambiguous responses to sea ice 
changes (Barbraud and Weimerskirch, 2001b). Mortality rates of emperor pen-
guins increased when annual sea ice cover was reduced, a phenomenon associated 
with increased sea surface temperatures. In contrast, emperor penguins hatched 
fewer eggs when sea ice was extensive. Studies on other species at the same site 
indicated long-term trends that ranged from significant increases (Adélie Pen-
guins: +3.5% over 14 years), through those registering slight increases (Southern 
Fulmars: +0.4%) to those indicating significant decreases (Giant Petrels: -3.9%; 
Micol and Jouventin, 2001). 
 These results reflect the multiple ecological effects of sea ice; it can impede 
access to marine food resources but at the same time there appears to be some 
linkages between biological productivity and the extent of sea ice. Sea ice may also 
act as a co-variable with some biological measures of production rather than being 



1524 OCEANOGRAPHIC INFLUENCES ON ANTARCTIC ECOSYSTEMS 

the causative factor behind changes in productivity which may be oceanographi-
cally determined (Nicol et al., 2000a). The complex responses of organisms to sea 
ice requires that studies on ecological processes in relation to sea ice changes take 
full account of seasonal effects as well as the underlying causes for observed 
changes in sea ice cover. Additionally, there are likely to be regional effects, which 
may determine whether the sea ice cover has a positive or a negative impact on a 
particular species. Finally, there are certain to be inter-specific differences in the 
effect that sea ice cover has on survival and breeding success – long term changes 
in winter sea ice cover may favour some species over others. 
 Cetacean research in this area has largely been restricted to studies related to 
commercial whaling. There is a considerable database on the distribution of sight-
ings and catches of whales in IWC Areas IV and V which cover 70° – 130°E and 
130°E – 170°W respectively (Mizroch et al., 1985). Whale catches in the 0° – 150°E 
region reveal that there were certain areas from which above average numbers of 
whales were taken. For fin, blue and humpback whales these areas were concen-
trated around the 30°E and 90°E lines of longitude. Records of baleen whales from 
summer sighting surveys in this area have provided evidence of uneven distribu-
tion along this coastline (Kasamatsu et al., 1996). Of the abundant species, hump-
backs had a latitudinal peak of abundance between 62° and 66°S, and a 
longitudinal peak in this area between 80° and 120°E, whereas minkes were dis-
tributed much further south (60° – 80°S) and had much less pronounced variation 
in longitudinal abundance. Other studies of whales in the east Antarctic have re-
lated interannual changes in body fat condition of minke whales to krill availability 
and to sea ice conditions (Ichii et al., 1998). Sea ice extent was thought to have an 
effect on whale feeding because extensive sea ice excluded minke whales from 
entering the areas where krill aggregated. Large-scale interdisciplinary research in 
the 80 – 150°E region indicated a greater abundance of whales in the area with the 
greatest sea ice extent but that this area coincided with increased primary produc-
tion, higher krill abundance and with a wider Antarctic Coastal Current (Nicol et 
al., 2000a). Whales, however, do not utilise the available habitats evenly. Some 
species such as minkes are found closer to the ice edge whereas species such as 
humpbacks use the offshore and continental shelf zones, even though they depend 
on the same species of prey, Antarctic krill (Thiele et al., 2000; Murase et al., 
2001). 

7. Conclusions 

There has been a tendency in the past to underestimate the complexity of the 
physical and biological systems of the Antarctic. Although this is not unique to the 
Antarctic region (Kachel et al., 2002) it remains a prevalent viewpoint because of 
the geographic nature of Antarctica, ringed by concentric current and ice systems, 
which confer an impression of continental uniformity. Concepts such as a single 
simple Antarctic ecosystem have given way to the idea of a series of complex inter-
related communities, often delineated by oceanographic boundaries or related to 
particular water masses. East Antarctica has not received the attention that has 
been focussed on features such at the Antarctic Peninsula, the Ross and Weddell 
Seas, or some of the subantarctic islands, but recent studies in this region have 
improved our understanding of both physical and biological processes. The geo-



 STEPHEN NICOL, ANTHONY P. WORBY, PETER G. STRUTTON, THOMAS W. TRULL 1525 

graphic variation in the physical features that we have highlighted in this review is 
a useful tool for further investigating physical-biological interactions. 
 The annual advance and retreat of sea ice around Antarctica sets it apart from 
other coastal zones around the globe. Although the North Pacific can experience 
extensive winter sea ice that is comparable to many areas of the Antarctic 
(Schumacher and Stabeno, 1998), generally the extreme seasonal variability ob-
served in the Antarctic is not present in the Arctic. The sea ice around Antarctica 
has a profound influence on other physical, biological and chemical processes in 
the Southern Ocean through a complicated series of positive and negative feed-
back mechanisms. In this review we have highlighted the significance of sea ice for 
Antarctic Bottom Water (AABW) formation and the importance of this for venti-
lating the deep ocean and linking the global ocean basins. Persistent coastal polyn-
yas, where sea ice production is greatest, are an integral component of AABW 
formation, but bathymetry and ocean circulation patterns also play an important 
role. Recently, Rintoul (1998) identified the Mertz Glacier polynya off the Adélie 
Land coast as being the second largest producer of AABW around Antarctica. 
Thus the East Antarctic coastline plays a critical role in global ocean circulation 
and any changes in the sea ice environment may have a disproportionately large 
effect on other systems. 
 The Antarctic sea ice zone is also highly dynamic and this affects the thickness 
distribution of the ice, through the formation of pressure ridges and open water 
leads. The distribution of sea ice in turn affects the interaction between the atmos-
phere and ocean, and also determines the usefulness of sea ice as a habitat for 
vertebrates. We have discussed contrasting examples that illustrate the potential 
impacts of sea ice variability on the feeding, survival and breeding success of ceta-
ceans and birds. Sea ice acts as a habitat for some vertebrates, as a barrier to oth-
ers and as a substrate for many invertebrates and microorganisms. The annual 
formation and melting of sea ice also govern the vertical stability of the water 
column and affect the overall productivity of the system. Changes in sea ice extent, 
concentration and type thus have a wide range of effects on the ecosystems of the 
Antarctic. There is no doubt that the populations of a number of well-studied 
species in East Antarctica have experienced considerable change over the last 50 
years. Some have increased in number, some have decreased and some may have 
changed their distributional range. For most species there is insufficient informa-
tion to even speculate on their recent history. 
 The East Antarctic coastline can be described as relatively ‘linear’, reaching 
gradually further northward from around 70° to 62°S between 0° and 150°E. This 
shift in the latitude of the coastline is reflected in the extent of sea ice from the 
coast, which is greatest to the west (0°) and only several hundred kilometres near 
150°E. This has implications for primary productivity, since sea ice cover and 
ocean circulation have a significant impact on phytoplankton community dynam-
ics. This has been particularly well illustrated by the large-scale observational 
programs we have discussed (Suzuki and Fukuchi, 1997; Strutton et al., 2000; Nicol 
et al., 2000a). Our simple sectoral examination of the relationships between the 
physical features of the Southern Ocean and biological productivity indicates that 
the relationships between these variables are not simple and that there are consid-
erable regional variations. There are regions of the coastal zone around Antarctica 
that can be treated as relatively homogeneous, however, inter-regional compari-
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sons should be treated with caution and, in particular, comparisons between the 
major embayments and the Antarctic Peninsula and other regions should be 
avoided. 
 There is some evidence that there have been fundamental changes in the distri-
bution of water masses in the Southern Ocean and this may be the result of general 
oceanic warming (Wong et al., 1999). Other water mass changes are less well de-
scribed. There is presently no firm evidence to indicate whether the extent, con-
centration or thickness of Antarctic sea ice is changing at time scales of the order 
of decades. A number of studies based on satellite passive microwave data are 
contradictory in their assessment of ice edge trends, and there is also disagreement 
in the literature with regard to recent studies based on records from whaling ships 
and from other proxies. There is however, agreement on the important role sea ice 
plays in the climate system and the need to monitor the Antarctic sea ice zone for 
change. The extreme natural seasonal variability in sea ice growth and decay 
makes this a particularly difficult task, however satellite data time series are ap-
proaching the necessary lengths for reliable trend analyses. The same is true for 
the expanding in situ and remotely sensed databases for physical, chemical and 
biological oceanographic parameters. These data, in conjunction with modelling 
studies, will undoubtedly continue to advance our understanding of both regional 
processes and long-term trends. 
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938, 941; Sigsbee, 246; Venezuela, 229 

Acid: domoic, 461; methyl sulphonic (MSA), 
1347, 1510 

Advection, 126, 359, 366, 367, 391, 397, 400, 401, 
410, 441, 448, 451, 452, 468, 469, 475, 477, 479, 
821, 822, 902, 904, 954, 1057, 1013, 1021, 1463; 
alongshore, 24, 47; basin-scale, 1387; cross-
shelf, 49; horizontal, 26, 540, 1048; larval, 
1437; offshore, 11, 731; vertical, 26; wind-
driven, 1015 

Aggregation, 40, 45–48, 149, 474–477, 481, 573, 
580 

Algae, 561, 608, 614, 622 
Algae, Bacillariophyta, 1147, 1148. See also 

Diatom 
Algae, calcareous, 278, 1261, 1376 
Algae, chlorococcalean, 1127 
Algae, Chlorophyta (green), 96, 193, 243, 1147, 

1148, 1401, 1413; Caulerpa, 278; Halimeda, 
241, 273, 278; sea lettuce, 609; sea lettuce 
(Ulva fenestrata), 578 

Algae, Chromophyta, 243 
Algae, Chrysophyta, 193, 1147, 1148 
Algae, coccolithophore, 98, 106, 193, 243, 250, 

267, 272, 279, 400, 401, 410, 413, 414, 567, 569, 
571, 695, 737, 742, 899, 1010, 1088, 1347, 1350, 
1354; Emiliania huxleyi, 411, 413, 459, 569, 
1009, 1010, 1348, 1349; Florisphaera pro-
funda, 413; Gephryrocapsa oceanica, 414. See 
also Bloom, coccolithophore 

Algae, coralline, 278, 1433; Corallina pilulifera, 
608; Iridaea, 608; Laurencia, 608; 
Lithothamiun, 273; Rhodomela larix, 608 

Algae, Cryptophyta, 96, 193, 1401; cryptomonad, 
571, 1054 

Algae, Euglenophyta, 1147 
Algae, Haptophyta, 193, 1148; Haptophyceae, 

1163 
Algae, ice, 69, 71, 74, 1225, 1233, 1234, 1235, 1514 
Algae, macro: Acanthophora, 238; Laurencia, 238; 

Lessonia, 373; 
Algae, Ochrophyta: 

Alaria: angusta, 578; marginata, 578; taeniata, 
578 

Chordaria magellanica, 608 
Costaria costata, 578 
Cymathaere japonica, 578 
Cystoseira crassipes, 578 
Dictyota, 278 
Fucus: evanescens, 578, 608; inflatus, 608 
Laminaria, 608; angustata, 578; bongardiana, 

578; cichorioides, 578; dentigera, 578; gurja-
novae, 578; japonica, 578; saccharina, 1060 

Lobophora variegata, 278 
Macrocystis, 417; pyrifera, 373 
Navicula, 1234 
Pelvetia wrightii, 578, 608 
Planktoniella, 374 
Sargassum, 244, 278, 417 

Algae, Phaeophyta, 1412; Durvillea antarctica, 
369. See also Kelp 

Algae, Prasinophyte, 193 
Algae, Prochlorophyte, 399, 402 
Algae, Prymnesiophyte, 193, 243, 1054, 1479 

Phaeocystis, 1042, 1056, 1513; pouchetii, 1055, 
1079, 1088, 1095, 1163 

Algae, Rhodophyta (red), 1153, 1156, 1169, 1267, 
1412, 1430; Cryptonemia, 278; Gloiopeltis 
capillaris, 608; Gracilaria, 278; Gelidium ro-
bustum, 417; Gigartina canaliculata, 417; Ha-
losaccion ramentaceum, 578; Halymenia, 278; 
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laminaroides, 369; Peyssonnelia, 278; Polysi-
phonia, 578; Porphyra umbilicalis, 578; Pti-
lota, 578 

Algae, Xanthophyta, 1147, 1148 
Alkalinity, 685, 687 
Aluminum, 1126; particulate, 689, 690 
Ammonia, 563, 707, 728, 888, 901, 1405 
Ammonification, 91, 99, 236 
Ammonium, 641, 645, 646, 651, 657, 660, 752, 753, 

883, 886, 1341, 1342, 1344, 1345, 1358, 1359, 
1360, 1361, 1362, 1467, 1473; flux, 364; regen-
eration, 198 

Amphidrome, 1417, 1451, 1456 
Amphipod, 514, 602, 606, 608, 706, 990, 1129, 

1130, 1150, 1165, 1166, 1233, 1234, 1476 
Ampelisca panamensis, 280 
Cyphocaris challengeri, 602 
gammarid, 70, 1520 
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Amphipod (continued) 
hyperiid, 605, 1149, 1150, 1164, 1520 
Parathemisto, 1232, 1233 
Photis longicaudata, 280 
Primno macropa, 602 
Themisto, 1163; gaudichaudii, 1459; japonica, 

573, 574, 602, 603; libellula, 574; pacifica, 514 
Amphiuroid (Amphiura filiformi), 1064 
Anemone, 276 
Annelid, 609, 979; Serpulidae, 1267 
Anoxia, 50, 90, 91, 110, 236–237, 592, 595, 338, 

362, 363, 364, 371, 706, 707, 713, 752, 753, 755, 
1039, 1303, 1341, 1342, 1343–1346, 1349, 1351, 
1359–1361. See also Oxygen depletion 

Anthropogenic CO2, 84. See also Climate change 
Anthropogenic influence, 92, 93, 105, 110, 115, 

121, 158, 201, 207, 239, 241, 260, 282, 283, 
314–316, 368, 392, 425–427, 445, 609, 639, 640, 
666, 667, 696, 711–713, 770, 859, 989, 991, 
1061, 1062, 1064, 1068, 1069, 1126, 1139, 1158, 
1333, 1354, 1373, 1413, 1438, 1439, 1482 

Anthropogenic nutrient input, 106, 107, 108, 759, 
761, 1040, 1041, 1042, 1047, 1048, 1058, 1068, 
1341, 1351, 1358 

Anticyclone: South Atlantic, 842; South Pacific, 
332 

Appendicularian, 197, 277, 278, 318, 350, 1055, 
1089, 1098, 1149, 1129, 1404, 1464 

Fritillaria haplostoma, 272 
Oikopleura, 606; diocia, 197; longicauda, 272 

Aquaculture, 368, 369, 370, 372, 424, 426, 461, 
695, 712 

Arc: Kurile, 556, 557, 561, 564, 569; Scotia, 297, 
1522 

Archipelago: Antilles, 240; Canadian Arctic 
(CAA), 62, 63, 66, 67, 71–72, 73, 77, 1213–
1226, 1230, 1231, 1232, 1235–1237; Canary, 
880, 894, 900, 902, 904, 905; Franz Josef 
Land, 67, 1140, 1145, 1154, 1164; Indonesian, 
674, 697; Japanese, 587, 593; Novaya Zemlya, 
65, 67, 1140, 1142, 1144, 1145, 1147, 1153–
1158, 1162, 1164, 1166–1169; Revillagigedo, 
425; Severnaya Zemlya, 67, 68, 1140, 1145, 
1148; Shantarsky, 570; Sulu, 675, 681; Sval-
bard, 67, 1140, 1145, 1154, 1156, 1157 

Arctic Mediterranean, 1077, 1078 
Atoll, Clipperton, 403. See also Lagoon, atoll 
Auklet, 1197; whiskered (Aethia pygmaea), 1179 
Autotrophy, net, 892; vs. net heterotrophy, 207 
Bacteria, 198, 467, 1294, 1296, 1299, 1357, 1362, 

1404, 1410; Beggiatoa, 51, 363, 364, 467; het-
erotrophic, 47, 738; Thioploca, 51, 363, 364, 
365, 755. See also Cyanobacteria; Cyano-
phyta 

Bacterivory, 197 
Bahía: Banderas, 392, 423; Blanca, 301; Inde-

pendencia, 373; San Vicente, 376 

Bakun Triad, 40, 46, 477, 904 
Bank: Abrolhos, 261, 262, 272, 278, 279, 285; 

Adventure, 1267, 1268; Agulhas, 13, 16, 27, 
35, 40, 42, 44, 46, 50, 784, 786, 787, 801, 803, 
805, 811–822, 824, 835–838, 842, 847, 848, 850, 
857; Brown’s, 120, 139, 141, 143; Burdwood, 
309, 319; Campeche, 188, 194, 242; Central, 
1142, 1153, 1156; Dogger-Fisher, 1040; 
Flower Garden, 175, 192, 202; Four Ladies, 
1503, 1504; Fram, 1503, 1504; Galician, 937, 
938, 943, 945, 950; Geese, 1153, 1156; Geor-
ges, 13, 119–120, 122, 126, 129, 130, 134, 137, 
138, 141–143, 147–148, 149–154, 155–156, 158, 
1005; Kanin, 1153, 1154, 1156; Kashevarov, 
553, 561, 576; Lampedusa, 1267, 1268; Me-
dina, 1267; Murman, 1153, 1154; Oki, 587; 
Porcupine, 944; Sofala, 790, 794–797; Spits-
bergen, 1153, 1154, 1160, 1164 

Banks, Grand, 119, 124, 125, 138–139 
Barnacle (Cirripedia), 367, 466, 513, 514, 987, 

1081, 1082, 1089, 1149, 1153, 1479 
Balanus, 1090, 1156; balanus, 1156; crenatus, 

1156 
Basin: Algerian, 1272, 1277, 1290; Amundsen, 64, 

65; Andaman, 763; Angola, 836; Antarctic, 
1505, 1506; Arctic, 68, 69, 1113, 1116, 1118, 
1124, 1143, 1145; Argentina, 296, 298, 301, 
303; Aru, 701, 702, 704; Bornholm, 1034, 
1067; Canada, 64, 65, 71, 77, 1120, 1224, 
1226–1230; Cariaco, 236 ; Carmen, 414; Cay-
man, 226, 227; Chirikov, 1196, 1197; Colum-
bia, 226, 227; Comoro, 790, 799; Derjugin’s 
(Hollow), 550, 551, 565, 566, 576; Emer-
ald,120; Foxe, 1214, 1215, 1216, 1220; Geor-
ges, 120, 128, 142, 151; Grand Manan, 120, 
148; Grenada, 226, 227; Guaymas, 412, 413, 
414, 415; Iceland, 942, 1082; Japan, 587, 590, 
593; Jordan, 120, 135, 142, 143; Kurile, 100, 
101, 550, 551, 554, 557, 559, 565, 580; Levan-
tine, 86, 89, 1271, 1273, 1274, 1284, 1290, 
1306; Mackenzie, 1216; Makarov, 64, 65, 
1120, 1226; Minas, 148; Nansen, 64, 65; Pa-
nama, 408; Polar, 1143, 1145; Santa Barbara, 
487; Shikoku, 588; Somali, 734, 736, 739; 
Tinro, 550, 551, 559, 565; Ulleung, 587, 593, 
594–596; Venezuela, 226, 227, 229–230, 245; 
Weddell-Enderby, 1506; Wilkinson, 120, 142; 
Yamato, 587, 593; Yucatan, 226, 227, 229 

Bay: Abu Quir, 1269; Algoa, 813, 821; Amursky, 
609; Anegada, 297; Aniva, 551, 557; Apala-
chicola, 184; Atchafalaya, 192; Baffin, 63, 72, 
124, 1213, 1214, 1216, 1218–1221, 1224, 1225, 
1227, 1228, 1229, 1230, 1233; Baltin, 1219; 
Blueskin, 1476; Bodega,484; Bothnian, 89, 
1044, 1045, 1046, 1048, 1059; Bristol, 1179, 
1188; Buor-Khaya, 1120; Cambridge, 1217; 
Campeche, 194, 227, 228; Chesapeake, 120, 
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121, 122, 124, 155–156, 158; Coos, 484; Cor-
pus Christi, 192; Cruz Grande, 348; Dela-
ware, 120, 121, 122, 124, 155–156, 158; 
Depoe, 484; East Korea, 610; False, 813, 821; 
Galveston, 192; Golden, 1465, 1469; Havana, 
239; Hawke, 1453, 1454; Hudson, 122, 124, 
1218, 1226, 1236; Ise, 539; Kau, 675, 687, 706–
709, 713; Kola, 1158; Kuskokwim, 1188; Liv-
erpool, 1005; Long, 171; Matagorda, 192; 
Mejillones, 354; Mobile, 185; Molyneux, 
1476; Monterey, 442, 444, 446, 450, 452, 453, 
467; Morro, 484; Mossel, 813; Motovskoy, 
1171; Narragansett, 121, 122, 155; Ob, 1162; 
Onslow, 171, 200; Pegasus, 1451, 1454; Pe-
nobscot, 143; Peter the Great, 608, 609; 
Prydz, 1496, 1498, 1499, 1501, 1503–1505, 
1507, 1512, 1514, 1515, 1517–1520, 1523; Ra-
leigh, 171, 181; Richard’s, 806, 807, 808; Sa-
gami, 535, 536, 544; St. Helena, 836, 838, 840, 
843, 845, 854; Sakhalinsky, 550, 551, 576; 
Samborombón, 297, 299, 304; San Antonio, 
192, 299, 314, 316; San Francisco, 442, 450, 
452, 453, 484; San José, 297; San Sebastián, 
297, 310; Sebastian Vizcaino, 453, 461; Sevas-
topol, 1353; Shantarskiy, 564; Shark, 1415, 
1433; Shelikhov, 550, 551, 557, 561, 564, 576; 
Suruga, 534–535, 536, 544; Tampa, 193; Tas-
man, 1465, 1469, 1470; Terpeniya, 551; Ter-
robone, 192; Tosa, 530; Valparaíso, 375; 
Walvis, 835, 837, 838; Willapa, 484; Winches-
ter, 484 

Bay of: Algeri, 1262; Ancon, 364, 365, 373; An-
tofagasta, 347, 367, 373, 374, 375; Bengal, 4, 
11, 12, 15, 16, 93, 95, 96, 99, 100, 724–727, 755, 
756, 758–770; Biscay, 22, 24, 28, 35, 38, 43, 44, 
50, 884, 935–991, 1003, 1016; Concepción, 
364, 375, 376; Fundy, 139, 143, 148, 158; 
Guayaquil, 336; Haifa, 1270; Mejillones, 371, 
373, 374, 375, 377; Monastir, 1267, 1268; Pa-
nama, 418; Plenty, 1453, 1454 

Beach: Gold, 484; Hall, 1219 
Bear, polar (Ursus maritimus), 73, 77, 1164, 1232, 

1233, 1235, 1236 
Bedform, 299 
Bedload parting, 806–807, 1006 
Benthic processes, 5, 16, 743–755, 761 
Benthos, 136, 137, 244, 245, 363, 365, 367, 368, 

374, 417, 423, 452, 465, 475, 477, 478, 483, 557, 
575, 576–578, 608–609, 745, 761, 1013, 1014, 
1043, 1130, 1131, 1153–1159, 1233, 1405, 1459, 
1475, 1476, 1481 

Bight: Delagoa, 790, 792, 793, 794, 797, 798, 802; 
Georgia, 173; German, 1055, 1056, 1061, 
1063; Great Australian, 111, 1419, 1425,  
1426, 1429, 1432, 1433; Karamea, 1465; Mid-
dle Atlantic, 8, 17, 18, 119, 122, 124–125, 126, 
135, 136, 137, 138, 155–157, 200, 270, 71,  

1237; Mississippi River, 176, 198, 199; Natal, 
13, 786, 788, 801, 803–812, 814, 823; New 
York, 120, 122, 126, 127, 128, 138, 155; Pa-
nama, 32, 395; Porcupine Sea, 943; South  
Atlantic, 8, 13, 14, 19, 122, 125, 126, 135,  
172–173, 176, 180, 181, 189, 190, 196, 199,  
200, 201, 270, 272, 274; South Brazil, 10, 14, 
19, 260, 261, 262, 264, 265, 266, 269, 270, 271, 
272, 273, 274, 275, 276, 277, 279, 280, 281, 282, 
283, 285; Southern California, 25, 27, 35, 442, 
450, 451, 452, 453, 455, 457, 459, 463, 466, 467, 
477, 484, 487; Southern, 1056; Taranaki, 1465, 
1469 

Biodiversity, 68, 93, 260, 277, 280, 316, 319, 366, 
369, 392, 417, 423, 424, 513, 693, 696, 713, 714, 
980, 988, 991, 1140, 1149, 1153, 1156, 1167, 
1308, 1373, 1408, 1413, 1481 

Biogeochemical: cycle, 392, 445, 567, 920; model, 
1362; processes, 6, 7, 17, 22, 402 

Biomarker, 565, 567, 1126. See also Tracer 
Bioturbation, 51, 137, 362, 363, 374, 414, 415, 481, 

1258 
Bivalve, 245, 467, 513, 576, 608, 609, 979, 1098, 

1150, 1131, 1153, 1156, 1157, 1164, 1167, 1169, 
1196, 1233, 1307, 1412, 1459. See also Clam; 
Mussel; Oyster; Scallop 

Abra lioica, 280 
Arca glacialis, 1156 
Arctinula greenlandica, 1131 
Argopecten purpuratus, 373 
Astarte crenata, 1156, 1157, 1169 
Astartidae, 1154 
Aulacomya ater, 373 
Carditamera micella, 280 
Ciliatocardium ciliatum, 1154, 1156, 1157 
Gari solida, 373 
Macoma: calcarea, 1156, 1157; fusca, 1157 
Mactra isabelleana, 280 
Mya truncata, 1156 
Nemocardium, 1459 
Nuculana pernula, 1156 
pelecypod, 761, 1261 
Periploma ovata, 280 
Pitar rostratus, 276 
Portlandia: aestuariorum, 1156, 1157; arctica, 

1156, 1157 
Semele solida, 373 
Serripes groenlandicus, 1154, 1156, 1157 
Tellina petitiana, 276 
Tridonta borealis, 1156, 1157 

Bloom, autumn, 90, 106, 114, 541, 569, 896, 960, 
1007, 1008, 1022, 1052, 1059, 1079, 1095,  
1306 

Bloom, coccolithophore, 49, 143, 1054, 1189, 1354, 
1401 

Bloom collapse, 1463, 1464 
Bloom, cyanobacteria, 1048, 1059, 1399 
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Bloom, diatom, 48, 49, 89, 90, 114, 537, 737, 758, 
842, 844, 845, 1007, 1009, 1013, 1052, 1053, 
1399, 1422 

Bloom, dinoflagellate, 90, 461, 748, 1015 
Bloom, Harmful Algal (HAB), 49, 204, 370, 372, 

460, 475, 711, 1055, 1058 
Bloom, ice-edge, 1515 
Bloom, phytoplankton, 8, 97, 144, 474, 479, 481, 

734, 837, 845, 846, 893, 903, 962, 1023, 1190, 
1233, 1292, 1352–1354, 1357–1359, 1402, 1407, 
1433 

Bloom, spring, 10, 37, 44, 49, 69, 90, 106, 107, 114, 
145, 146–148, 153, 458, 512, 513, 523, 540, 541, 
568, 569, 570, 600, 601, 371, 648, 819, 886, 889, 
890, 896, 960, 966, 970, 1007, 1008, 1019, 1022, 
1042, 1048, 1049, 1052–1057, 1059, 1078, 1079, 
1081, 1083, 1087, 1088, 1089, 1095–1097, 1101, 
1191, 1192, 1196, 1200, 1201, 1307, 1401, 1432, 
1458, 1459, 1463, 1464, 1504, 1514 

Bloom, Trichodesmium, 18, 274, 728, 758 
Bloom, winter, 149, 150–151, 154, 963, 970, 1296, 

1306, 1307 
Bloom, zooplankton, 481, 1353 
Booby, 418 
Bottom trawling, 423 
Bottom-up control, 92, 109, 276, 618, 620, 855, 

1180, 1191, 1200, 1201, 1203, 1237, 1354, 1401 
Brine, 1395, 1396 
Brittle star, 609, 1131; Amphiura complanata, 276; 

Amphiura rosae, 276; Ophiocten sericeum, 
1131, 1156, 1157; Ophiopholis aculeata, 1157; 
Ophiopleura borealis, 1156, 1157; Ophiura 
sarsi, 1131 

Bryozoan, 278, 319, 416, 1261, 1267, 1430, 1432, 
1433, 1481; Celleporina, 1481; Cinctipora ele-
gans, 1481; Hippomenella vellicata, 1481 

Bump, Charleston, 171 
Cabo: Frio, 262, 264, 270, 272, 275, 279; Pulmo, 

418; San Lucas, 442; São Tome, 262 
Cadmium, 1126, 1127, 1159, 1236 
Calcification, 713 
Calcite, 363 
Canal, Suez, 94, 1394 
Canyon: Almirante Brown, 301; Ameghino, 301; 

Bahía Blanca, 301; Barrow, 64, 70; Bering, 
1194; Bio-Bio River, 376, 377; Cap Breton, 
939, 943; Colorado, 301; Cook Strait, 1465; 
De Soto, 172, 173, 184, 245; Herald, 64; Hud-
son, 122, 136; Kugmallit, 70; Mackenzie, 70; 
Mar del Plata, 301; Nazaré, 880, 897, 898; 
Negro, 301; Patagonia, 301; Río de la Plata, 
301; submarine, 44, 45, 454, 472, 474, 880, 
936, 939, 1257, 1476, 1477 

Cape: Agulhas, 813, 819, 836, 838, 843, 847; 
Barbas, 893; Basin, 836; Blanc, 880, 884, 885–
887, 892–895, 911; Blanco, 442, 450, 451, 455–
456; Bojador, 892, 895; Breton, 938; Brett, 

1463; Canaveral, 172, 179; Carbon, 1261, 
1262; Carvoeiro, 912; Catoche, 236; Cod, 122, 
137, 141, 143; Columbine, 836, 838, 843, 847, 
849; Corveiro, 887, 888, 892; Darnley, 1504; 
Dra, 888; East, 1453, 1454; Egmont, 1465, 
1466; Farewell, 131, 1465, 1466; Fear, 171, 
189; Ferret, 938, 951; Finisterre, 884–886, 896, 
935, 937, 938, 941, 943, 951, 954; Foulwind, 
1465; Frio, 836, 847; Guir, 880, 885, 887, 892, 
893, 895, 899, 900, 906; Hatteras, 8, 119–120, 
122, 124–125, 126, 134–135, 137, 138, 155–156, 
158, 171, 173, 179, 196; Horn, 22, 297; Juby, 
885, 892, 895, 903; Leeuwin, 1415, 1421; 
Lookout, 171, 189; Manazuru, 535, 536, 537; 
Mendocino, 442, 467; Misaki, 535, 536; 
Navarin, 1177; Newenham, 1195; Nord, 1151; 
North West, 1415, 1417, 1434; Nouakchott, 
887, 888, 892; of Good Hope, 836; Ortegal, 
935, 938, 941, 943, 951, 952, 954; Palmas, 868; 
Peñas, 885, 938, 954, 961, 962, 965; Peninsula, 
837, 838, 850; Point, 813, 819; Reinga, 112, 
1454, 1456; St. Lucia, 807; San Antonio, 319; 
San Blas, 184; São Vicente, 884; Shiono-
misaki, 533; Sim, 887, 892, 893; Terpeniya, 
559; Three Points, 867; Timiris, 887, 888, 892; 
Town, 783, 812, 813, 814, 835, 836, 838, 843, 
847, 850; Verde, 974; Vert, 884, 895, 906; 
Zhelaniya, 1141, 1142 

Capo Passero, 1313 
Carbon, 468, 570, 761; budget, 204, 372; cycle, 17, 

567, 1183; demand, 730; flux, 395, 567, 665, 
666, 714, 899, 904, 920, 1016, 1018, 1304, 1305; 
uptake, 969 

Carbon dioxide, 350, 371; atmospheric, 17, 23, 51–
52, 109, 713, 763, 764, 766, 895; flux, 349, 375, 
399, 402; source/sink, 17, 50, 52, 402, 

896–897, 1288, 1319. See also Anthropogenic 
CO2 

Carbon, inorganic, 204, 897; dissolved, 663, 664; 
particulate, 314 

Carbon, organic, 126, 174, 204, 230, 237, 363, 370, 
409, 413–414, 415–416, 656, 692, 706–709, 744, 
745, 750, 759, 760, 891, 893, 898, 900, 902, 904, 
920, 1012, 1019, 1021, 1043, 1044, 1059, 1123, 
1126, 1131, 1258, 1259, 1266, 1268, 1269, 1292, 
1428, 1476; dissolved (DOC), 196, 198, 314, 
742–743, 1127, 1343; particulate (POC), 16, 
245, 246, 314, 354, 402, 665, 895, 899, 1343; to-
tal (TOC), 599, 1261, 1262, 1343 

Carbonate, 173–174, 229–230, 235, 261–262, 363, 
408, 409, 413, 414, 567, 690–692, 742, 759, 760, 
1147, 1261, 1268, 1350, 1376, 1417, 1430, 1431, 
1432, 1433; biogenic, 16; calcium, 740, 741, 
1416, 1435 

Cephalopod, 417, 424, 614, 622, 623, 624, 937, 979, 
981, 983, 984, 1307. See also Cuttlefish; Octo-
pus; Squid 
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Cerium, 755 
Cetacean, 200, 1496, 1512. See also Dolphin; 

Porpoise; Whale 
Chaetognath, 48, 268, 276, 277, 278, 350, 351, 462, 

478, 581, 585, 602, 606, 748, 841, 854, 1089, 
1130, 1149, 1150, 1151, 1152, 1233, 1464, 1520 

Eukrohnia hamata, 573 
Parasagitta elegans, 514, 573, 574, 602, 603, 605, 

607 
Sagitta, 514, 605; decipiens, 462; elegans, 1081, 

1163; enflata, 272; friderici, 272; scrippsae, 
462; setosa, 1354; tasmanica, 279; tenuis, 279 

Serratosagitta tasmanica, 1459 
Channel: Bristol, 86, 1020; Bungo, 530, 537, 541, 

542; Byam Martin, 1214, 1226; Bykovskaya, 
1128; Capricorn, 1428; English, 962, 989, 
1003, 1004, 1005, 1009, 1010, 1012, 1013, 1014, 
1035, 1036, 1469; Faroe Bank, 1087; Florida, 
171; Great South, 120, 140, 155; Hawk, 230; 
Hudson, 122; Kennedy, 1221; Kii, 530, 533, 
534, 541; Laurentian, 119–120, 122, 124, 127, 
139; Luzon, 662; Malta, 1280; M’Clintock, 
1214; Mozambique, 12, 13, 16, 783–802, 803, 
822, 823; North, 1004, 1015; Northeast, 119–
120, 122, 124, 127, 129, 131–132, 139, 141–142, 
144, 147, 148, 151; Queens, 1219; St. Georges, 
1004, 1005; Sardinia, 1267; Sicily, 1308, 1312–
1313; Stolpe, 1034; Trofimovskaya, 1128; 
Wellington, 1221; Yucatan, 179, 227, 244 

Chlorophyll, 147, 340, 371, 397–401, 405, 406, 407, 
410, 411, 460, 486, 537, 539, 540, 600, 601, 619, 
412, 647, 704, 795, 839, 844, 848, 849, 883, 900, 
1053, 1200, 1423–1425, 1504, 1505, 1513, 
1516–1519 

Chlorophyll-a, 341–347, 348, 349, 353, 354, 374, 
643, 648, 654, 655, 705, 737, 797, 801, 1129, 
1294, 1295, 1298, 1300, 1302–1304, 1306, 1307, 
1462 

Chlorophyll: concentration, 134; surface (SCC), 
133, 456, 847 

Chlorophyll maximum, 1023, 1256; deep (DCM), 
10, 405, 410, 901, 902, 1309, 1399, 1403, 1405, 
1407; deep layer (DCML), 270, 271, 272, 273, 
274, 275, 282, 283, 285; subsurface, 599, 1296, 
1297, 1299, 1301 

Ciliate, 272, 1054, 1059 
Ciliophora: Euplotes, 1168; infusorian, 1168, 1169; 

Mesodinium, 371 
Circulation, 377, 394, 395, 397, 398, 400, 402, 404, 

406, 410, 415, 442, 445, 448, 470, 474, 511, 638, 
639, 745, 755, 784–786, 792, 804, 809, 838, 947, 
1004, 1186; anticyclonic, 936, 944, 1282, 1340; 
anti-estuarine, 1393; atmospheric, 557, 559, 
581–582, 787–788, 918, 939, 1114, 1123, 1124, 
1141, 1378; buoyancy-driven, 1356; circumpo-
lar, 1494; coastal, 533–534, 730, 1408, 1505; 
cross-shelf, 1431; cyclonic, 94, 590, 700, 1036, 

1281, 1282, 1317, 1319, 1337, 1338, 1345, 1387; 
deep-sea, 788; estuarine, 86, 453, 1037, 1038, 
1051, 1280; general, 1270, 1271, 1273, 1289, 
1290, 1293, 1312, 1319, 1386, 1387, 1390, 1392, 
1470, 1503, 1504; geostrophic, 396, 400; gyre, 
1013, 1185; horizontal, 85, 1359, 1394; inter-
nal, 1038; Langmuir, 367; meridional, 1271; 
mesoscale, 87, 1270, 1274; monsoon, 1384; 
near-surface, 1220, 1221; shelf, 4, 8, 797, 798, 
803, 807, 810–812, 818, 957; sub-basin, 86, 87, 
1231, 1232, 1270–1274; sub-surface, 679, 680; 
surface, 68, 75, 77, 105, 589–590, 679, 680, 
725, 726, 756, 821, 1116, 1274, 1279; Sver-
drup, 516–517; thermohaline, 86, 87, 95, 543, 
837, 1115, 1222, 1237, 1270, 1271, 1274, 1290, 
1292, 1395; tidal, 309, 311; upper layer, 1338–
1340; water, 556–559, 563, 582, 583; wind-
driven, 111, 1417 

Cladoceran, 318, 1082, 1089, 1149, 1152, 1165, 
1464; Evadne nordmanni, 1081, 1458; Penilia 
avirostris, 272, 279, 1458; Pleopsis poly-
phemoides, 1458; Podon leuckarti, 513, 1081 

Clam, 417, 1314; Chamelea gallina, 1315; Macoma 
calcarea, 1156; Serripes groenlandicus, 1156; 
Tridonta borealis, 1156 

Climate change, 63, 78, 114, 158, 445, 516, 596–
597, 709, 712–714, 912, 920, 980, 1023, 1064, 
1069, 1103, 1180, 1190, 1193, 1194, 1236, 1237 

Cnidarian, 274, 277, 278, 285. See also Anemone; 
Coral; Hydrozoan; Jellyfish; Octocoral; Si-
phonophore 

Coast: 
Africa: northwest, 32, 35, 36, 50, 879–882, 884, 

886–888, 892–894, 897, 898, 900, 901, 904, 906, 
908, 920; southeast, 783 

Angola, 835, 838, 840, 850, 852, 867 
Antarctica, 75 
Argentina, 14, 304 
Australia, 11, 15, 105, 112, 113, 677, 685, 1455 
Bahrain, 97, 1386, 1410 
Baja California, 424, 449, 458, 461, 484 
Bangladesh, 726 
Belize, 240 
Brazil, 299, 852, 853 
Canada, 24, 35; British Columbia, 459, 461, 485; 

Newfoundland, 148 
Chile, 24, 35, 39, 43, 50, 51, 53, 330–331, 334–

338, 340, 342–347, 349–363, 366–369, 371–372, 
376, 417 

China, 639 
Colombia, 25, 32, 372 
Congo, 867, 869 
Costa Rica, 242 
Côte d’Ivoire, 866–873 
Ecuador, 25, 32, 35, 330, 331, 333, 340 
Egypt, 1306 
Emirate, 94, 1387, 1390, 1408 
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Coast (continued) 
England, 1015, 1056 
France, 935, 936, 939, 940, 949, 956, 973, 1005, 

1011 
Gabon, 867 
Ghana, 866–873 
Greenland, 67, 124, 1230 
Guiana, 249 
Iceland, 24, 28, 35, 43, 44, 46, 50 
India, 12, 96, 98, 99, 724, 726, 727, 745–748, 750, 

755–757, 762–764, 766, 769, 770 
Indonesia, 726 
Iran, 94, 96, 1387, 1391, 1397, 1410 
Iraq, 1376 
Ireland, 1014, 1015, 1016 
Israel, 86, 1248, 1249, 1257, 1293, 1319 
Italy, 1282, 1287, 1314, 1315 
Japan, 10, 11, 511, 515, 516, 529, 532, 534, 537, 

544, 583, 609, 611 
Kenya, 12, 16, 96, 727–730 
Korea, 607, 611 
Kuwait, 97, 1376, 1386, 1387 
Liberia, 867 
Libya, 1247, 1308 
Malaysia, 726 
Mauritania, 887, 895, 906, 907, 910, 911, 913 
México, 170, 407, 425 
Morocco, 888, 893, 899, 907, 910–911, 912, 913, 

1247 
Mozambique, 791, 794, 796, 800 
Myanmar, 726, 763, 765 
Namibia, 51, 835, 838, 840 
Netherlands, 1056 
New Guinea, 684, 685, 689 
Nigeria, 867 
Norway, 28, 35, 43, 44, 50, 84, 1036, 1037, 1048, 

1049, 1057, 1069, 1160 
Oman, 11, 94, 95, 97, 98, 727, 731, 734, 736, 737, 

738, 739, 742, 744–745, 746, 755, 756, 764, 766, 
1374, 1378, 1390, 1391 

Pakistan, 726, 745, 746, 755 
Panama, 45 
Patagonia, 263, 297, 303, 304, 309, 319 
Perú, 32, 35, 39, 41, 51, 330–373, 417 
Phillipines, 529 
Portugal, 884, 896, 897, 908, 911, 912, 913 
Puerto Rico, 236, 240, 250 
Qatar, 97 
Russia, 589, 590, 608 
Saudi Arabia, 94, 97, 726, 770, 1387, 1408, 1410 
Scotland, 1003, 1004, 1055 
Senegal, 906, 907, 910, 913 
Siberia, 549 
Somalia, 11, 95, 98, 99, 723, 726, 727, 730, 731, 

733, 734, 737, 738, 739, 741, 742, 743, 746, 756, 
770, 1378, 1391 

South Africa, 16, 44, 51, 785, 800, 835, 857 

Spain, 884, 908, 912, 913, 935, 936, 949, 964, 966, 
990, 1249 

Sumatra, 762, 763 
Suriname, 249 
Sweden, 1048, 1049, 1057 
Syria, 1248 
Taiwan, 529 
Tanzania, 16 
Thailand, 726 
Trinidad, 239 
Tunisia, 1300, 1308 
Turkey, 1285, 1347 
United Kingdom, 1020 
United States: Alabama, 170, 172; Alaska, 24, 

35, 50; California, 357, 449, 459, 461, 463, 484, 
486; Florida, 170, 171, 173, 176, 178, 201, 240; 
Georgia, 170, 171, 176, 178; Louisiana, 170, 
172, 236; Mississippi, 170, 172; New Jersey, 
122, 127, 136; North Carolina, 170, 176, 178, 
200; Oregon, 461, 474, 478, 484, 485; South 
Carolina, 170, 176; Texas, 170, 202, 205, 236; 
Virginia, 200; Washington, 461 

Uruguay, 299, 304 
Vietnam, 104, 108, 659, 700, 704 
Yemen, 11, 95, 727, 731, 733, 743, 744, 745, 747, 

1374, 1378, 1391, 1407 
Cobalt, 1040, 1159 
Coccolith, 1007, 1349. See also Algae, coccolitho-

phore 
Coelenterata, 609, 1149, 1150, 1152, 1399. See also 

Cnidarian; Ctenophore 
Conch, 247; queen Strombus gigas, 249 
Concurrent: East Sakhalin, 555; Northern Ok-

hotsk, 555 
Cone, Tugela, 806 
Continuous Plankton Recorder (CPR), 132, 1064, 

1066, 1068 
Continuous Underway Fish Egg Sampler 

(CUFES), 463–464 
Convection, 1038, 1391; vertical, 942, 944; winter, 

8, 9, 11, 22, 27, 28, 49, 142, 736, 738, 768, 770, 
1040, 1047, 1049 

Convective overturning, 1004, 1344, 1346, 1512 
Convergence, 296, 297, 448, 473, 474–477, 490, 

557, 1285, 1340; horizontal, 942; Subtropical, 
262, 263, 784, 787 

Copepod, 48, 97, 143, 153, 158, 197, 268, 273, 276, 
277, 282, 285, 318, 350, 351, 352, 354, 361, 405, 
407, 462, 476, 478, 514, 522, 540, 541, 585, 602, 
605, 606, 697, 748, 817, 843, 854, 870, 964, 972, 
983, 1013, 1043, 1054, 1081, 1082, 1085, 1086, 
1129, 1130, 1149, 1152, 1165, 1197, 1202, 1233, 
1234, 1310, 1358, 1399, 1404, 1405, 1433, 1458, 
1459, 1464, 1468, 1520 

Acartia, 967, 1054, 1090, 1129, 1459, 1464; 
clausi, 573, 968, 969; ensifera, 1468, 1473; gi-
esbrechti, 268; hudsonica, 513; lilljeborgi, 278; 
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longiremis, 461, 486, 513, 573, 574, 1081, 
1089, 1090, 1130; tumida, 573 

Bradydius pacificus, 573, 574 
calanoid, 49, 573, 841, 844, 1068, 1129 
Calanoides, 1459; carinatus, 48, 272, 273, 739, 

742, 841, 845, 846, 1468; philippiensis, 697 
Calanus, 67, 1053, 1090, 1130, 1404, 1459; aus-

tralis, 1459, 1479; chilensis, 351, 352, 354; fin-
marchicus, 132, 149, 1054, 1078, 1079, 1081, 
1082, 1083, 1089, 1090, 1093, 1097–1099, 
1100–1101, 1102, 1150, 1151, 1152, 1163; gla-
cialis, 514, 573, 574, 603, 1081, 1150, 1152, 
1235; helgolandicus, 967, 968, 1097; hyper-
boreus, 1081, 1152, 1235; marshallae, 461, 
486, 1190; pacificus, 461, 485, 603; propin-
quus, 279 

Calocalanus, 272, 1459, 1474, 1475 
Candacia, 1459; columbiae, 573 
Centropages, 49, 1054, 1459, 1464; brachiatus, 

351; hamatus, 1081; memurrichi, 513 
Clausocalanus, 273, 486, 1459; furcatus, 272; 

jobei, 1468 
Corycaeus, 272, 1459; amazonicus, 268 
Ctenocalanus, 486; vanus, 272, 273 
cyclopoid, 353, 1129 
Drepanopus bungei, 1129, 1130, 1152 
Eucalanus, 407, 462, 1459; bungii, 513, 514, 573, 

574; subtenuis, 739, 742 
Euchaeta, 1098 
Eurytemora, 573 
Euterpina, 1459; acutifrons, 1479 
Gladioferens, 1459 
harpacticoid, 202, 573, 990, 1129 
Heterorhabdus tanneri, 573 
Labidocera, 1459 
Lucicutia, 272, 1459 
Macrosetella gracilis, 1404 
Mecynocera, 1459; clausi, 272 
Mesocalanus, 1459 
Metridia, 1097, 1098, 1459; longa, 1081, 1235; 

lucens, 132; okhotensis, 573, 574; pacifica, 
461, 485, 514, 573, 574, 603 

Microcalanus, 1097, 1098, 1102 
Neocalanus, 1459; cristatus, 514, 573, 574, 602, 

603, 605; flemingeri, 602; plumchrus, 513, 514, 
573, 574, 576, 602, 603; tonsus, 1479 

Oithona, 273, 1081, 1090, 1097, 1098, 1102, 
1459; hebes, 272; nana, 1354; setigera, 272; 
similis, 513, 514, 574, 603, 1150, 1468, 1475 

Oncea, 273; borealis, 603 
Paracalanus, 273, 1459, 1464, 1474; crassirostris, 

278; indicus, 1468; parvus, 461, 486, 603 
Pareuchaeta japonica, 573 
Pleuromamma, 1459; borealis, 461; indica, 753, 

1405; scutullata, 573 
poecilostomatoid, 1129 
Pontella, 1459 

Pseudocalanus, 1054, 1081, 1090, 1098, 1102, 
1234; acuspes, 1235; major, 1130; mimus, 461, 
486; minutus, 513, 514, 573, 574, 603, 1150 

Racovitzanus antarcticus, 573 
Rhincalanus nastutus, 697, 1404, 1405 
Subeucalanus, 1459 
Temora, 49, 273, 1054, 1090, 1459, 1464; longi-

cornis, 1081, 1089, 1090; stylifera, 969, 987 
Tortanus discaudatus, 513 

Copper, 1127, 1128, 1159, 1456 
Coral, 1267, 1376, 1434. See also Reef, coral 

Acropora, 1414; cervicornis, 240, 241; palmata, 
240, 241; proliferata, 241 

Agaricia agaricites, 240–241 
alcyonarian, 241 
black, 417 
Diploria, 241 
Favia leptophylla, 278 
Millepora: alcicornis, 241; braziliensis, 278; 

nitida, 278 
gorgonian, 241 
Montastrea annularis, 240, 241 
Mussismilia braziliensis, 278 
polyp, 577 
Pocillopora, 416 
Porites, 240, 241, 416; branneri, 278; compressa, 

1414 
scleractinian, 696, 1414 
Siderastrea: siderea, 241; stellata, 278 

Coral bleaching, 97, 114, 241, 712, 1413 
Coriolis parameter, 27–28, 29, 299, 469, 700, 1222, 

1225, 1250, 1287, 1289 
Countercurrent: Equatorial, 689, 690; Equatorial, 

North (NECC), 6, 234, 243, 260, 263, 396–
399, 403, 404, 406, 681; Equatorial, South 
(SECC), 727, 725, 727, 836; Istrian Coastal, 
1282; Kuroshio, 541, 544; Perú-Chile 
(PCCC), 338, 339; Portugal Coastal, 882, 
884–886, 889, 893; Subtropical, 529, 530 

Crab, 277, 372, 417, 576, 982, 1194, 1199 
blue, 199 
Cancer: porteri, 373; setosus, 373 
Chaceon ramosae, 282 
Dungeness, 484 
galatheid, 353, 467; Munida gregaria, 1479, 

1480, 1481 
Geryon quinquedens, 282 
hermit, 983 
portunid, 988, 1318; Portunus spinicarpus, 275, 

276, 280 
Platyxanthus orbignyi, 373 
Porcellanidae, 375, 1479 
tanner (Chionoecetes bairdi), 1179 

Creek, Fresh Water, 1217, 1218 
Crustacean, 113, 277, 318, 352, 354, 417, 423, 478, 

573, 761, 798, 977, 981, 1100, 1129, 1151,  
1164, 1166, 1178, 1307, 1311, 1313, 1315, 1408;  
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Crustacean (continued) 
 decapod, 375, 695, 1129, 1149, 1481. See also 

Copepod; Crab; Cumacean; Decapod; 
Euphausiid; Lobster; Ostracod; Shrimp 

Ctenophore, 351, 478, 1129, 1149, 1151, 1464 
Beroe: cucumis, 603; ovata, 1354 
Mnemiopsis, 1351, 1352, 1358, 1359; leidyi, 

1333, 1350, 1357, 1362 
Pleurobrachia, 351; pileus, 1458; rhodopis,  

1350 
Cumacean (Diastylidae), 280 
Current. See also Countercurrent; Current, 

coastal; Undercurrent 
African Modified Atlantic Water, 1274, 1278, 

1279 
Agulhas, 7, 12, 13, 16, 22, 27, 783–788, 792, 803–

824, 836, 838, 847, 1393 
Alaska, 28, 37, 43, 45, 47, 50, 483 
Algerian, 87, 1273, 1274, 1277, 1278, 1290, 1297, 

1298, 1300 
alongshore, 448, 463, 472–473, 476 
Amurskoye, 555 
Anadyr, 1187, 1196, 1197 
Angola, 836, 838, 839 
Asia Minor, 1274, 1287 
Atlantic: North, 124, 882, 937, 943, 1079, 1094, 

1144; Norwegian, 1093, 1101, 1142; South, 
836 

Auckland: East (EAUC), 112, 1452, 1455, 1460; 
West (WAUC), 1452 

Australia, East, 6, 11, 14, 111–113, 1414, 1418, 
1421, 1422, 1431, 1432, 1455, 1460 

Azores, 881, 882, 937, 943 
Baffin Land, 124 
Benguela, 22, 24, 27, 29, 31, 32, 34–37, 40, 42, 

44, 46, 47, 50, 51, 354, 770, 813, 822, 835–843, 
845–859, 865 

boundary, 468; baroclinic, 1340; buoyancy, 
1222, 1224, 1230, 1231, 1232. See also Cur-
rent, eastern boundary; Current, western 
boundary 

Brazil (BC), 5, 9, 14, 19, 260, 261, 262, 263, 265, 
266, 269, 270, 271, 272, 295, 305–307, 311, 
319,; North (NBC), 5, 9, 231, 234, 243, 260, 
261, 262, 263, 266, 268 

California, 21, 22, 24, 27, 29, 30, 33, 36, 37, 42, 
44, 46, 47, 50, 51, 54, 338, 341, 343, 355, 367, 
391, 395, 405, 406, 419, 420, 441–452, 454–463, 
465–489, 582, 840, 903 

Canary, 22, 24, 28, 29, 31–33, 37, 42, 44, 46, 47, 
50, 840, 865, 873, 880–882, 884, 887, 894, 900, 
905–912, 914–920 

Cape(s), 1419; East (ECC), 1452, 1455; Horn, 
309, 336, 366 

circumpolar, 1494; Antarctic (ACC), 75, 77, 
305, 307, 1452, 1495, 1497, 1499, 1500, 1503–
1507, 1512, 1516, 1520, 1522; Southern 

Boundary Antarctic (SBACC), 1495, 1497, 
1499, 1500, 1505, 1516–1519 

Cold, Liman, 101, 588, 590, 605 
Colombia, 32 
Corsica: Eastern (ECC), 1274, 1275; Western 

(WCC), 1274, 1275 
Costa Rica, 406, 419 
cross-shelf, 898 
cross-shore, 463 
Davidson, 395 
Dongsha, 638 
D’Urville (DC), 1452 
eastern boundary (EBC), 21–55, 330, 343, 344, 

371, 372, 442, 446, 489, 835, 836, 840, 850, 858, 
880, 1178 

Equatorial, 371; North (NEC), 6, 11, 230, 395–
397, 403, 406, 417, 419, 681; South (SEC), 5, 
7, 9, 11, 12, 95, 111, 260, 262, 263, 305, 396, 
397, 405, 724, 727, 784, 785, 799, 1418 

Falkland. See Current, Malvinas 
Florida, 5, 179, 202 
frontal jet, 837, 843, 847, 857 
geostrophic, 459, 470, 472 
Gibraltar-Atlantic, 1270, 1272, 1273, 1274, 1277, 

1278 
Greenland: East, 1079; West, 124, 125, 1221 
Guiana, 229, 242, 245 
Guinea, 865, 868, 871 
Guyana, 234, 243 
Humboldt, 330, 366, 770, 838, 840, 850 
Icelandic, East, 1079 
Irminger, 1083, 1085 
Japan, 483 
Java (JC), 725 
Kamchatka: East, 6, 10, 583; West, 101, 555, 

556, 557, 558, 559 
Kurile-Kamchatka, 513, 515, 558, 559, 583, 

1185, 1186 
Kuroshio, 6, 10, 11, 19, 103, 107–109, 515, 529–

537, 539–541, 543–544, 588, 616, 617, 620, 621, 
638, 651–653, 655, 656, 665–667, 814 

Kuroshio-Oyashio, 512, 515–519, 522, 534, 543, 
544 

Labrador, 5, 8, 18, 120, 122, 124, 125, 126–127, 
130, 131, 138 

Leeuwin, 111, 114, 1413, 1419, 1421, 1432–1434, 
1437 

Levantine, 1284; Southern, 1274 
Liguro-Provencal-Catalan (LPC), 87, 1274–

1276, 1287, 1294, 1296, 1309, 1310 
Loop, 5, 8, 14, 179–180, 181, 183, 184, 185, 191, 

194, 198, 200, 231, 236, 244 
Madagascar, East, 7, 12, 13, 784–786, 799–802, 

823 
Magellan, 5, 18 
Malvinas, 5, 9, 10, 18, 263, 295, 305, 307, 308, 

311, 318–321 
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Mexican, 395, 419 
Middle, 555 
Mindanao, 6, 681 
Monsoon: Northeast (NMC), 7, 12, 96, 725, 755; 

Southwest (SMC), 7, 725 
Mozambique, 12, 785, 786, 790, 822 
Navidad. See Water, Atlantic, North 
Okhotsk, Northern, 555 
Oyashio, 6, 10, 511, 515, 516, 517, 523, 532, 543, 

585–586, 588 
Pacific, North, 461 
Patagonian, 304, 307, 318, 319 
Penzhinskoye, 555 
Perú-Chile, 22, 24, 27, 29, 30, 34, 37, 42, 44, 46, 

50, 330, 336, 340, 344, 357, 368, 371, 373, 397, 
474, 483, 887 

poleward, 791, 792, 948, 950, 951, 952, 954 
Portugal (PC), 881, 882, 886, 897 
Rim, 88, 89, 1338–1341, 1347, 1356 
Sakhalin, East, 101, 555, 556, 557, 559 
shelf, 124, 1078 
slope, 22, 936, 944, 946, 947, 949, 950, 952, 974, 

1016–1018, 1186, 1277, 1283–1285, 1289–1291, 
1293, 1319; Aleutian North (ANSC), 1186, 
1194; Bering, 1178, 1186, 1195; Egyptian, 88 

Somali (SC), 7, 11, 15, 95, 96, 98, 725, 727, 730, 
731, 734, 735, 736, 785, 1392 

Southland, 112, 113, 1455, 1476, 1477, 1478, 1479 
Soya, 101, 553, 554–555, 556, 558, 559 
surface, 11, 726, 944, 949, 955, 1078, 1142; 

alongshore, 449; geostrophic, 463, 1419; 
poleward, 449 

tidal, 38, 94, 142, 143, 178–179, 309, 454, 558, 
794, 936, 949, 955, 956, 962, 1004, 1005, 1008, 
1019, 1022, 1036, 1040, 1049, 1087, 1102, 1187, 
1193, 1225, 1386, 1387, 1417, 1465 

Tsushima, 103, 515, 517, 589, 595, 597, 599, 605, 
638 

Tyrrhenian, 1274 
Warm, East Korean, 101, 588, 589, 620; South 

China Sea (SCSWC), 638; Soya, 588; Taiwan, 
103, 638, 652, 653; Tsugaru, 10, 515, 516, 517, 
588; Tsushima, 101, 588, 589, 590, 601, 607, 
616, 620, 621; Yellow Sea, 638, 647 

western boundary, 3–19, 111, 169–170, 179–180, 
206, 262, 295, 511, 515, 529, 588, 590, 638, 667, 
686, 730, 755, 785, 788, 802, 803, 814, 1282, 
1418, 1455, 1506 

Westland, 1466 
Yamskoye, 555 
Zeehan, 1432 

Current, coastal, 8, 11, 12, 645, 1004, 1013, 1036, 
1049, 1083, 1085, 1116, 1222, 1223, 1289–1291, 
1303, 1386, 1387, 1419, 1433, 1470 

Adriatic, Western (WACC), 1274, 1282, 1290, 
1301, 1315 

Africa, East (EACC), 7, 12, 15, 725, 727, 766 

Alaska (ACC), 64, 70, 1187, 1194 
Antarctic, 75, 77, 1495, 1497, 1499, 1500, 1516, 

1520, 1521, 1522, 1524 
Bering (BCC), 1187 1197 
Bohai (BCC), 638 
China Sea: East (ECSCC), 638; South 

(SCSCC), 638 
Costa Rica, 395, 397 
India: East (EICC), 7, 12, 96, 725, 755; West 

(WICC), 7, 12, 96, 725, 745, 746 
Korean (KCC), 638 
Louisiana, 186 
Maine: Eastern (EMCC), 134–135, 143, 144; 

Western, 143 
New Guinea, 6, 11 
Norwegian (NCC), 67, 1040, 1041, 1057, 1058, 

1094, 1101 
Oman (OCC), 94, 1390, 1391 
Portugal, 882, 884 
Siberian, 64, 1124 
Yellow Sea (YSCC), 638, 655 

Current speed, 811, 1125 
Cuttlefish, 699, 1307, 1317; Sepia officinalis, 982 
Cyanobacteria, 108, 193, 236, 243, 399, 402, 571, 

695, 1048, 1049, 1053, 1059, 1397, 1403, 1410 
Oscillatoria thiebautii, 243 
Prochlorococcus, 96, 737, 759, 1401, 1402 
Synechococcus, 96, 697, 737, 758, 1401, 1402 
Trichodesmium, 96, 99, 193, 203, 242, 267, 279, 

748, 1403, 1404, 1405, 1422; erythraeum, 194, 
266, 278, 1464. See also Bloom, Trichodes-
mium 

Cyanophyta, 1148; Cyanophyceae, 266, 267, 279; 
Phyllamentous, 274, 278 

Cyclogenesis, 177, 231, 583, 586 
Cyclone, 114, 787, 794, 799, 804, 822, 842, 1413, 

1428, 1429, 1434; Western Cretan, 1274 
Cyclonic: cell, 1338, 1356; cut-off, 1282; recircula-

tion, 884, 887 
Dam, Aswan, 86, 1255, 1269, 1270, 1283, 1306, 

1308, 1318 
DDT, 1069, 1236 
Debris, ice rafted, 564, 566, 1126 
Decapod, 277, 278, 279; Artemesia longinaris, 280; 

Callinectes ornatus, 280; Leurocyclus tubercu-
losus, 276; Litopenaeus schimitti, 280; Pleoti-
cus mulleri, 280 

Decomposition, 481, 749, 1342, 1345, 1350 
Deep: Central, 1154; Northeastern, 1154; Norwe-

gian, 1093, 1094; Siate, 1267; Sigsbee, 227; 
Weber, 677 

Delta, Nile, 86, 88, 89, 1247, 1248, 1255, 1257, 
1269, 1274, 1282–1284, 1306, 1319. See also 
River, Nile 

Denitrification, 18, 23, 25, 26, 50, 51, 91, 99, 136–
137, 203, 236, 242, 338, 339, 372, 415, 416, 649, 
749, 750, 752, 755, 760–762, 763–764, 767, 768,  
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Denitrification (continued) 
 769, 1008, 1040, 1041, 1042, 1045, 1046, 1342, 

1350, 1463, 1469, 1470, 1476 
Density dependence, 359 
Deposition, 1019; atmospheric, 194, 202–203, 266, 

651, 1044, 1045, 1058, 1069, 1319; fish scale, 
487; sediment, 481, 683, 688, 689, 709, 806, 
807, 880, 898, 1040, 1044, 1123, 1124, 1349, 
1463 

Depression: Adélie, 1505, 1513; Danakil, 1384 
Detritivore, 577, 983, 984, 988 
Detritus, 10, 136–137, 244, 362, 622, 623, 663, 983, 

1017, 1018, 1359, 1362 
Devil’s Hole, 1040 
Diagenesis, 481, 743 
Diatom, 48, 69, 89, 98, 106, 108, 137, 144, 149–150, 

174, 190, 191, 193, 243, 267, 271, 272, 273, 274, 
276, 277, 278, 279, 280, 283, 311, 361, 399, 401, 
402, 407, 412–414, 459, 461, 469, 470, 473, 477, 
478, 567–569, 571, 573, 599, 601, 602, 644, 697, 
704, 737, 742, 759, 837, 870, 889, 890, 901, 902, 
961, 1010, 1042, 1054, 1055, 1056, 1059, 1063, 
1087, 1088, 1102, 1127, 1129, 1130, 1147, 1163, 
1165, 1230, 1350, 1354, 1357, 1358, 1403, 1410, 
1429, 1431, 1433, 1435, 1462, 1463, 1472, 1479, 
1517 

Asterionella, 748, 758; kariana, 570 
Bacteriastrum delicatulum, 844 
Bacterosira fragilis, 513, 570 
centric, 1053 
Cerataulina, 272; pelagica, 1458, 1463 
Chaetoceros, 268, 412, 461, 541, 542, 748, 844, 

1079, 1087, 1095, 1458, 1464; affinis, 571, 599; 
atlanticus, 570, 599, 602; compressus, 513, 
570, 571, 695; concavicornis, 599; constrictus, 
513, 570; curvisetus, 599; debilis, 513, 570, 
571, 599; didymus, 571; didymus anglica, 599; 
furculatus, 513, 570; lorenziamus, 599, 695; 
radicans, 513, 570, 571; socialis, 599, 1163; 
subsecundus, 513, 570, 571 

Climacodium biconcavum, 599 
Coscinodiscus, 412, 512, 541, 748; gigas, 844; 

marginatus, 570; oculus, 513; oculus iridus, 
570, 571 

Dactylisolen meditteraneus, 599 
Detonula confervaceae, 570 
Eucampia, 374; zoodiacus, 599 
Flagilaria: islandica, 513, 570; oceanica, 513, 

570; striata, 570 
Guinardia, 272 
Hemiaulus, 272 
Lauderia: annulata, 1458, 1463; borealis, 599 
Leptocylindrus, 268, 272, 374, 542; danicus, 599; 

minimus, 599 
Navicula, 748 
Nitzschia, 737, 748, 758, 1234, 1464; bicapitata, 

412; grunowii, 1163 

Oscillatoria erythraea, 695 
Parafavella pacifica, 599 
pennate, 274, 1234 
Porosira glacialis, 570 
Proboscia, 1095 
Pseudonitzschia, 460, 541, 542, 1095 
records, 564, 566 
Rhizosolenia, 272, 397, 412, 513, 737, 748, 758, 

1087; alata gracillima, 599; calcar avis, 599, 
601, 602; hebetata semispina, 599; setigera, 
571; stolterfothii, 599; styliformis latissima, 
599 

Skeletonema, 412, 541, 542, 1095; atlanticus, 
601; costatum, 268, 277, 599, 601, 602 

Stephanopyxis, 513 
Thalassionema, 513; bacillaris, 412; frauenfeldii, 

695; nitzschioides, 412 
Thalassiosira, 268, 512, 748, 1079, 1087, 1095; 

decipiens, 513, 570; exentrica, 570; gravida, 
513, 570, 571; hyalina, 513, 570; norden-
skioldi, 513, 570, 571 

Thalassiothrix longissima, 512, 513, 570, 571 
Diffusion, vertical, 1359, 1361, 1362 
Dinoflagellate, 48, 89, 108, 150, 193, 272, 278, 459, 

461, 478, 571, 644, 649, 704, 842, 870, 1010, 
1042, 1053, 1054, 1055, 1058, 1059, 1063, 1079, 
1095, 1129, 1350, 1397, 1403, 1430, 1431, 1433, 
1458, 1462, 1464, 1472 

Alexandrium, 460; fundyense, 143; tamarense, 
1055 

Ceratium, 513, 1054, 1063, 1079, 1095; arcticum, 
570; lineatum, 279 

Dinophysis, 1055, 1056, 1095 
Dinophyta, 1147, 1148 
Karenia brevis, 193, 194 
Noctiluca, 541, 695, 748, 1352, 1353, 1357, 1358, 

1359; scintillans, 1055, 1350, 1362 
Peridinium: brevipes, 513, 570; depressum, 513, 

570; pallidum, 513, 570; pellucidum, 513, 570 
Prorocentrum, 1054; micans, 1472, 1473 
Protoperidinium, 1079, 1095 

Dioxin, 1069 
Dispersal, 47, 232 
Dissipation, 309; energy, 310 
Divergence, 296, 448, 469, 470, 490, 1285; Antarc-

tic (AD), 1497, 1503, 1504, 1506, 1507, 1522 
Dolphin, 418, 420, 425, 581; Altantic white-sided 

(Lagenorhynchus acutus), 1164; bottlenose 
(Tursiops truncatus), 425, 1164; common 
(Delphinis delphis), 424, 971; spotted (Sten-
ella attenuata), 424; white-beaked (Lage-
norhynchus albirostris), 1164; white-belly 
spinner (Stenella longirostris), 424 

Dome: Angola, 836, 838, 839; cold, 135; Costa 
Rica (CRD), 27, 395, 396, 397, 398, 399, 403, 
404, 405, 407, 408, 424, 425; thermohaline, 
1336 
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Downwelling, 24, 43, 50, 96, 180, 181–182, 397, 
398, 449, 472, 902, 903, 1272, 1283, 1285, 1293, 
1319, 1395, 1429, 1460, 1462, 1463, 1464, 1465; 
coastal, 1311; intensity, 33, 34; seasonal, 884–
886, 888–893 

Drift, Transpolar, 65, 66, 77 
Dugong, 113 
Dune field, 807, 811 
Eagle, sea, 1069 
Echinoderm, 319, 576, 577, 608, 609, 983, 990, 

1097, 1098, 1129, 1156, 1164, 1459, 1481. See 
also Amphiuroid; Brittle Star; Sea Cucum-
ber; Sea Star; Sea Urchin; Starfish 

Ecosystem, Large Marine (LME), 226, 243, 937, 
1428, 1429 

Eddy, 35, 42, 179–180, 184, 191, 200, 232, 271, 272, 
404, 515, 518; anticyclonic, 36, 37, 111, 126, 
730, 731, 756, 884, 905, 952, 1277, 1284, 1297, 
1339, 1340, 1392, 1395, 1401, 1418; anti-
cyclonic vs. cyclonic, 9, 38, 47, 88, 95, 557, 
558, 561, 562, 563–564, 894, 901–903, 944, 
1276, 1278, 1338, 1356; cyclonic, 8, 13, 787, 
789, 797, 799, 800, 809–811, 819, 895, 905, 839; 
dipole, 38, 47, 87; East Cape (EC), 1452, 
1455; frontal, 10, 135, 531, 533, 543; island, 
880, 885, 894, 901–903, 920; lee, 113, 790, 791, 
793, 798, 802, 807, 811, 812, 813, 819, 1477, 
1478; “meddy,” 943; mesoscale, 11, 12, 16, 23, 
25, 36, 45, 46, 47, 106, 446, 451, 456, 463, 472, 
557, 558, 561, 731, 785, 900, 955, 1277; Mo-
zambique, 784, 786, 792, 793, 797, 802; North 
Cape (NCE), 1452, 1455; offshore, 792, 804, 
811; “reddy,” 1391, 1392; shear edge, 13, 16, 
786, 804, 809, 813, 818; Slope Water Oceanic 
(“Swoddy”), 884, 952; small-scale, 561; Soco-
tra (SE), 725; sub-mesoscale (“peddy”), 94, 
1390; Victoria, 272, 278; Wairarapa (WE), 
1452, 1455; wake, 1430; warm-core, 519, 520, 
522, 523 

Eider, spectacled (Somateria fischeri), 1179 
Ekman: divergence, 42, 478; downwelling, 27–28; 

drift, 187, 189, 265, 360; flow, 1466; layer, 40, 
470, 471, 472, 842, 852, 955, 1017, 1018, 1225, 
1287; pumping, 404, 410, 731, 746, 766, 901, 
943, 1291; transport, 29, 31, 32, 33, 38, 44, 49, 
194, 243, 270, 333, 334, 335, 346, 363, 397, 448, 
449, 469, 470, 471, 472, 476, 478, 482, 558, 700, 
841, 842, 846, 857, 858, 868, 883, 885, 895, 940, 
941, 950, 985, 1222, 1223, 1291; upwelling, 27–
28, 397, 398, 399, 403, 1309; veering, 812; ve-
locity, 941, 1287 

Elasmobranch, 983, 988. See also Shark; Skate; 
Ray 

El Niño/Southern Oscillation (ENSO), 25, 39, 40, 
44, 51, 52, 53, 54, 114, 244, 268, 282, 330, 334, 
335, 345, 346–349, 350, 352, 353–354, 355, 356, 
359, 361, 364, 367, 368, 371, 372, 373, 374, 375, 

392, 395, 398, 400, 401, 402–403, 409, 412, 413, 
414, 415, 418, 419, 420, 421, 423, 424, 425, 442, 
470, 480, 482–483, 484, 486, 487, 489, 680, 700, 
706, 763, 814, 838, 839, 850, 852, 880, 918, 919, 
1183, 1432, 1434, 1438, 1455, 1465, 1478, 1483. 
See also La Niña 

Entrainment, 12, 37, 47, 134, 185, 679, 902, 1037, 
1038, 1040, 1054, 1124, 1125, 1291, 1335, 1341, 
1359, 1423, 1464; estuarine, 42, 45, 473–474; 
lateral, 473; vertical, 15 

Erosion, coastal, 1055, 1056, 1123, 1126, 1270 
Escarpment: Campeche, 172, 227; Malta, 1267; 

Medina, 1267; West Florida, 183 
Estuary: Adour, 955; Bahía Blanca, 297, 299, 301, 

303, 307, 311, 313, 314, 315; Changjiang, 647, 
652, 653, 654, 655; Gironde, 949, 955; 
Hooghly, 756; Huanghe, 643; Hudson, 121; 
Kolyma, 1117; Loire, 955; Mandovi, 769; Ob, 
1144, 1164; Río de la Plata, 311, 313, 314, 315, 
318; St. Lawrence, 120, 121; Santa Cruz, 314; 
Yenisey, 1144, 1164, 1165. See also River 

Euphasiid, 48, 350, 353, 354, 360, 425, 462, 463, 
464, 475, 476, 477, 478, 485, 513, 514, 574, 576, 
585, 602, 605, 606, 706, 820, 841, 854, 1054, 
1078, 1079, 1082, 1086, 1097, 1098, 1149, 1164, 
1464, 1521. See also Krill 

Calyptopis, 514 
Euphasia: distinguenda, 406; lamelligera, 406; 

mucronata, 352; pacifica, 461, 462, 476, 514, 
573, 574, 602, 603 

Meganyctiphanes norvegica, 1083, 1090, 1097, 
1163 

Nyctiphanes australis, 1459, 1468, 1479, 1480 
Stylocheiron maximum, 1150 
Thysanoessa: inermis, 514, 1083, 1097; inspi-

nata, 514; longicaudata, 1083, 1090; longipes, 
514, 573, 574, 576, 602, 603; macrura, 1520; 
raschii, 514, 573, 574, 576, 1083; spinifera, 
461, 476 

Eutrophication, 84, 89, 92, 204, 236, 370, 425, 711, 
712, 1033, 1039, 1046, 1048, 1064, 1069, 1303, 
1347, 1350, 1422 

Evaporation, 95, 1377, 1378, 1380, 1382, 1384, 
1387, 1389, 1391, 1393 

Exchange: baroclinic, 1038; barotropic, 1038; 
boundary, 392; cross-shelf, 8, 9, 14; shelf-
slope, 8 

Exotic species, 370, 424, 453 
Experiment. See Program / Project 
Extension, Kuroshio, 6, 10, 14, 511, 515–518. See 

also Current; Front 
Facies, 261–262, 301, 303, 595 
Fan: Magdalena, 229; Orinoco deep-sea, 228 
Fast Repetition Rate Fluorometer (FRRF), 1010, 

1012 
Feeder / Feeding: deposit, 276, 983, 1064, 1154–

1156, 1167, 1168, 1169, 1459, 1475; filter, 370,  
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Feeder / Feeding: deposit (continued) 
 372, 479, 855, 983, 988, 1154–1157, 1169; 

suspension, 276, 983, 1059, 1064, 1131, 1413, 
1459, 1476, 1481 

Filament, 35, 42, 343, 344, 962, 1338, 1340; Agul-
has, 813, 818; Cape Blanc, 894, 895, 899; 
Cape Guir, 893, 894, 895, 897, 899, 904, 920; 
Cape Juby, 903, 904, 905; cold-core, 36, 460, 
462; mesoscale, 23, 47, 446, 451, 456, 472, 955; 
upwelling, 47, 880, 885, 886, 893, 894, 897, 
901–904, 920, 1374, 1390, 1391, 1408; warm, 
135 

Fish: 
Agonidae, 581, 1161, 1166 
Ammodytidae, 1161 
anchoveta, 350, 352, 359, 361, 372; Engraulis 

ringens, 355 
anchovy, 16, 40, 49, 54, 92, 109, 352, 356, 357, 

359, 360, 361, 376, 418–419, 420, 452, 463, 464, 
478, 483, 541–543, 544, 611, 613, 615, 699, 818, 
824, 838, 840, 842, 849, 850, 851–852, 853–855, 
856–857, 937, 959, 962, 976, 980, 983, 984, 988, 
990, 1310, 1311, 1312, 1313, 1314, 1316, 1317, 
1352, 1354; Argentine (Engraulis anchoita), 
272, 280, 282, 321; Engraulis, 1311; Engraulis 
encrasicolus, 904, 973, 1307, 1308, 1309, 1311, 
1313, 1315; northern (Engraulis mordax), 
418; Japanese, 581 

anglerfish, 980, 982, 983, 984, 989; Lophius, 
1307, 1309, 1313; Lophius budegassa, 979; 
Lophius gastrophisus, 282; Lophius piscato-
rius, 979 

Apogon americanus, 279 
argentine, Atlantic, 1160 
Ariidae, 249 
Artediellus scaber, 1161, 1162 
Aspidophoroides olriki, 1161 
barracouta (Thyrsites atun), 1480 
bass, 699; sea, 982 
bathylagid (Lipolagus ochotensis), 580 
Bellator brachychir, 280 
Belonidae, 974 
bib, 982; Trisopterus luscus, 979 
billfish, 249, 422 
blue marlin (Makaira nigricans), 420 
blue, 92 
bluefin, 983 
bocuda (Cetengraulis mysticetus), 418 
bogue (Boops boops), 1311, 1313, 1318 
bony (Prionotus quiescence), 417 
bream, sargo (Diplodus), 977 
Bregmacerotidae, 279 
burbot, 1159, 1165, 1166 
capelin, 67, 579, 1079, 1085, 1086, 1100, 1103, 

1140, 1151, 1160, 1163, 1164; Mallotus villo-
sus, 1160, 1163 

Capros aper, 983 

Carangidae, 249, 279, 974 
Careproctus reinhardti, 1162 
catfish (Brachyplatystoma vaillantii), 281 
char, Arctic, 1159, 1160 
chir, 1165 
Chondrichthyan, 283 
Chromis jubauna, 279 
Clupeidae, 249, 279, 904, 972, 1069, 1161, 1312, 

1318 
cod, 54, 110, 141, 153, 578, 580, 1068, 1069, 

1086, 1091, 1092, 1093, 1100, 1101, 1102, 1103, 
1140; Arctic, 71, 72, 1166, 1232, 1233, 1234, 
1235, 1236; Arctic (Eleginus navaga) 1160; 
Atlantic, 1160, 1161; Atlantic (Gadus mor-
hua) 1160, 1164; Icelandic, 1085; Pacific, 
1200, 1202; polar, 1162, 1164, 1166; polar 
(Boreogadus saida) 1160, 1161, 1162, 1163; 
poor (Trisopterus minutus capelanus), 1307, 
1309; saffron, 578 

conger eel, 699, 980, 982; Conger conger, 1309 
Coregonidae, 1161 
Cottidae, 580, 581, 1159, 1161, 1164, 1166 
Cottunculidae, 1161 
Cottunculus sadko, 1162 
croaker, Atlantic, 200 
Cyclopteridae, 579, 1161 
Cyttopsis roseus, 986, 987 
Cynoscion: guatucupa, 282; striatus, 280; guatu-

cupa, 280 
dab (Limanda limanda), 976; long rough, 1086 
dogfish, 983, 988; Scyliorhinus canicula, 983 
dolphinfish, 92; common, 249, 281; common 

(Coryphaena hippurus), 424 
dorado, 422; Coryphaena hippurus, 419 
Engraulidae, 279 
filefish, 109, 612, 613, 614, 615, 616, 618, 621, 

622, 623, 624 
finfish, 247, 478, 982, 1432, 1433 
flatfish, 249, 580, 608, 610, 977, 979, 1086, 1190, 

1235 
flounder: Sakhalin (Limanda sakhalinensis), 

579; arrowtooth, 1190, 1200, 1202; sea (Etro-
pus longimanus), 276 

flyingfish, 424; Hirundichthys affinis, 249 
Gadiculus argenteus, 983 
Gadidae, 581, 608, 1159, 1160, 1161 
geelbek (Atractoscion aequidens), 811 
gempylid, 424 
Gobiidae, 279 
goby, 840 
Gonostomatidae, 279 
grayling, 1165 
groundfish, 578, 580, 608, 610, 979, 980–981, 

989, 1179, 1198, 1199 
grouper, 200, 241, 247, 248, 281; Epinephelus 

striatus, 249 
gurnard, 982; Trigla, 1307, 1313 
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Gymnelus: andersoni, 1161, 1162; esipovi, 1161, 
1162; knipowitschi, 1162 

Gymnocanthus tricuspis, 1162 
haddock, 153, 1085, 1086, 1091, 1092, 1093, 

1103, 1160, 1161, 1164; Melanogrammus ae-
glefinus, 1160, 1164 

Haemulon, 249 
hake, 49, 356, 359, 360, 373, 452, 463, 478, 838, 

849, 937, 980, 981, 982, 983, 984, 988, 989, 
1317; European (Merluccius merluccius) 977, 
978, 1307, 1309, 1311, 1313, 1315; Merluccius 
gayi, 355; Merluccius hubbsi, 276, 282; Mer-
luccius magellanicus, 355; Namibian, 852; 
southern, 370; Pacific, 464 

halfbeak (Hemiramphus), 249 
halibut, 580, 1160, 1164; Greenland, 1085, 1086 
Halichoeres brasiliensis, 279 
herring, 50, 67, 92, 93, 109, 141, 143, 149, 452, 

463, 478, 579, 581, 621, 699, 1085, 1100, 1140, 
1151, 1164, 1170, 1198; Arctic (Clupea pallasii 
suworovi), 1160; Atlantic, 1160, 1161; Atlan-
tic (Clupea harengus), 972, 1160, 1163; Atlan-
tic thread, 249; Norwegian spring spawning, 
1079, 1101; Okhotsk, 584; Pacific thread 
(Ophistonema), 418; Pacific, 609; round 
(Dussumieria acuta), 1318 

hoki, 112; Macruronus novaezelandiae, 1460, 
1470, 1474, 1475 

Holocanthus ciliaris, 279 
huachinango (Lutjanus peru), 422 
Icelus: bicornis, 1162; spatula, 1162 
ide, 1159 
jack, 359, 699; Selar crumenophthalmus, 249 
japonesa (Etreumess teres), 418 
jewfish (Epinephelus itajara), 249 
King weakfish, 282 
Leptagonus decagonus, 1161, 1162 
ling, 982 
Liopsetta glacialis, 1161 
Liparidae, 1161 
Liparididae, 581 
Liparis, 1164; fabricii, 1162; tunicatus, 1161 
Lumpenidae, 1161 
Lumpenus, 1164 
lump-sucker, Cyclopterus lumpus, 1161 
Lycenchelys sarsi, 1162 
Lycodes, 1160, 1164; agnostus, 1162; pallidus, 

1162; polaris, 1161; rossi, 1162; seminudus, 
1162 

mackerel, 92, 452, 463, 536, 618, 350, 370, 801, 937, 
964, 966, 967, 976, 980, 982, 983, 988, 1014, 
1079, 1312; blue jack (Trachurus picturatus), 
974; chub, 282; chub/common (Scomber ja-
ponicus), 282, 355, 359, 418, 608, 611, 613, 
619, 620, 972, 974; horse, 350, 838, 964, 966, 
967, 975, 976, 977, 979, 980, 982, 983, 984, 986, 
989, 1352; horse (Trachurus japonica), 608, 

613; horse (Trachurus trachurus), 905, 974; 
horse, Mediterranean (Trachurus mediterra-
neus), 974; jack, 49, 356, 360, 361, 452, 463, 
464, 536, 544, 1470; jack (Trachurus), 352; 
jack (Trachurus murphyi), 1480; jack (Tra-
churus symmetricus murphi), 355; Scomber, 
352, 1307, 1309, 1311, 1313, 1315; Scomber 
scombrus, 974; Scomberomorus, 249, 282; 
Scomberomorus concolor, 422; Scombero-
morus serra, 422; Trachurus, 1307, 1309, 
1311, 1313, 1315; western, 1021 

Macrodon ancylodon, 282 
marlin, 417; stripped (Tetrapturus audax), 419, 

420 
meagre (Argyrosomus regius), 977 
Megalops atlanticus, 972 
megrim, 980, 981, 982, 989; four-spot (Lepi-

dorhombus boscii), 977, 978; Lepidorhombus 
whiffiagonis, 977, 978 

menhaden, Atlantic (Brevoortia tyrannus), 199–
200 

Microponias furnieri, 280, 282 
Mugilidae, 974, 1309, 1313, 1315, 1318 
muksun, 1165 
mullet, 699; red, 982, 1317; Mullus, 1309, 1311, 

1313, 1315, 1318; Mullus barbatus, 1307; Mul-
lus surmuletus, 1307; Mugil curema, 422; 
northern lisa (Mugil cephalus), 422 

myctophid (lantern fish), 15, 698, 753; Diaphus 
theta, 580; Stenobrachius leucopsarus, 580; 
Stenochrachius nannochir, 580 

Myctophidae, 279, 1161 
Myoxocephalus scorpius, 1161, 1162 
navaga, 1164 
nelma, 1165 
Netuma, 282 
omul, 1165 
Osmeridae, 1161 
Pagrus pagrus, 282 
Paralepididae, 279 
Paralichthys triocellatus, 280 
pelyad, 1165 
Phosichthyidae, 279 
pike, 1159, 1166 
pilchard, 1433, 1434; Sardinops ocellata, 811 
plaice, 609, 1140, 1160, 1164; European (Hip-

poglossoides platessoides limandoides), 1160, 
1164; Pleuronectes platessa, 1160 

Pleuragramma antarcticum, 1520 
Pleuronectidae, 580, 581, 1159, 1160, 1161 
Pleuronectiformes, 279 
pollock, 982, 1160, 1181, 1190, 1194, 1195, 1196, 

1198, 1199, 1200, 1201, 1202; Pollachius 
virens, 1160 

pollock, walleye, 109, 110, 578, 579, 580, 581, 
585, 612, 613, 614, 615, 621, 622, 623, 624; 
Theragra chalcogramma, 608, 610, 1179 
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mackerel (continued) 
pout, Norway, 1091, 1093 
Priacanthus, 249 
Prionotus punctatus, 280 
Psammobatis glandsdissimilis, 280 
Raja agassizi, 280 
Rajidae, 581, 1160, 1161 
redfish, 699, 1085, 1160, 1164; Sebastes marinus 

1160; Sebastes mentella 1160 
reef, 417 
sailfish, Istiophorus platyperus, 419, 420 
saithe, 1085, 1086, 1091, 1093 
salmon, 54, 369, 370, 464, 483, 486, 1069, 1164, 

1190, 1200; Atlantic, 370, 1079, 1159; coho, 
370; Pacific, 580, 1198; pink, 1160; sockeye 
(Onchorhynchus nerka), 1179 

Salmonidae, 50, 452, 463, 1159 
sand-eel, 1069, 1091, 1092, 1093, 1103 
sandfish, 110, 611, 614, 622, 623, 624 
sandlance, 579 
sardine, 49, 54, 92, 93, 109, 110, 350, 352, 356–

358, 359, 360–361, 372, 417, 418–419, 452, 463, 
464, 478, 483, 541–543, 544, 579, 581, 699, 824, 
838, 849, 851, 853–855, 906, 907, 908, 920, 964, 
966, 967, 971, 972, 974, 976, 983, 984, 1311, 
1312, 1315–1317, 1318; Brazilian, 281; Brazil-
ian (Sardinella brasiliensis), 272, 282; Japa-
nese, 515, 584, 616, Monterrey (Sardinops 
sagax caerulea) 418, 419; Pacific (Sardinops 
melanostica), 578, 608, 611, 612, 613, 614, 615, 
618, 620, 621, 622, 623, 624; Sardina, 1311; 
Sardina pilchardus, 904, 905, 909, 973, 1307, 
1308, 1309, 1311, 1313, 1315; Sardinella au-
rita, 54, 874, 905; Sardinops sagax, 355, 842 

sardinella, 249; Sardinella, 907, 1307, 1311, 
1312, 1313, 1318; Sardinella maderensis, 905 

Saurida brasiliensis, 280 
saury, 109, 110, 515, 544, 611, 621, 699; Pacific 

(Colorabis saira), 608, 612, 613, 614, 615, 618, 
620, 622, 623, 624 

scad, 801; Decaotyrys, 249 
Scarus: tripinosus, 279; zelindae, 279 
Sciaenidae, 249 
Scombridae, 478, 974, 975 
sculpin, 580 
sea bream, red, 980 
sea lamprey, 1160 
sea perch, 580 
Seriola rivoliana, 972 
Seriolella brama, 1479 
Serranidae, 279, 281 
seventy-four (Polysteganus undulosis), 811 
shad, 699 
silversides (Atherinidae), 1318 
smoothtongue, northern (Leuroglossus 

schmidti), 579, 580 
 

snapper, 200, 241, 247; Lutjanus, 249; Lutjanus 
analis, 281–282; Lutjanus buccanella, 282; 
Lutjanus vivanus, 282; red, 199, 248; red 
(Lutjanus purpureus), 249, 281, 282 

snipefish: Macrorhamphosus gracilis, 910; 
Macrorhamphosus scolopax, 910 

sole, 937, 982; Senegalese (Solea senegalensis), 
977; Solea, 1309; Solea solea, 979, 1307, 1315; 
wedge (Dicologoglossa cuneata), 977, 981 

Sparidae, 873, 910, 911, 988, 1311, 1313, 1315, 
1318 

Sparisoma amplum, 279 
Sphoeroides pachygaster, 987 
spot, 200 
sprat, 92, 1069, 1352; Strangomera bentinck, 355 
Sprattus: antipodum, 1479; sprattus, 973 
Squalidae, 1161 
squirrel fish, 282 
Stegastes: fusus, 279; pictus, 279; rocasensis, 279; 

variabilis, 279 
Sternoptychidae, 279 
Stichaeidae, 580 
stickleback, nine-spined, 1165 
sturgeon, Siberian (Acipenser baeri stenorhyn-

chus), 1161, 1162, 1164 
swordfish, 249, 356, 361, 417; Xiphias gladius, 

282, 355, 419, 420, 421, 975 
tailor, 1433 
Teleostean, 282 
Tetraodontiform, 424 
Thalassoma noronhanum, 279 
thiof (Epinephelus aeneus), 907 
Totoaba macdonaldi, 425 
Trachinus draco, 988 
Trichiurus lepturus, 280, 282 
triggerfish, 239; Balistes capriscus, 54, 873; Bali-

stes carolinensis, 910–911 
Triglops pingelii, 1162 
Triglopsis quadricornis polaris, 1161, 1162 
trout: rainbow, 370; sea, 1159, 1160 
tugun, 1165 
tuna, 48, 49, 249, 282, 356, 417, 418, 420, 464, 

706, 980, 988, 990, 1308; albacore, 465, 983, 
986, 990; albacore (Thunnus alalunga), 282, 
419, 975; bigeye, Atlantic, 282; bigeye 
(Thunnus obesus), 975; blackfin, 249; bluefin 
(Thunnus thynnus), 419, 975; bonito, 92, 359; 
bonito (Sarda chilensis), 355, 419; bonito, At-
lantic (Sarda sarda), 975; frigate, 282; skip-
jack, 534, 535, 798; skipjack (Euthynnus 
pelamis), 419, 975; skipjack (Katsuwomus pe-
lamis), 282; slender (Allothunus fallai), 1480; 
Thunnus, 282, 355; Thunnus obesus, 282; yel-
lowfin, 420, 425, 798, 1431; yellowfin, Atlan-
tic, 249; yellowfin (Thunnus albacares), 282, 
419 
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turbot, 92; Greenland, 580 
Umbrina canosai, 282 
Urophycis braziliensis, 282 
vendace, 1165 
whitefish, 1140, 1159, 1160, 1162, 1165; Core-

gonus autumnalis, 1161; Coregonus muksun, 
1161; Coregonus nasus, 1161; Coregonus sar-
dinella, 1161; Stenodus leucichthys nelma, 
1161 

whiting, 982, 1160; blue, 977, 979, 983, 984, 989, 
1079, 1091, 1093, 1100, 1160; blue (Microme-
sistius poutassou), 910, 982; Merlangius mer-
langius, 976 

wolf-fish, 1160; Anarhichas denticulatus, 1160, 
1164; Anarhichas lupus, 1160, 1164; 
Anarhichas minor, 1160, 1164 

wrasse, 239 
yellow tail, 536, 537, 538, 544; Seriola quinquer-

adiata, 608, 611 
Zenopsis conchifer, 986, 987 
Zoarcidae, 580, 581, 1159, 1161, 1166 

Fisheries, 14, 15, 48, 141, 154, 158, 199–201, 247, 
260, 280, 320, 321, 352, 355, 369, 370, 372, 392, 
418, 420, 421, 422, 424, 426, 483, 512, 515, 534, 
535, 576, 578–581, 584–585, 609–616, 618, 622, 
698, 798, 824, 853, 866, 867, 872, 873, 880, 882, 
905, 906, 907, 908, 909, 910, 911, 920, 936, 937, 
972, 975, 981, 982, 987, 988, 989, 990, 1003, 
1021, 1068, 1069, 1160, 1178, 1179, 1307–1319, 
1408, 1425, 1432, 1437, 1438, 1460, 1470; 
anchoveta, 356; cod, 139; marlin, 421; reef, 
248; tuna, purse-seine, 425; shrimp, 316, 422 

Fisheries management, 54, 624–625, 823, 982, 1483 
Fjord: Abrosimov, 1168; Stepovogo, 1168 
Flagellate, 150, 190, 196–197, 267, 400, 410, 571, 

961, 1042, 1052, 1054, 1058, 1059, 1063, 1168, 
1169, 1294, 1347, 1354, 1357 

Chrysochromulina: 1054; polylepis, 1058 
Heterosigma akashiwo, 461 

Flocculation, 481 
Flow, 457, 470–471; alongshore, 1470; baroclinic, 

1188; barotropic, 1037, 1224, 1225; buoyancy-
driven, 1223; geostrophic, 37, 44, 47; thermo-
haline, 1231, 1232 

Fluid: mud, 174, 261; vent, 569 
Flux: buoyancy, 1280, 1285, 1289; energy, 309; 

geochemical, 469; particulate, 17, 100, 353 
376, 452, 739, 741, 745, 750, 759, 760, 895; 
thermohaline, 1356 

food web, 13–16, 47–48, 67, 77, 107, 110, 115, 196, 
282, 285, 276, 283, 360, 370, 468, 477–479, 845, 
970, 972, 983, 990, 1008, 1012, 1014, 1044, 
1069, 1086, 1093, 1162–1166, 1182, 1196, 1199, 
1203, 1232–1233, 1235, 1237, 1292–1294, 1296, 
1304, 1319, 1352, 1354, 1357–1358, 1361–1362, 
1425, 1431 
 

Foraminifera, 229, 278, 307, 317, 318, 354, 362, 
374, 564, 567, 592, 597–598, 665, 690, 692, 761, 
813, 899, 1167, 1169, 1267, 1269, 1348, 1376, 
1399, 1432, 1433 

Globigerina: 899; bulloides, 574 
Globigerinoides ruber, 709, 710 
Hormosina globulifera, 1157 

Forcing, 376, 415, 1038; atmospheric, 589, 949, 
1067, 1144, 1257, 1273, 1274, 1455; buoyancy 
(thermohaline), 181, 183, 936, 1222, 1225, 
1282; climate, 92, 109, 488, 531, 985, 1067, 
1354; meteorological, 190, 809, 1020, 1285; 
monsoonal, 12, 15, 96, 105, 557, 677, 684, 700, 
713, 1378; ocean, 442; physical, 24, 26, 95, 392, 
409, 448, 450–452, 472, 543, 713, 762, 837, 1012, 
1016, 1204, 1220; remote, 745, 746, 770, 838, 
853, 857, 867, 868, 919, 1477; tidal, 8, 178; 
upwelling, 32, 36; wind, 8, 9, 14, 23, 29, 31, 35, 
36, 44, 176, 180, 181–183, 184, 185, 187, 188, 
191, 344, 348, 349, 375, 442, 470, 679, 726, 837, 
840, 842, 856, 868, 911, 947, 1222, 1356, 1460 

Formation, Rodados Patagónicos, 297 
Fracture, Vema, 942 
F-ratio, 152, 648, 655, 656, 706, 737, 891, 892, 899, 

1019, 1022, 1462, 1467, 1473 
Freshwater input, 8, 9, 12, 22, 24, 25, 26, 27–28, 62, 

67, 94, 112, 124, 177–178, 184, 187, 207, 234, 
263, 312, 314, 426, 451, 474, 503, 531, 550, 561, 
592, 595, 597–598, 640, 645, 686, 700, 756, 839, 
866, 873, 939, 954, 959, 1014, 1016, 1020, 1022, 
1035, 1036, 1038, 1067, 1081, 1094, 1101, 1102, 
1116, 1185, 1218, 1221, 1301, 1340, 1348, 1356, 
1384, 1387, 1456, 1457, 1465, 1469, 1470, 1494. 
See also Region of Freshwater Influence 
(ROFI); River discharge; River runoff 

Frictional effects, 1224, 1225 
Front: 

Angola-Benguela, 836, 837, 848, 852 
Antarctic, 1506; Circumpolar Current, South-

ern (SACCF), 1497, 1499, Sub- (SAF), 1452 
Bottom Thermal (BTF), 270, 274–275, 276, 279, 

282 
circumpolar, 1495 
convergence, 46, 901, 962, 1057, 1058 
divergence, 901 
haline, 1051; thermo-, 1015 
Hydrochemical, 95, 724 
inner, 1180, 1192 
Islay, 1005 
Kattegat-Skagerrak, 1058 
Kuroshio, 520, 530, 533, 534, 538, 542 
meandering, 1408 
meridional, 821 
Oyashio, 515 
Polar (PF), 77, 306, 311, 318, 1142, 1497, 1500, 

1501–1502, 1505, 1515, 1517, 1518 
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Front (continued) 
Ras al Hadd, 1390, 1408 
Shelf: Irish (ISF), 1015; Subtropical (SSF), 268, 

274, 279, 282, 283, 306 
shelf-break, 10, 19, 133–135, 139, 1184, 1460; 

Argentine, 308 
shelf-edge, 936 
shelf-slope, 156, 1310, 1311 
slope, 311, 312 
Southland (SF), 1452, 1455, 1477–1479 
Subarctic, 515 
Subtropical (STF), 111–113, 1420, 1421, 1432, 

1452, 1455, 1477, 1479, 1481 
surface, 1023 
Tasman (TF), 112, 1452, 1455 
thermal, 367, 375, 1055, 1387 
tidal, 309, 311, 312, 544, 645, 962, 964, 1010, 1087, 

1090, 1430; mixing, 1011, 1051, 1056, 1057, 1066 
upwelling, 471, 475 
Ushant, 946, 948, 949 

Frontal Zone, Angola-Benguela (ABFZ), 839, 
840, 847 

Froude number, 1223 
Fulmar, 1233; northern, 1232; southern, 1523 
Gap: Discovery, 942; Theta, 938, 942; Ulleung 

Interplain (UIP), 596 
Gastropod, 609, 614, 622, 623, 983, 1064, 1149, 

1261, 1267, 1412, 1476, 1481; Buccinanops 
gradatum, 280; Clione limacina, 603; Con-
cholepas concholepas, 367–369; Coralliophila, 
1413; Drupella, 1413; Fisurella, 367, 369; lim-
pet, 987; Natica limbata, 280; Olivancillaria 
urceus, 280; Tegula, 367; Thais chocolata, 373; 
Zidona dufresnei, 280 

Gate: Hell, 1214, 1216, 1219, 1220, 1221, 1225; 
Kara, 1145 

Gelatinous: 
carnivore, 92, 1350, 1357, 1358 
plankton: Liriope tetraphylla, 272; Muggiaea 

atlantica, 272; Obellia, 272 
zooplankton, 13, 351, 1097, 1190, 1233, 1237 

Global warming, 54, 90, 480, 972, 974, 986, 987, 
1068, 1215. See also Climate change 

Grass, eel, 1178, 1267; Zostera, 609; Zostera 
marina, 1060 

Grass, manatee, Syringodium filiforme, 239 
Grass, sea, 97, 205, 238, 246, 1408, 1410, 1412, 

1433, 1435 
Halodule uninervis, 1410 
Halophila: ovalis, 1410; stipulacea, 1410 
Phyllospadix, 608 

Grass, shoal, Halodule wrightii, 239, 278 
Grass, turtle, Thalassia testudinum, 238–239 
Grass, widgeon, Ruppia maritima, 239 
Gravity component, baroclinic, 394 
Gravity drainage winds, 1510, 1511 
Grazer / Grazing, 197, 354, 376, 738, 739, 742, 890, 

970, 1053–1055, 1234, 1235, 1304, 1305, 1354, 
1357, 1401, 1404, 1407, 1434, 1473 

Ground: Fladen, 1040; Oyster, 1040 
Groundwater, 177–178, 204; discharge, 649 
Guillemot, 1166, 1233; black, 1232; Cepphus grille, 

1164 
Gulf: Amundsen, 70, 1214, 1220, 1226, 1235, 1236; 

Anabar, 1113; Arabian, 84, 93, 94, 97, 99, 727, 
750, 760, 1373–1379, 1381, 1382, 1384, 1386, 
1387, 1389, 1391, 1397–1399, 1408, 1410, 
1412–1414; Bahía Grande, 297; Bermuda-
Azores, 176; Buor-Khaya, 1113; Chauna, 
1113; Coronation, 1213, 1214, 1219; Ex-
mouth, 1425, 1434; Hauraki, 1454, 1460, 1464, 
1465, 1482; Indigirka, 1113; Joseph Bona-
parte, 1415, 1434, 1435; Khatanga, 1113, 
1117; Khroma, 1113; Kolyma, 1113; Mar-
seille, 1295; Nuevo, 297, 307, 308, 310, 314, 
316; Olenek, 1113; Patagonian, 298, 313; Per-
sian (See Gulf, Arabian); Queen Maud, 1214, 
1225; St. Vincent, 1429; San Jorge, 297, 309, 
314, 316, 321; San Matías, 297–299, 307, 308, 
310, 314, 316; Yana, 1113 

Gulf of: Aden, 93, 94, 96, 97, 727, 1374, 1376, 
1378, 1391–1394, 1397, 1399, 1401, 1407, 1408, 
1412, 1413; Alaska, 36, 51, 355, 583, 1187, 
1188, 1193, 1200; Anadyr, 1178, 1184, 1185, 
1196, 1197; Aqaba, 96, 1377, 1384, 1386, 1393, 
1395, 1401–1403, 1408, 1410, 1412; Arauco, 
375–377; Arzew, 1261, 1262; Biscay, 1021; 
Bône, 1261; Boothia, 1214, 1225; Bothnia, 
1034, 1037, 1038, 1047, 1058; California, 22, 
27, 45, 393–395, 400, 406, 409–412, 414–426; 
Campeche, 178, 194; Carpentaria, 111, 113, 
1415, 1417, 1418, 1422–1425, 1435, 1436; 
Finland, 1044, 1059; Gabes, 1267, 1268, 1279, 
1312, 1314; Guayaquil, 27, 372; Guinea, 27, 
32, 39, 41, 42, 45, 48, 50, 51, 54, 865- 874, 910; 
Lions, 86, 89, 1246, 1247, 1249, 1257–1260, 
1271, 1274, 1275–1276, 1285, 1289, 1291–1293, 
1294–1296, 1301, 1308, 1309–1311, 1312, 1319; 
Maine, 13, 18, 119–120, 122, 124, 127, 128, 
129, 132, 134, 136, 138- 141, 141–149, 153, 
154, 155, 156, 1022; Manfredonia, 1263; Man-
nar, 746; Mexico, 8, 9, 14, 16, 18, 169, 170–
172, 173–175, 176–177, 178, 179, 180, 181, 184, 
190–195, 197–201, 202–204, 205–206, 207, 
225–227, 228, 229, 230, 231, 232, 236, 237, 240, 
242, 244, 245, 248, 249, 250, 400, 406, 770; 
Oman, 11, 93, 94, 96, 97, 727, 1374–1376, 1379, 
1384, 1386, 1387, 1390, 1391, 1397, 1407, 1410; 
Oran, 1261; Panama, 395, 396, 405, 407, 409, 
418; Papagayo, 395, 396, 399, 404, 405, 409, 
417; Riga, 1034, 1037, 1044, 1059; Paria, 226, 
234, 248; St. Lawrence, 119–120, 122, 124, 
138; Sirte, 1314; Suez, 1374, 1377, 1384, 1386, 
1393, 1395, 1405, 1412; Taranto, 1263; Te-
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huantepec, 395, 397, 405–407, 417, 421–423; 
Thailand, 104, 105, 674–683, 685, 687–691, 
694, 695, 700, 704, 709; Trieste, 1263–1265, 
1290, 1304, 1305, 1314; Venice, 1263, 1264 

Gull, 425, 1166, 1233 
Larus: bulleri, 1480; dominicanuss, 1480; 

scopulinus, 1480 
Gyre, 181, 201, 310, 517, 1272 

Adriatic, 1272; Southern, 1274 
Alaska, 461, 484, 486 
Alboran, 1274 
Angola, 839 
anticyclonic, 12, 755, 799, 941, 943, 1272, 1273, 

1346, 1390, 1403 
anti-cyclonic vs. cyclonic, 86, 556, 559, 588, 

1271, 1272, 1287 
Atlantic: Subpolar, North, 124; Subtropical, 

North, 124, 880, 884, 920; South, 836 
Beaufort, 64, 65, 77 
Bering Sea, 1178, 1185 
Comoro, 799 
cyclonic, 95, 101, 1004, 1178, 1232, 1301, 1390, 

1395, 1401, 1508 
Gulf of Lions, 1271, 1274, 1276, 1285, 1294 
Iera-Petra, 1274 
Ionian, Western, 1274 
Mersa-Matruh, 1273, 1274, 1284 
Pacific: North Central, 459, 486; Subarctic, 442; 

Subtropical, 442, 448; Subtropical, North, 
529, 1183; Subtropical, South, 111, 1418; 
South, 1451, 1456 

Pelops, 1274 
Prydz Bay, 1504 
Rhodes, 1272, 1274, 1285 
seasonal, 1008 
Shikmona, 1273, 1274, 1284 
Southern (SG), 725, 730 
Subarctic, 582; Western, 515, 554 
Sub-basin, 88, 1338, 1339 
Subpolar, 937 
Subtropical, 515, 582, 894, 895, 899, 900, 903, 

937, 954 
Syrte, 1274, 1279 
Tyrrhenian, 1272; Northward, 1274; Southern, 

1274 
Weddell, 75, 1499, 1503 

Hadley cell, 1286 
Halocline, 28, 64, 65, 69, 71, 85, 700, 1037, 1038, 

1049, 1059, 1102, 1119, 1120, 1178, 1184, 1185, 
1226, 1227, 1229, 1278 

Harbor: Boothbay, 128; Dikson, 1153; Grays, 484; 
Santa Cruz River, 314 

Head, Taiaroa, 1481 
Headland, Burullus, 1269 
Heat flux, 334, 471, 700, 1143, 1280, 1285, 1286, 

1319, 1335, 1346, 1362, 1384, 1401, 1511–1512, 
1513–1514 

Height, sea surface, 25, 37, 39, 40, 1271–1273 
Heteropod, 462, 1269, 1464 
Heterotrophy, net, 892, 903, 1288. See also Auto-

trophy, net 
Hexachlorobenzene, 1236 
Hexachlorocyclohexane, 1159, 1236 
Human impact. See Anthropogenic influence 
Hydrocarbon, 229, 467, 426, 569, 990, 1003; 

polyaromatic (PAH), 426 
Hydrozoan, 1129 
Hypothesis, Oscillating Control (OCH), 1190, 

1198, 1199, 1200, 1201, 1202, 1203 
Hypothesis, Trophic Cascade, 1179, 1199 
Hypoxia, 23, 25, 26, 49, 51, 90, 202, 203, 204, 236–

238, 373, 374, 376, 467, 474, 478, 481, 752, 838. 
See also Oxygen deficiency 

Ice: bridge, 1219, 1220; core, 764, 1510; cover, 24, 
69, 560, 564, 566, 567, 1116, 1124, 1144, 1237; 
drift, 1506, 1507; formation, 1115, 1119, 1125, 
1128, 1145, 1187, 1504, 1510, 1514, 1515, 1516 

Ice, pack, 77, 1495, 1506, 1508 
Ice, sea, 62–66, 69–71, 73–78, 85, 553, 1038, 1067, 

1114–1116, 1123–1126, 1129, 1132, 1180–1182, 
1184, 1187, 1188, 1190, 1191, 1196, 1198, 1200, 
1201, 1203, 1215, 1219, 1220, 1222, 1230, 
1234–1236, 1493–1499, 1503, 1504, 1506–1510, 
1512–1518, 1522–1526 

Index: Arctic Oscillation, 65, 66, 1255; Atmos-
pheric Circulation (ACI), 559–560; Climatic, 
of weathering (CIW), 596; El Niño (Multi-
variate), 487–488; Gulf Stream (GSI), 985; 
North Atlantic Oscillation (NAO), 91, 92, 
127–129, 912, 917, 918, 950, 951, 985, 986, 
1038, 1068, 1094, 1098, 1251, 1255, 1256, 1286; 
Pressure, Aleutian Low (ALPI), 559; South-
ern Oscillation (SOI), 403, 674, 919; Stan-
dardized Precipitation (SPI), 617 

Inflow, Gibraltar, 1252, 1256, 1271–1273 
Inlet: Baydaratskaya, 1154, 1155; Chernaya, 1159, 

1166–1168; Gizhiginskaya, 551; Ocracoke, 
122; Penzhinskaya, 551; Pond, 1214, 1233, 
1234, 1236; Tauy, 557 

Instability: baroclinic, 1223, 1277, 1290; baro-
clinic-barotropic, 1356; barotropic, 1277; 
frontal, 1290–1291 

Iodate, 767 
Iron: 41, 96, 97, 469, 708, 734, 743, 747, 1040, 1126, 

1127, 1128, 1159, 1345, 1361, 1397, 1456, 1478, 
1515, 1518; deficiency, 1517; oxide, 706, 707, 
1343 

Island(s): Aleutian, 464, 1183, 1189, 1198; Ainovy, 
1171; Amami, 652, 653; Andaman-Nicobar, 
727; Angel de la Guarda, 412, 417; Aru, 703, 
704; Azores, 1068; Baffin, 124, 1214, 1218, 
1221; Bahamas, 239, 240, 250; Bali, 693, 697; 
Banks, 1214; Barbados, 231; Barrow-Monte 
Bello, 1425; Bassas da India, 800; Bear, 1142,  
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Island(s) (continued) 
 1160; Béchervaise, 1523; Bermuda, 225, 250; 

Bolshoi Shantar, 578; Bolshoy, 1171; Borneo, 
104, 674, 677, 682, 684, 689, 696, 704; Canary, 
25, 28, 36, 879, 881, 884, 885, 894, 895, 897, 
900, 905, 920; Central Pacific, 366; Channel, 
450; Cheju, 646, 647, 655; Comoro, 790; Cor-
sica, 1248; Crete, 1248, 1347; Cyprus, 1248; 
De los Estados, 309; Devon, 1214, 1218; Dok, 
594; Dolgy, 1171; Dongsha, 657, 659; Dry 
Tortugas, 179; D’Urville, 1465, 1469; Elles-
mere, 72, 1218; Falkland (See Island(s), 
Malvinas); Faroe, 24, 28, 38, 43, 44, 46, 50, 
1077, 1078, 1087, 1089; Florida Keys, 201, 
241; Fraser, 1415, 1430; Galápagos, 338, 340, 
341, 363, 397, 403, 406, 1505; Greater Antil-
les,239; Gulyayevskiye Koshki, 1171; Hainan, 
659; Halmahera, 707; Helgoland, 1061, 1063, 
1064; Hochijo, 588; Hokkaido, 585; Iona, 551, 
553, 576; Java, 677, 684, 689; Kangaroo, 1433; 
Karan, 1398; Kerguelen, 1505; Kildin, 1171; 
Kodiak, 28; Kolguyev, 1153, 1154, 1156; Krill, 
511; Kurile, 6, 10, 101, 512–514, 515, 517, 549, 
550, 552, 553, 554, 556, 559, 561, 564, 573, 576, 
578, 588; Laccadive, 727; Lesser Antilles, 228, 
230, 239, 248–249; Lesser Sunda, 675; Lofo-
ten, 1160; Lombok, 697; Long, 122, 135; 
Madagascar, 4, 12, 13, 16, 784–786, 788–790, 
793, 795, 799, 800–802, 814, 823; Mallorca, 
1248; Malta, 1250, 1278, 1300; Malukus, 696; 
Malvinas, 297, 298, 307, 309, 319, 321; Maly 
Zelentsy, 1171; Margarita, 242, 244; Marque-
sas, 1505; Matveyev, 1171; Nansha, 657, 659, 
660, 661; New Siberian, 1116, 1117, 1124; 
North (New Zealand), 112, 1453, 1454, 1456, 
1460, 1469, 1482, 1483; Nunivak, 1185; Oki, 
590; Orkney, 1034, 1036; Papua New Guinea, 
1414, 1415, 1428; Philippine, 11, 696; Pribilof, 
1187, 1188, 1195; Queen Elizabeth, 1214, 
1219, 1226; Rottnest, 1415, 1434; RyuKyu, 6, 
11, 529; Sable, 120, 122, 130; St. George, 
1187; St. Lawrence, 1185, 1188, 1196, 1197; 
St. Paul, 1188, 1201; Sakhalin, 551, 553, 557, 
559, 566, 569, 573, 576, 577, 583, 608; São Se-
bastiao, 279; Sardinia, 1248; Seven, 1153, 
1171; Shetland, 1034, 1036; Sicily, 87; Soco-
tra, 734; South Wolf, 131; South (New Zea-
land), 112, 114, 1451–1456, 1458, 1460, 1466, 
1470, 1471, 1474, 1482, 1483; Sri Lanka, 96, 
745, 755; Stewart, 1454; Sulawesi, 689, 696; 
Sumatra, 677, 682, 684, 689; Tasmania, 1415, 
1418, 1422, 1423, 1425, 1431, 1432; Tiburón, 
417; Tierra del Fuego, 302, 307; Timor, 689; 
Ulleung, 594; Ullungdo, 616, 618; U.S. Vir-
gin, 239; Vancouver, 441, 442, 450, 461, 474, 
476, 484; Vaygach, 1156; Victoria, 1214, 1217, 
1218; Vise, 1157; Windward, 227, 230, 231, 

232, 244; Wrangel, 1114, 1116; Xisha, 657, 
659; Yamskye, 553; Zhongsha, 657, 659 

Islas: Grandes, 425; Tres Marias, 394 
Isles, British, 940, 974, 975 
Isopod, 245, 280; Limnoria simulata, 239; Saduria 

entomon, 1165; Saduria sibirica, 1156 
Isopycnals, 49, 134, 139, 455, 472, 686, 819, 901, 

903, 944, 
Isotope, 444, 490, 767 

carbon, 710; C12, 663; C13, 198, 237, 275–276, 599, 
662, 663, 664, 708, 971, 972, 1343; C14, 139, 
230, 336, 402, 458, 709, 737, 889, 969, 970, 
1011, 1467, 1476 

cesium: Cs137, 1168, 1356 
lead: Pb210, 176, 656, 688 
nitrogen: N14, 416; N15, 152, 275–276, 416, 737, 

971, 972, 1343; N15/14, 750, 764; N15-nitrate, 655 
oxygen, 564, 592, 598, 709, 710; O18, 656, 710; 

O18/16, 1230 
plutonium: Pu239, 1168; Pu240, 1168 
radio, 645 
radium, 231 
radon, 177; Rn222, 178 
stable, 415 
sulfur: S34, 708 
thorium: Th230, 230; Th232, 229; Th234, 137 

Isthmus: of Suez, 1378; of Tehuantepec, 396; 
Panama, 392, 395, 400 

Jellyfish, 70, 1151, 1200; Aglantha digitale, 1097; 
Apolemia uvaria, 1097; Aurelia, 1352, 1353, 
1358, 1359; Aurelia aurita, 198, 1089, 1350, 
1352, 1357, 1362; Medusae, 478, 748, 1357, 
1464; Phyllorhiza punctata, 197 

Jet, 334, 375, 377, 391, 395, 446, 460, 470, 471, 
472–473; alongshore, 35, 45; Bora, 1282; 
coastal, 36, 1340, 1387; density-driven, 1004; 
Mid-Mediterranean (MMJ), 88, 1274, 1284; 
Ras al Hadd, 11, 94, 725, 1390; shelf edge, 
835; Somali, 723, 725, 731, 739 

Kelp, 71, 273, 373, 454, 466, 482, 1233 
Laminaria: abyssalis, 278; brasiliensis, 278 

Kittiwake, 1233; black-legged, 1232; red-legged 
(Rissa brevirostris), 1179; Rissa tridactyla, 
1164 

Knolls, Sigsbee, 227, 228 
Krill, 67, 77, 1093, 1516, 1517, 1519, 1520, 1522, 

1524 
Euphausia: crystallorophias, 1520; superba, 

1520, 1521. See also Euphausiid 
Kyucho: event, 534–535, 537, 543; frequency 

index, 541 
Lagoon: atoll, 659, 660, 661, 667; Burullus, 1269; 

Idku, 1269; Mar Chiquita, 313; Monastir, 1269; 
Patos, 263, 265, 268, 270, 280, 297, 305, 306 

Lake: Athabaska, 1218; Bitter, 1394; Great Bear, 
1218; Great Slave, 1218; Maracaibo, 239; 
Taupo, 1453, 1454 
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Land, Adelie, 75 
Langmuir cell, 244, 1430. See also Circulation, 

Langmuir 
La Niña, 39, 51, 52, 348, 349, 364, 398, 402, 480, 

482, 486, 838, 1465 
Layer, boundary, 543, 1250; benthic, 453; bottom, 

446, 812; marine (MBL), 37; surface, 453 
Layer, intermediate, 1019, 1359; Cold (CIL), 101, 

552, 553, 554, 556, 561, 563, 1335, 1336, 1337, 
1341; Warm (WIL), 556 

Lead, 1126, 1128, 1159, 1259 
Lift, Taylor’s, 561 
Light limitation, 178, 1010, 1011, 1055, 1294, 1437, 

1512 
Lobster, 241, 247, 417 

Cervimunida johni, 353 
green (Panulirus laevicauda), 281 
Norway (Nephrops), 982, 1013, 1086; Nephrops 

norvegicus, 937, 979, 1307, 1317 
red (Panulirus argus), 281 
rock, 838; western, 1433 
slipper, 201 
spiny, 201–202, 544; Panilurus: elephas, 1307; 

argus, 249 
squat (Pleuroncodes monodon), 352, 353, 417 

Mammal, marine, 53, 72, 417, 425, 461, 464, 482, 
1160, 1166, 1170, 1178, 1189, 1190, 1196, 1199, 
1200, 1202, 1215, 1232, 1233, 1234, 1235, 1236. 
See also Bear, polar; Cetacean; Dolphin; Du-
gong; Manatee; Pinniped; Sea cow; Seal; Sea 
lion; Sea otter; Walrus; Whale 

Manatee, 248; Trichechus: inunguis, 277–278; 
manatus, 277 

Manganese, 743, 747, 1126, 1128, 1159, 1342, 
1344–1345, 1346, 1360–1361, 1362; oxide, 706, 
707, 1343 

Mangrove, 48, 97, 241–242, 277, 372, 407, 416, 417, 
424, 693, 694, 695, 709, 711, 712, 713, 794, 
1408, 1410, 1429, 1435 

Avicennia: germinans, 241–242; marina, 1408 
Bruguiera gymnorhiza, 1409 
Ceriops tagal, 1409 
Conocarpus erectus, 241 
Laguncularia racemosa, 241 
Pelliciera rhizophorae, 241–242 
Rhizophora: mucronata, 1409; mangle, 242 

Margin: Arabian, 1374, 1384, 1390, 1391, 1397, 
1407, 1408; Argentina, 302; Asia, 549; Baja 
and Alta California, 395; British Columbia, 
44, 446, 486; France, 962, 991; India, 761; In-
dus, 755; Makran, 755; Nicaragua, 392; North 
America, 441, 450; Oman, 767; Oregon, 486; 
Southwestern Atlantic Ocean (SWAOM), 
296, 298, 306, 308, 311, 314, 316, 317, 320; 
Spain, 962, 991; Texas-Louisiana, 191; Trans-
lational, 296, 297; West Iberian, 938 

Marine Protected Area, 465, 991 

Marine reserve, 423, 424 
Matter, organic, 17, 196, 245, 275–276, 277, 363, 

467, 468, 596, 741, 742, 761, 813, 885, 893, 894, 
898, 899, 901, 903, 904, 1007, 1013, 1014, 1039, 
1041, 1043, 1046, 1361, 1405, 1463; dissolved 
(DOM), 52, 145, 234, 890, 1127; dissolved, 
colored (CDOM), 45; flux, 274, 275; particu-
late (POM), 145, 344, 983, 1023, 1044, 1351, 
1405; suspended particulate (SPOM), 1343; 
terrigenous, 16 

Matter, particulate, 372; suspended (SPM), 1066, 
1124, 1125 

Meander, 8, 10, 13, 35, 36, 47, 135, 179, 271, 272, 
517–518, 519, 531, 533–534, 540, 543, 590, 786, 
804, 813, 824, 1276, 1277, 1278, 1338, 1340; 
mesoscale, 451, 472 

Mercury, 1235, 1236 
Methane, 106, 229, 237, 569, 769, 770; hydrate, 

362, 363; seep, 755, 1454 
Microbial loop, 47, 49, 90, 97, 98, 115, 250, 446, 

478, 743, 840, 987, 1054, 1059, 1293, 1307, 
1403, 1405 

Migration, 490, 534, 973, 975, 979, 1021, 1079, 
1160 

fish, 838, 906 
horizontal, 45, 477, 479, 974 
Lessepsian, 1394 
ontogenetic, 522, 523 
upstream, 811 
vertical, 367, 371, 523, 563, 573, 580, 750, 753, 

837, , 974, 983, 1013, 1430, 1431; diel (DVM), 
26, 38, 40, 45, 51, 349, 350, 352, 476, 739, 840, 
841, 842, 843, 844, 845, 847, 857, 858, 1405, 
1407; ontogenetic, 476; seasonal, 422 

whale, 824 
Mineralization, 888, 890, 893, 898, 899, 1044, 1054, 

1476 
Mixed layer, 146, 349, 401, 407, 410, 469, 481, 648, 

728, 734, 736, 746, 902, 943, 960, 1346, 1347, 
1403, 1423, 1434; bottom (BML), 1052, 1054; 
seasonal, 1226, 1227, 1229; surface (SML), 69, 
90, 660, 661, 702, 901, 918, 1023, 1049, 1052, 
1053, 1058, 1119, 1341, 1389; upper, 37 

Mixed layer depth (MLD), 25, 36, 38, 39, 71, 88, 
98, 522, 531, 541, 616, 618, 620, 646, 753, 757, 
799, 810, 1007, 1094, 1181, 1183, 1336, 1359, 
1420, 1432, 1456, 1470 

Mixing: convective, 98, 734, 735, 737, 746, 764, 
1335, 1397, 1401, 1402; diapycnal, 653, 902, 
942, 943, 944, 1010, 1356; internal, 1038; 
isopycnal, 516, 902, 942, 1010; tidal, 8, 9, 10, 
22, 24, 27, 28, 38, 138–140, 142, 143, 148, 149, 
152, 178, 309, 409, 410, 411, 473, 474, 517, 695, 
956, 1004, 1005, 1008, 1010, 1013, 1014, 1015, 
1016, 1021, 1022, 1038, 1184, 1225, 1226, 1231, 
1469; vertical, 10, 11, 26, 49, 63, 86, 90, 142, 
359, 448, 472, 473, 475, 477, 522, 561, 640, 645,  
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Mixing: convective (continued) 
 686, 687, 734, 737, 768, 901, 956, 957, 962, 

1036, 1054, 1057, 1068, 1181, 1341, 1361, 1418; 
wind, 11, 24, 29, 474, 478, 687, 985, 1005, 
1008, 1038, 1049, 1192, 1336; winter, 25, 44, 
817, 1019, 1464, 1475 

Model: 3-D physical, 842; circulation, 149, 367, 
402, 449, 490, 840, 1355, 1356, 1357, 1430, 
1505, 1514; ecosystem, 522–523, 1064, 1065, 
1199, 1203, 1357, 1358, 1438, 1439; geostro-
phic, 1224; individual based (IBM), 842, 856, 
857, 1193, 1203; LOICZ, 666; NPZ, 368; nu-
merical, 444, 700; Princeton Ocean, 181; re-
dox, 1359, 1360, 1361 

Mollusc, 247, 274, 278, 279, 280, 319, 417, 423, 513, 
573, 609, 937, 990, 1164, 1165, 1178, 1432; 
buccinid, 576; euryhaline, 1349. See also Bi-
valve; Cephalopod; Conch; Gastropod; Het-
eropod; Pteropod; Snail 

Monsoon, 103, 111, 409, 410, 412, 531, 588, 590, 
638, 639, 657, 659, 665, 666, 674, 681, 687, 693, 
710, 712, 714, 783, 1141, 1378, 1380, 1390, 
1391, 1393, 1394, 1397, 1399, 1407, 1408, 1413, 
1417 

Arabian, 94 
inter-, 728–730, 737, 742; Fall (FI), 723; Spring 

(SI), 12, 723, 732, 736, 738, 740, 743, 746, 748, 
755, 756, 758, 759, 762, 766, 769 

Northeast (NEM), 7, 11, 12, 15, 95–100, 104, 
108, 678, 679, 682, 700, 704, 723, 725, 731, 732, 
733–740, 742, 745, 746, 748, 755, 756, 758, 759, 
764, 766, 767 

Northwest (NWM), 104, 105, 108, 109, 678, 680, 
682, 686, 700, 702, 704–706 

Southeast (SEM), 100, 105, 108, 109, 678, 680, 
684, 697, 700, 702, 704–706, 728–730 

Southwest (SWM), 7, 11, 12, 15, 17, 94–100, 
105, 108, 678, 682, 700, 704, 723–725, 730–740, 
742, 743, 745, 746, 748, 752, 756, 758, 759, 764, 
767, 769 

Mortality, 483, 858, 988; dolphin, 425; fish, 753 
Mud content, 1417, 1428 
Mud Patch: Douro, 897–898; Martha’s Vineyard, 

136 
Mud Well, 299, 304 
Murre, 1233; thick-billed (Uria lomvia), 1164, 1232 
Mussel, 466, 896, 937, 1055, 1060, 1061, 1153, 

1314; Modiolus modiolus, 1153; Mytilus 
edulis, 1059, 1156 

Narrows, Cook Strait, 1465, 1469 
Nematode, 201, 202, 761, 990, 1169, 1234 
Nepheloid layer, 1019; bottom (BNL), 897, 1124, 

1129; intermediate (INL), 750, 751, 769, 897 
Nickel, 1127, 1128, 1159 
Niño, Benguela, 25, 53, 838, 840, 850, 852, 853 
Nitracline, 762, 901, 1341–1344, 1350, 1361 
Nitrate, 97–99, 130–132, 136, 137, 144–145, 154, 

233–234, 236, 238, 242, 267, 268, 269, 271, 
313–315, 337, 339, 341, 363, 408, 415, 416, 460, 
468, 470, 563, 590–591, 640, 641, 643, 645, 646, 
651, 652, 654, 657, 659, 660, 662, 663, 685, 687, 
688, 702, 703, 704, 706, 707, 728, 731, 734, 737, 
746, 747, 749, 750, 752, 756, 757, 760–762, 765, 
808–810, 812, 843, 886, 887, 901, 952–954, 
1007, 1008, 1020, 1023, 1051, 1053, 1057, 1061, 
1088, 1093, 1095, 1096, 1119, 1182, 1192, 1194, 
1228, 1341–1344, 1351, 1358–1362, 1397, 1405, 
1421, 1456–1458, 1462, 1463, 1467–1469, 
1473–1475; flux, 174, 1018 

Nitricline, 702 
Nitrification, 91, 99, 236, 767, 886, 1463, 1467 
Nitrite, 99, 132, 339, 590, 645, 651, 657, 660, 728, 

749, 752, 760, 762, 883, 886, 1342, 1361, 1362, 
1405 

Nitrite maximum, secondary (SNM), 749–751, 
760, 767; main (MSNM), 339 

Nitrogen, 139, 151, 190, 195, 198, 202, 236, 311, 
468, 561, 761, 1008, 1015, 1042, 1044–1046, 
1047, 1060, 1069, 1262, 1348, 1350, 1359, 1362; 
cycle, 18; flux, 152–153; particulate, 314; total, 
1301 

Nitrogen fixation, 18, 194, 203, 236, 242–243, 266, 
416, 649, 728, 1040, 1041, 1046, 1048, 1341, 
1397, 1399, 1403, 1410 

Nitrogen, inorganic, 1041; dissolved (DIN), 150, 
192, 203, 644, 649, 650, 659, 683, 711, 756, 
1059, 1294, 1295, 1297, 1298, 1299, 1300, 1302, 
1306, 1307, 1463, 1464; total, 1333 

Nitrogen limitation, 89, 96, 97, 152–153, 191, 193, 
234–235, 728, 1007, 1008, 1048, 1059, 1358 

Nitrogen, organic, 370, 563, 901, 1019, 1020, 1040, 
1041, 1358; particulate, 416 

Nitrous oxide, 752, 763, 764, 767, 768 
Northern Sea Route, 1112, 1153 
Nutricline, 26, 29, 36, 38, 39, 46, 53, 90, 148, 233, 

334, 335, 344, 347, 359, 371, 401, 403, 410, 413, 
470, 472, 482, 704, 736, 810, 817, 1341 

Nutrient: concentration, 400, 904; enrichment, 10, 
14, 40, 41, 44, 45, 98, 106, 113, 474–477, 478, 
479, 898, 904, 1063, 1064, 1311, 1312, 1357, 
1358, 1431, 1462, 1469; fixation, 468; flux, 
131, 139, 143, 144, 151, 156, 202–203, 234, 649, 
650, 653, 660, 888, 1016, 1022, 1040, 1042, 
1049, 1483, 1359; input, 470, 472, 473; load-
ing, 318; recycling, 561; retention, 40, 45–49, 
474–477, 478, 490, 904; stream, 13 

Nutrient limitation, 242, 656, 658, 888, 1010, 1011, 
1040, 1041, 1046, 1053, 1088, 1192, 1294, 1354, 
1397, 1403, 1433, 1436, 1515, 1517; micro-, 
446, 469, 734, 1515 

Ocean: 
Antarctic, 61, 62, 76 
Arctic, 24, 27, 61–67, 69–73, 77, 1077, 1094, 

1113–1115, 1118, 1124, 1126, 1140, 1142, 1143, 
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1177, 1178, 1180, 1197, 1213, 1215, 1216, 1219, 
1220–1222, 1224, 1226, 1230, 1235–1237 

Atlantic, 4, 5, 8–10, 16, 19, 21, 22, 24, 25, 35, 51, 
53, 54, 63, 64, 86, 225–226, 250, 393, 837, 850, 
852, 853, 880, 919, 935, 938, 941, 1014, 1040, 
1052, 1178, 1220, 1224–1226; Central, 910; 
East, 975, 977, 980; North, 13, 66, 67, 84, 119, 
127, 227, 265, 882, 911, 912, 918, 936, 937, 939, 
940, 942–946, 972, 975, 1007, 1036, 1066, 1068, 
1077–1079, 1140, 1213, 1215, 1222, 1230, 1236, 
1237; northeast, 52, 881, 903, 907, 973, 974, 
949, 1016, 1018; northwest, 124, 135, 136, 141, 
974; South, 18, 39, 278, 295, 787, 838, 842, 
896, 1499, 1505, 1520–1522; southwestern, 
318; West, 229 

Indian, 4, 7, 11–13, 15–18, 25, 27, 51, 75, 104, 
105, 662, 674, 675, 677, 680–682, 686, 689, 763, 
794, 837, 896, 1374, 1376, 1378, 1384, 1390, 
1393, 1407, 1414, 1423, 1494, 1496, 1499, 1501, 
1503, 1507, 1508, 1519, 1520, 1521; North, 83, 
84, 93, 95, 723–727, 743, 744, 749, 756, 760, 
763, 764, 767, 770; Northeast (NEIO), 95, 
723, 726, 727, 749, 756, 766, 770; Northwest 
(NWIO), 95, 723, 727, 749, 756, 769; South, 
788; South West, 784, 785, 788, 794, 803, 823, 
824 

Pacific, 4, 6, 10–11, 14, 16, 18, 21, 22, 24, 25, 27, 35, 
39, 42, 50–54, 63, 64, 70, 106, 226, 357, 392, 
406, 514, 549–550, 552, 557, 570, 584, 662, 675, 
677, 680, 681, 684, 692, 699, 706, 839, 853, 871, 
896, 918, 919, 1120, 1178, 1180, 1213, 1220, 
1226, 1237, 1414, 1507, 1508; Central, 674, 
698, 699; eastern, 45; eastern equatorial, 396–
398, 403; eastern tropical, 366, 400, 404, 407, 
408, 409; North, 38, 84, 105, 110, 637, 638, 
667, 682, 1177, 1183, 1188, 1195, 1197, 1198, 
1525; North, eastern tropical (ETNP), 391–
396, 399, 400, 415–422, 424, 425; northwest, 
100, 105; South, 35, 111, 681, 682, 698, 1418, 
1451, 1454–1456; Southeast, 332; North, 
Western, 83, 100, 109, 472, 487, 489, 515, 517, 
518, 522, 523, 531, 559, 565, 582, 583, 586, 587, 
590, 616; Northeast, 441, 474, 484; Western, 
366, 397 

Southern, 25, 74–76, 77, 99, 1414, 1494–1497, 
1513, 1515, 1520, 1523, 1525, 1526 

Octocoral: Muricea flamma, 278; Neospongodes 
atlantica, 278; Olindogorgia gracilis, 278; 
Phyllogorgia dilatata, 278; Plexaurella regia, 
278 

Octopus, 699, 1317; Eledone, 1307; Octopus, 1309, 
1311, 1313, 1315, 1318; Octopus vulgaris, 910, 
911, 912, 1307; Sepia, 1307 

Oil spill, 989, 990, 1033, 1069, 1170, 1171, 1333, 
1410, 1414 

Opal, 98, 106, 363, 402, 408, 412–414, 740, 759; 
biogenic, 564, 741, 742 

Öresund, 1037, 1059, 1060, 1064 
Organochlorine, 1235, 1236, 1422 
Oscillation: Arctic (AO), 53, 73, 1183, 1188, 1189, 

1218; East Korean Thermal (EKTO), 617; 
Interdecadal Pacific (IPO), 1455, 1483; Mad-
den-Julian, 35; North Atlantic (NAO), 8, 53, 
85, 93, 126–127, 132, 158, 880, 884, 905, 917, 
918, 945, 950, 985, 1014, 1038, 1068, 1144, 
1251, 1255; Pacific Decadal (PDO), 53, 109, 
357, 403, 420, 487–488, 489, 1188, 1189; 
Southern (See El Niño) 

Osmium, 1127, 1128 
Ostracod, 606, 748, 761, 1129, 1149, 1404 
Overexploitation, 422, 423, 424, 426, 976, 982, 988, 

1069, 1179 
Overfishing, 92, 283, 421, 711, 874, 1033, 1068, 

1160, 1350, 1352 
Oxidation, 1346, 1360 
Oxidation-reduction, 1345 
Oxycline, 36, 38, 334, 339, 347, 350, 359, 364, 371, 

373, 762, 1347, 1350, 1361 
Oxygen, 338, 363, 747, 1121, 1122, 1228, 1346; 

deficiency, 99, 745, 749, 752, 753, 1064, 1120, 
1344, 1350; depletion, 50, 90, 370, 394, 415, 
417, 724, 743, 744, 1015; dissolved, 337, 563, 
661, 685, 686, 687, 800, 1009, 1344, 1347, 1360, 
1405; maximum, 1119; Minimum Layer 
(OML), 25, 26, 51, 99, 100, 339, 349, 350, 352, 
371, 374, 376, 743, 744, 750–752, 755, 760, 767, 
769, 799, 801, 802, 838, 1229, 1405, 1506; satu-
ration, 1119; utilization, apparent (AOU), 
1462 

Oyster, 416, 937, 1055; Crassostrea iridiscens, 426; 
pearl, 97, 1408, 1434; Pinctada, 1412 

Pass: Amchitka, 1185; Amukta, 1186; Calcasieu, 
192; Sabine, 192; Unimak, 1187, 1188, 1194, 
1195 

Passage: Anegada, 226; Dominica, 226; Drake, 75, 
297, 307, 309, 311, 1499; Grenada, 226; Gua-
daloupe, 226; Jamaica, 226; Jungfern, 226; 
Martinique, 226; Mona, 226; Northwest 
(NWP), 71, 1213–1234; St. Lucia, 226; St. 
Vincent, 226; Windward, 226 

Peak, Northeast, 151, 152, 153 
Pearlwort, 577 
Pelican, 425; brown, 418 
Penguin: Adélie, 1512, 1523; emperor, 77, 1512, 

1523 
Peninsula: Alaska, 1177, 1187, 1188, 1195; Antarc-

tic, 75, 1494, 1495, 1499, 1500, 1502, 1503, 
1515, 1518, 1519, 1522, 1524, 1526; Arabian, 
83, 84, 93, 96, 97, 1373, 1374, 1378, 1380, 1382, 
1397, 1408; Baja California, 393, 394, 410, 
423, 450, 452; Banks, 1454; Boso, 515, 535; 
Brooks, 450; Florida, 235; Gargano, 1315; 
Iberian, 28, 35, 43, 44, 47, 50, 879–882, 884–
893, 896- 898, 905, 907, 908, 911, 914–917,  
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Peninsula (continued) 
 920, 940, 943, 945, 949, 950, 954, 963, 965, 971, 

984, 1021; Indochina, 100, 104, 677; Istrian, 
1282; Kamchatka, 10, 101, 512–514, 549, 550, 
551, 553, 565, 569, 570, 573, 576, 577, 580, 581, 
583, 1198; Kii, 533; Kola, 1142, 1153, 1156, 
1171; Korean, 590; Malay, 108, 674, 682, 690, 
695, 704; Mejillones, 343, 346, 351, 352, 354, 
367, 371, 373, 374, 377; Noto, 590; Otago, 113, 
1476–1479, 1481; Sinai, 1410; Taymyr, 1117; 
Valdés, 297, 299, 307, 308, 309, 310, 312, 319; 
Yucatan, 173, 178, 194, 235 

Periphyton, 570 
Pesticide, chlorinated, 1126 
Petrel: giant, 1523; snow, 1523 
Phaeophytin, 1462 
Phosphate, 97–99, 267, 269, 363, 468, 561, 563, 

590–591, 640, 641, 643–646, 651, 652, 654, 657, 
659, 660, 662–664, 728, 734, 756, 761, 809, 869, 
887, 1007, 1041, 1048, 1051, 1061, 1119, 1121, 
1122, 1228, 1229, 1235, 1294, 1295, 1297, 1298, 
1300, 1302, 1306, 1307, 1333, 1341–1343, 1357, 
1397, 1421 

Phosphogenesis, 755 
Phosphorus, 195, 202, 311, 561, 1008, 1040, 1042, 

1044–1047, 1069, 1299, 1478; dissolved reac-
tive (DRP), 1458; flux, 1305; particulate, 314 

Phosphorus, inorganic, 1041; dissolved (DIP), 
203, 649, 650, 683, 1059 

Phosphorus limitation, 89, 108, 191, 193, 234–235, 
643, 963, 1048, 1292, 1293, 1296, 1297, 1301, 
1303, 1306, 1357 

Phosphorus, organic, 563 
Photosynthesis, 259, 571, 900; anaerobic, 1345, 

1346 
Phytoflagellates, 901, 1053, 1054, 1055, 1472 
Phytoplankton, 36, 41, 44, 48, 68, 69, 90, 98, 139, 

143, 146–148, 243, 344, 348, 353, 354, 359, 361, 
374, 375, 407, 410, 412, 416, 457, 458, 459, 467, 
469, 470, 473, 475, 477–478, 486, 512, 513, 514, 
522, 569–573, 599–600, 614, 622, 623, 644, 695, 
705, 728, 737, 738, 748, 753, 758, 840, 843, 844, 
890, 894, 936, 960–963, 969–972, 1007–1011, 
1015, 1043, 1052–1057, 1063–1065, 1078, 1081, 
1087, 1088, 1129, 1147–1149, 1233, 1294, 1296, 
1299, 1350, 1353, 1357–1359, 1362, 1397, 1401, 
1403, 1422, 1425, 1430, 1434, 1435, 1458, 1463, 
1473, 1474, 1514–1516 

Pier, Scripps, 459, 486 
Pigment concentration, 29–32, 36, 37, 44 
Pinniped, 1200 
Plain, Padana, 1266. See also Abyssal Plain 
Planktocline, 1405 
Plateau: Agulhas, 836; Blake, 171; Campbell, 

1452, 1474; Central, 1154; Challenger, 1470; 
Cycladic, 1292; Faroe, 1091, 1092; Kerguelen, 
75, 1499, 1504, 1505, 1506; Korea, 587, 594, 

598; Landes, 951; Malta, 1267, 1268; Malvinas 
(Falkland), 295, 297; Patagonian, 297, 302, 
303; Tibet, 674; Voring, 1078 

Point: Arena, 462; Baba, 1334; Conception, 442, 
450, 451, 455–456, 473, 484, 485; Kahurangi, 
1465–1467; Nugget, 1477; Steep, 1465 

Poisoning, shellfish: amnesiac, 461; diarheëtic 
(DSP), 1055; paralytic (PSP), 460, 748, 1055 

Pollutant: metal, 426; persistent organic (POP), 
1158, 1159 

Polychaete, 245, 279, 280, 513, 514, 573, 576, 577, 
605, 609, 745, 761, 983, 990, 1129, 1149, 1156, 
1157, 1164, 1167, 1168, 1169, 1412, 1459, 1476; 
Ampharetidae, 276; Chone insularis, 280; 
Glyceridae, 276; Glycinde multidens, 279; 
Goniadidae, 276; Kinbergonuphis difficilis, 
280; Maldanidae, 276; Neanthes bruaca, 280; 
Parandalia americana, 280; Pectinariidae, 
276; Sabellidae, 276 

Polychlorinated biphenyl (PCB), 1126, 1159,  
1236 

Polynya, 68, 69, 70, 71, 73, 75, 553, 1119, 1128, 
1131, 1147, 1178, 1187, 1197, 1215, 1220, 1504, 
1510–1512, 1514, 1525; Cape Bathurst, 1219; 
Coburg Island, 1219; Great Siberian, 1115; 
Lancaster Sound, 1219; Laptev Sea, 1124; 
Mertz Glacier, 1511–1514, 1525; North Wa-
ter, 72, 1219, 1220; Shackleton, 1512, 1513; 
winter, 1125 

Pool, buoyant, 1222, 1223 
Pool, cold, 126, 138, 957, 1188, 1191, 1192, 1194 
Pool, warm: Indo-Pacific, 763; western Pacific, 

104, 674, 677, 684, 706, 709 
Porpoise: Dall’s, 581; harbor (Phocoena pho-

coena), 1164; vaquita marina (Phocoena si-
nus), 425 

Port: Alfred, 13, 812, 813; Edward, 810, 811; 
Elizabeth, 786, 800, 805, 811, 812, 813, 814, 
820, 821, 835, 836, 838, 847; Hueneme, 459, 
486; Isabel, 192; Orford, 484; Said, 1269, 
1394; St. Johns, 811; Sudan, 94, 1376 

Potential Energy Anomaly (PEA), 985, 986 
Prawn. See Shrimp 
Predator-prey, 91, 359, 369, 475, 840, 1086 
Pressure, atmospheric, 331, 332, 400, 471, 838, 

842, 857, 1037, 1181, 1183 
Pressure gradient, 180, 264–265, 448, 1393, 1394 
Pressure, High: 

Atlantic, 843; South, Subtropical (SASH), 264, 
265, 269, 270 

Azores, 917, 939; Bermuda-, 127 
Lakshadweep (LH), 725, 746 
Pacific, North, 109, 409, 417, 449, 620, 621; Sub-

tropical, 531 
Pacific, South, 331 
Ohio Valley, 176 
Siberian, 531, 557, 1183 
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Pressure, Low: 
Aleutian, 109, 449, 531, 557, 620, 621, 1183, 

1187 
coastal, 814, 837, 843, 847 
Iceland, 127, 917, 939 
Lakshadweep (LL), 725, 746 
Mediterranean, 1384 
North Atlantic Oscillation, 128–129 
North American, 409 
Tibetan, 531 

Pressure, Maximum, Siberian (SM), 557, 559 
Pressure, Minimum, Aleutian (AM), 557, 559 
Prism, Barbados accretionary, 228 
Production, bacterial (BP), 729, 730, 738 
Production, benthic, 148, 190 
Production, biological, 8, 10, 25, 26, 75, 77, 96, 97, 

120, 138, 143, 155, 338, 402, 442, 468, 469, 503, 
554, 560, 1140, 1180, 1496, 1498, 1523 

Production, chemosynthetic, 467 
Production, new (NP), 52, 737, 759, 888, 891, 893, 

895, 960, 1019, 1054, 1294 
Production, primary, 12, 13–16, 19, 29, 38–42, 44, 

45, 48, 49, 67–71, 97–98, 100, 106–109, 113, 
114, 132, 137, 138, 139, 144, 148, 149, 151–153, 
154, 156–157, 158, 189–190, 191–192, 193, 194, 
196, 198, 242–243, 266, 267, 272, 273, 279, 318, 
354, 336, 340, 345, 348, 371, 372, 395, 402, 
405–407, 410, 452, 458–459, 562, 569–571, 601, 
616, 648, 654–657, 658, 660, 665, 683, 692, 695, 
697, 704, 705, 728–730, 734–737, 746, 758, 763, 
816, 821, 840, 844–845, 850, 870, 888–891, 
893–894, 896, 898, 900, 902, 920, 983, 988, 
1011, 1012, 1019, 1040–1044, 1046–1049, 1054, 
1056–1059, 1079–1080, 1088–1089, 1093, 1102, 
1103, 1149, 1181, 1190–1192, 1196–1197, 1233, 
1235, 1266, 1292, 1294–1297, 1303–1304, 1397, 
1399, 1401, 1423, 1425, 1426, 1434, 1437–1438, 
1467–1469, 1472, 1474–1476, 1479, 1512, 
1514–1516, 1518 

Production, secondary, 151–153, 266, 340, 354, 
575, 1102, 1181, 1425, 1496, 1516, 1520 

Program / Project: AGRRA, 246; AMISOR, 
1505; ARCANE, 941, 950; ARGO, 55; Ar-
lindo-Mixing, 704; ASPeCt, 1508; BCLME, 
858; BIOMASS, 1496, 1519, 1521; CalCOFI, 
444, 446, 459, 461, 463, 464, 480, 484, 485; 
CANIGO, 882; CARICOMP, 246; CBM, 
246; CCCC, 522; CEP-UNEP CREAMS, 
589, 590; CINECA, 882; Control of Phyto-
plankton Dominance, 881; CoOP/COAST, 
447, 450, 468; CUEA, 489; EASTROPAC, 
405; Ecosystem Monitoring, 1523; EUMELI, 
882, 895; FLEX, 1052, 1053, 1054; FOCI, 
1180; GLOBEC, 132, 149, 447, 450, 451, 452, 
468, 625; GOOS, 55; GTS, 866, 873; ICITA, 
866; IDOE, 882; IIOE, 726, 734, 738; IME-
COCAL, 447; IOCARIBE, 225; ISHTAR, 

1179; JGOFS, 84, 726, 731, 733, 734, 736, 737, 
738–739, 742, 748, 761, 1408; La Perouse, 446; 
Leeuwin Current Interdisciplinary, 1413; 
LOIS-SES, 1016–1018; MORENA, 881; NE-
PROMS, 1194, 1195, 1204; NIOP, 727–731, 
736, 743; NOAA-SWFC, 446; NSP, 1052, 
1053, 1056, 1057; OMEX, 1016, 1018–1022; 
OMEX II, 881; OMP, 137, 157; OSCEAP, 
1179; PICES, 625; PISCO, 447, 450, 452, 465; 
PNEC, 941; PNOC, 941; POEM, 1284; 
PROBES, 1179; PROVESS, 1052, 1053, 
1056, 1065, 1066; SABRE, 200; Scripps 
LMRG, 446; SEAMAR, 941; SEBSCC, 1180; 
SEEP, 137, 157; SEFOS, 941, 950, 1021; SE-
QUAL-FOCAL, 868; SESITS, 978; SOI-
REE, 1517; South Channel Ocean 
Productivity, 155; UNDP/FAO Pelagic Fish-
ery, 748; WOCE, 726, 761, 1496 

Promontory: Damietta, 1269–1270; Gargano, 
1314; Ras al Hadd, 1390, 1391; Rosetta, 1269 

Province: Amazon, 283–284; Arctic Interzonal, 
1148, 1149; Atlantic Subarctic, 1147–1152, 
1163; Boreal Polar, 1147, 1149, 1150; Brazil, 
Southeast, 285; Buenos Aires, 298, 299, 301, 
310, 312–314; Eastern-Northeastern, 284, 
285; Ecological Shelf, 283–284; Novaya Zem-
lya, 1147–1149; Panamic, 330, 364; Perú-
Chile, 330, 364–366; Southeastern, 284; 
Southern, 283–284 

Province, biogeographic: Argentine, 318, 319; 
Magellanic, 318–320, 330, 364–366 

Pteropod, 49, 229, 318, 478, 479, 567, 1269, 1401, 
1405, 1464; Limacina, 272; Limacina helicina, 
574; Limacina retroversa, 279 

Puffin, common (Fratercula arctica), 1164 
Pulse, Natal, 786, 792, 804, 811, 812, 824 
Pump: biogeochemical, 91; biological, 567, 901, 

902, 1341; continental shelf, 17, 115, 1288 
Pumping, eddy, 1359 
Punta: Baja, 450, 451; Eugenia, 442, 450, 452 
Pycnocline, 12, 13, 26, 29, 36, 42, 44, 45, 46, 90, 

139, 148, 238, 347, 348, 349, 350, 371, 408, 463, 
469, 472, 475, 482, 490, 541, 571, 648, 653, 695, 
706, 745, 746, 752, 756, 762, 769, 1081, 1094, 
1095–1096, 1101, 1102, 1127, 1185, 1233, 1356; 
seasonal, 126, 134, 144; sub-, 15, 24, 25, 687 

Radiation, photosynthetically active (PAR), 1234. 
See also Solar radiation 

Radioactivity, 1166, 1167, 1168 
Radiolara, 318, 606, 692 
Radiometer, Advanced Very High Resolution 

(AVHRR), 123, 129, 141, 519, 520, 522 
Radionuclide (RN), 1126, 1158, 1159, 1161, 1168, 

1265, 1356 
Ray, 283, 802, 984, 1313, 1314, 1315, 1318 
Recruitment, 14, 49, 199–200, 201, 357, 366, 367, 

368, 369, 420, 466, 489, 836, 837, 838, 840, 846,  
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 905, 973, 977, 1023, 1103, 1193, 1194, 1426; 

anchovy, 358, 842, 850–852, 857, 962; ben-
thos, 475, 483; cod, 1068, 1091–1093, 1101; 
copepod, 1082; coral, 1430; crab, 484; finfish, 
1432, 1433; haddock, 1091–1093; hake, 979, 
981; lobster, 1434; megrim, 981; mackerel, 
619, 986; pollock, 1198, 1200, 1202; reef fish, 
1434; sardine, 974; sole, 979 

Redfield: ratio, 51, 649, 1007, 1041, 1047, 1343, 
1403; stoichiometry, 761; value, 1296 

Redoxcline, 1046 
Reef, 171–172, 278; barrier, 240; Great Barrier, 

15, 113, 1414, 1415, 1417, 1418, 1422, 1425, 
1426, 1428, 1429, 1430, 1436, 1437, 1438 

Reef, coral, 48, 94, 97, 108, 114, 201–202, 205, 240, 
248, 262, 416, 418, 457, 659, 667, 693, 694, 696, 
711, 712, 713, 1373, 1376, 1399, 1428; coral-
line algal, 261, 262, 273, 285; fringing, 240; 
patch, 240, 241, 278 

Regeneration, 259, 266 
Regime shift, 52–54, 92, 109, 110, 357, 415, 480, 

483, 486, 487, 489, 537, 543, 581–586, 613–614, 
616–624, 853–855, 1179, 1183, 1189, 1197, 
1201 

Region of Freshwater Influence (ROFI), 87, 88, 
1015, 1049, 1055, 1068, 1256, 1275, 1280, 1283, 
1291, 1294, 1296, 1319. See also Freshwater 
input 

Region, Abrolhos-Campos (ACR), 10, 260, 261, 
264, 265, 266,2 69, 270, 271, 273, 274, 278, 279, 
283, 285; Houtman Abrolhos, 1415, 1433 

Remineralization, 90, 91, 99, 204, 468, 760, 899, 
944, 1019, 1047, 1463 

Remote sensing, 1064, 1066 
Respiration, 204, 354; benthic, 730, 743, 761; 

community, 889, 903, 920; microbial, 197, 
198, 890, 892 

Resuspension, 10, 16–17, 137, 481, 897–898, 1006, 
1007, 1019, 1057, 1436 

Retroflection, Agulhas, 7, 13, 18, 36, 784, 787, 788, 
836, 837, 838 

Rhodolith, 417, 1430, 1432 
Ría(s), 28, 935; Baixas, 880, 881, 889–890, 893, 

896–898; de Arousa, 896; de Vigo, 883, 886, 
888–889, 896–897 

Ridge: Agulhas, 836; Arkhengelsky, 1334; Aves, 
226, 227, 229, 245; Beata, 226, 227, 229; Car-
negie, 363; Cocos, 363, 392; Greenland-
Scotland, 1077, 1079, 1087; Izu, 544, 588; Ja-
maica, 229; Kita-Yamato, 594; Mid-Atlantic, 
1079; Murray, 1391; Nazca, 331, 336; Yamato, 
594 

Ring(s), 179–180, 231 
Agulhas, 784, 787, 813, 818, 836, 837, 838 
anticyclonic, 36 

 

warm-core, 10, 14, 534; Gulf Stream, 134; Ku-
roshio, 511–512, 515–521 

Rio. See River 
Rise: Academy of Science of USSR, 551, 565; 

Alphard, 812; Argentine, 301; Central Kara, 
1141; Chatham, 1452, 1455; East Pacific, 392, 
393; Jamaica, 227; North Okhotsk, 565; 
Oceanology Institute, 551; South Georgia, 
1505; Yamato, 587, 590 

River: Adige, 1264, 1265; Adour, 938, 947, 962, 
973; Alazeya, 1116; Altamaha, 175; Amazon, 
5, 9, 10, 14, 16, 229, 230, 231, 234, 242, 244, 
245, 248, 261, 263, 264, 265, 266, 267, 268, 274, 
277, 278, 281, 283, 285; Amur, 550, 555, 561, 
565, 566, 589; Anabar, 1116; Apalachicola, 
175, 193; Atchafalaya, 9, 14, 173–175, 178, 
185–186, 190–191, 202; Aude, 1259; Back, 
1216; Bathurst, 1216; Berg, 839; Bevano, 
1264; Bio-Bio, 346, 376, 377; Bolshaya, 550; 
Brahmaputra, 7, 16, 99; Burnside, 1217, 1218; 
Cantabrian, 973; Cape Fear, 175; Changjiang, 
14, 103, 107, 645, 646, 648, 651, 653–656, 667; 
Chao Phraya, 682, 688; Chèliff, 1261; Chienti, 
1264, 1266; Clutha, 1456, 1476–1479; Coat-
zacoalcos, 231; Colorado, 298, 299, 302, 304, 
308, 394, 417; Columbia, 50, 442, 446, 454, 
484; Colville, 70; Congo, 27, 50, 839, 865, 869; 
Cooper, 175; Coppermine, 1216; Cunene, 
839; Danube, 88, 1333, 1335, 1340, 1341, 
1348, 1350, 1356; Dniepr, 88, 1335; Dniestr, 
88, 1335; Douro, 897; Ebro, 1250, 1254, 1256, 
1257, 1259, 1291, 1308, 1311; Elbe, 1061, 
1063; Euphrates, 1376, 1382, 1389; Fiumi 
Uniti, 1264; Fly, 1435; Forth, 1055; Fraser, 
442, 453, 474; Galana, 727; Ganges, 7, 16, 99, 
684; Gironde, 935, 938, 939, 947, 957–959, 
962, 973; Gizhiga, 550; Grijalva-Usumacinta, 
175, 178, 231, 242; Guayas, 372; Huanghe, 
107, 640, 641, 644; Hudson, 8, 120, 121, 122, 
124; Indigirka, 69, 1116; Indus, 7; Isonzo, 
1264, 1265; Kara, 1161; Karun, 1376, 1382, 
1389; Kennebec/Androscoggin, 142; 
Khatanga, 1116, 1127; Kolyma, 63, 69, 1114, 
1116, 1119; La Plata, 5, 10, 14, 261–268, 270, 
274, 277, 285, 297–299, 301, 304–308, 313, 314; 
Lena, 63, 1113, 1116, 1118, 1123, 1127, 1128, 
1129, 1130, 1131–1132; Loire, 935, 938, 939, 
947, 955, 957–959, 962, 1014; Luala, 7, 16, 
796; Lüderitz, 839; Mackenzie, 63, 70, 71, 
1217, 1218, 1222; Magdalena, 231; Mahakam, 
684, 695; Manawatu, 1466, 1469; Mekong, 14, 
104, 657, 677, 679, 682, 685, 689, 691, 695, 704; 
Merrimac, 142; Mezen, 1143; Miño, 885; Mis-
sissippi, 5, 9, 14, 17, 172, 173–175, 178, 184, 
185–186, 187, 190–191, 194, 197, 198, 199, 200, 
202, 204, 205, 229, 231–232, 236, 238, 242, 244,  
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770; Mobile, 175, 185, 193, 231; Murray-
Darling, 113; Nakdong, 597–598; Negro, 297, 
298, 299, 302, 304, 308, 313, 314; Niger, 865; 
Nile, 1249, 1251, 1253, 1255, 1270, 1308, 1318 
(See also Delta); Ob, 63, 68, 1143, 1148, 1149, 
1152, 1153, 1161, 1162; Okhota, 550; Ola, 550; 
Olenek, 1116; Onega, 1143; Orange, 837, 
838–839, 842; Orinoco, 5, 9, 229, 231, 234, 
240, 242, 243, 245, 248; Para, 261, 278; 
Paraná, 299; Pearl, 104, 657; Pechora, 63, 
1142, 1159; Pee Dee, 175; Penobscot, 142; 
Penzhina, 550; Po, 87, 1253, 1254, 1256, 1262–
1263, 1264, 1265, 1266, 1280, 1282, 1291, 1301, 
1304, 1305, 1308, 1315; Pyasina, 1161; 
Rangitikei, 1469; Rhine, 1056, 1069; Rhône, 
87, 1254, 1256, 1257, 1259, 1260, 1275, 1276, 
1291, 1294–1296, 1308, 1309, 1310, 1311; Río 
Grande, 231; Sabine, 175; Sacramento, 453; 
St. John, 142; St. Lawrence, 8, 120, 121, 124; 
San Joaquin, 453; São Francisco do Norte, 
263; Savannah, 175; Scheldt, 1069; Seine, 
1014; Senegal, 899; Seomjin, 597–598; Sever-
naya Divna, 63, 1143; Skagit, 453; Somme, 
1014; Susquehanna, 121; Suwannee, 175; 
Tagliamento, 1264, 1265; Tana, 727; Tauy, 
550; Têt, 1257, 1258, 1259; Tigris, 1376, 1382, 
1389; Trinity/San Jacinto, 175; Tugela, 7, 16, 
806, 809; Uda, 550; Vilaine, 938, 962; Wai-
paoa, 1453; Wanganui, 1466, 1469; Yana, 
1116; Yangtze, 638, 682 (See also River, 
Changjiang); Yellow (See River, Huanghe); 
Yenisey, 63, 68, 1127, 1143, 1148, 1149, 1152, 
1153, 1161, 1162; Yukon, 1184, 1185, 1197; 
Zambezi, 7, 16, 794–796 

River discharge, 15, 16, 63, 73, 86, 88, 103, 643, 
646, 651, 666, 869, 912, 957, 960, 961, 1055, 
1058, 1128, 1223, 1224, 1231, 1296, 1377. See 
also Freshwater input 

River plume, 185, 446, 957, 959, 962, 963, 1051, 
1118–1120 

River runoff, 95, 682, 684, 695, 727, 759, 770, 794–
795, 802, 947, 949, 951, 956, 962, 963, 1119, 
1127, 1142–1144, 1249, 1251, 1254–1256, 1283, 
1288, 1291, 1293, 1308, 1311, 1382, 1472. See 
also Freshwater input 

Riverine input, 16, 45, 99, 651, 693, 1040, 1041, 
1044, 1123, 1124, 1126, 1127, 1303, 1304, 1319, 
1320, 1477, 1478, 1480 

Rossby: deformation, 1290; number, 1250, 1289; 
radius, 1222, 1223, 1231. See also Wave, 
Rossby 

Rotation, Earth, 1117, 1118, 1120 
Rotatoria, 1149 
Salination, 1349 
Saline intrusion, 962 
Salinity, 134, 135, 337, 338, 359, 535, 554, 640, 647,  

 

684–687, 799, 871, 873, 949, 952, 953, 1036, 
1094, 1162, 1185, 1194, 1301, 1335, 1336, 1340, 
1504; distribution, 1229, 1281, 1283, 1420, 
1462, 1472, 1478; front, 8, 143; gradient, 1119; 
extreme, 1373, 1377, 1378; lens, 957, 958, 959; 
maximum/minimum, 662, 942, 943, 944, 945, 
1395; surface, 63, 85, 95, 460, 663, 702, 762, 
795, 796, 956, 957, 1019, 1020, 1035, 1037, 
1038, 1067, 1144, 1470; vs. temperature, 789, 
800, 801, 817, 941; vertical, 132, 536, 701, 747, 
749, 751, 754, 761, 765, 963, 1095, 1122, 1228 

Salp, 49, 197, 285, 350, 351, 354, 462, 470, 478, 479, 
485, 1054, 1097, 1464, 1517, 1519, 1520, 1522 

Dolioletta geigenbauri, 461 
Doliolid, 49, 197, 273, 277, 462, 470, 478, 479 
Doliolum: 1404; denticulatum, 1405 
Ihlea magalhanica, 1479 
Salpa: aspera, 461; fusiformis, 351, 461, 1459; 

thomsonii, 1520; maxima, 1405 
Thalia democratica, 272, 273, 274, 1459, 1464 

Salt diapirism, 1375 
Salt marsh, 97, 148, 794, 802, 1408 
Scallop, 1100, 1434; Icelandic, 1086; Chlamys 

islandica, 1153, 1156; Zygochlamys delicatula, 
1481 

Scanner, Coastal Zone Coastal (CZCS), 138, 231, 
398, 412, 457, 458, 465, 486, 1066 

Sea(s): 
Adriatic, 86, 87, 89, 1246–1249, 1253, 1257, 

1262–1266, 1271, 1274, 1280–1282, 1285–1293, 
1301–1305, 1308, 1312, 1314–1317, 1319 

Aegean, 86, 89, 1247–1249, 1271, 1273, 1285, 
1288, 1289, 1291, 1292, 1308, 1319, 1334, 1335, 
1348 

Alboran, 1247 
Amundsen, 1500, 1502, 1508, 1512 
Andaman, 95, 96, 710, 724, 726, 727, 763, 765, 

766, 770 
Arabian, 4, 11, 12, 15, 17, 18, 96, 98–100, 724–

727, 731, 732, 734, 736–739, 742, 743, 745, 746, 
748–752, 755, 756, 758–764, 766–770, 1378, 
1384, 1386, 1390, 1391, 1393, 1397, 1399, 1407, 
1412 

Arafura, 110, 675, 677, 684, 689, 691, 695, 697, 
700, 704, 705, 1414, 1415, 1435 

Argentina, 312 
Bali, 675, 676, 683, 694 
Baltic, 83–86, 89–93, 99, 1033–1042, 1044–1049, 

1051, 1058, 1059, 1061, 1064, 1066–1069, 1094 
Banda, 104, 105, 108, 674–678, 680–686, 689, 

691, 692, 694, 697, 700–706, 710 
Barents, 62–68, 73, 77, 979, 1093, 1094, 1096, 

1097, 1100, 1101, 1103, 1139–1151, 1153–1164, 
1166–1169, 1171, 1226, 1227 

Beaufort, 62, 63, 66, 70, 71, 1115, 1217, 1218, 
1235, 1236 
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Bellingshausen, 1500, 1502, 1508, 1515, 1516 
Belt, 84, 1034, 1036, 1037, 1044, 1058 
Bering, 63, 67, 73, 109, 483, 513, 549, 569, 576, 

582, 583, 1177–1190, 1192, 1194, 1196–1199, 
1201–1204, 1237 

Bermejo (Mar), 409 
Black, 83–86, 88–92, 99, 979, 1252, 1333–1338, 

1342–1359, 1361–1363 
Bohai (BS), 84, 100, 102, 103, 106, 107, 638–645, 

649, 651 
Bothnian, 1044, 1045, 1059 
Cantabrian, 881, 937, 938, 940, 951, 952, 954, 

960, 962, 965, 973, 977, 979–984, 988 
Caribbean, 8, 9, 18, 225–227, 228, 229, 231, 232, 

234, 235, 236, 239, 240, 241, 243, 244, 245, 246, 
247, 248, 249, 250, 400, 406 

Catalan, 1247, 1310 
Celtic, 22, 24, 38, 43, 44, 50, 937, 967, 968, 978, 

1003–1006, 1008–1014, 1016, 1018–1023 
China, 638, 639, 666, 667; East (ECS), 4, 6, 10, 

11, 14, 17, 19, 84, 100–103, 106–109, 529, 530, 
532, 544, 587, 588, 638, 639, 647, 649, 651–657, 
662; South (SCS), 14, 84, 100, 102–109, 638–
640, 657–666, 673, 675, 677–682, 685, 687, 688, 
692, 697, 700, 710. See also Sea, Bohai; Sea, 
Yellow 

Chuckhi, 62, 63, 64, 66, 67, 70, 73, 77, 1120 
Clyde, 1015, 1016 
Coral, 110, 1414, 1415, 1422, 1423 
Cosmonaut, 1512 
Cretan, 86, 1292 
Enshu-nada, 534, 537, 538, 540, 541–543 
Flores, 104, 105, 109, 675, 676, 678, 680, 681, 

683, 685, 686, 691, 694, 705 
Greenland-Norwegian, 1142 
Halmahera, 681 
Iceland, 1078, 1079, 1082, 1086 
Indonesian, 105 
Inland: Chilean, 25, 28, 38, 331, 336, 349, 355, 

369, 370, 371, 372; Seto, 537, 541 
Intra-Americas (IAS), 170, 225–251 
Ionian, 86, 1247, 1266, 1267, 1271–1273, 1278, 

1287, 1289, 1292 
Irish, 1003–1010, 1013, 1014 
Irminger, 1082 
Japan, 511; East, 84, 100–102, 107, 109, 110, 515, 

544, 549–550, 552, 556, 559, 565, 583, 587–625 
Java, 104, 105, 662, 674, 676–678, 680–685, 689, 

691, 694, 695, 700, 710, 711 
Kara, 62, 65–68, 1139–1146, 1148, 1149, 1152–

1159, 1161, 1162, 1164, 1168, 1169 
Kumano-nada, 534, 536, 537–540 
Labrador, 71, 119, 137, 157, 942, 1213, 1215, 

1216, 1220, 1237 
Laccadive, 727, 746, 750 
Laptev, 62, 66, 68–70, 73, 1111–1131 

Levantine, 1247 
Liguria, 1247, 1309 
Lincoln, 1226 
Maluku, 104, 674–677, 681, 683, 694, 710 
Mar del Plata, 297, 299 
Marmara, 1308, 1334, 1348 
Mediterranean, 25, 84–90, 95, 880, 908, 974, 

979, 991, 1245–1320, 1333, 1335, 1347, 1348, 
1382, 1394 

Nordic, 942, 1077–1079, 1087, 1101–1103 
North, 84–92, 945, 974, 975, 988, 1003, 1013, 

1014, 1021–1023, 1033–1045, 1048, 1049, 
1051–1059, 1061, 1062, 1064–1069, 1093, 1094 

Norwegian, 24, 67, 73, 974, 1021, 1078, 1079, 
1087, 1089, 1093, 1094, 1096, 1097, 1100, 1101, 
1160 

Outer South East Asia (OSEAS), 84, 100, 102, 
104, 105, 108, 673–678, 682–688, 691–693, 
695–698, 704, 706, 709–714 

Pechora, 1147, 1149, 1150, 1153, 1155, 1156, 
1170, 1171 

Philippine, 103, 104, 661–663, 665, 673, 675, 677, 
681, 687, 688, 707, 710 

Red, 84, 93–97, 99, 727, 750, 760, 1318, 1373, 
1374, 1376–1379, 1384, 1386, 1390–1395, 1397, 
1399, 1401–1405, 1407–1410, 1412–1414 

Ross, 75, 77, 1494, 1495, 1499, 1501, 1503, 1508, 
1512, 1513, 1515, 1516, 1518, 1519, 1524 

Sargasso, 244 
Savu, 675–677, 683, 694, 706 
Scotia, 1516 
Seram, 675–677, 681, 683, 692, 694 
Siberian, East, 62, 66, 68–70, 1111–1120, 1123, 

1124, 1126 
South, 619 
Sulawesi, 104, 105, 108, 109, 674–678, 680, 681, 

683, 684, 689, 691, 692, 694, 697, 705 
Sulu, 104, 105, 108, 662, 674–677, 681, 683, 685, 

687, 691, 692, 694, 697, 709, 710 
Tasman, 14, 110–112, 1414, 1432, 1452, 1454, 

1455 
Timor, 110, 1414 
Tyrrhenian, 1247, 1248, 1263, 1267, 1278 
Vermillion, 409 
Weddell, 75, 77, 301, 1494, 1495, 1499, 1502, 

1503, 1508, 1513, 1515, 1516, 1518, 1519, 1524 
White, 1143–1146 
Yellow (YS), 18, 84, 100, 102, 103, 107, 109, 549, 

588, 638–640, 642, 645–653, 656, 666 
Sea bird, 48, 53, 72, 75, 77, 359, 415, 418, 461, 464, 

477, 482, 483, 614, 622, 623, 624, 821, 853, 988, 
1013, 1055, 1069, 1087, 1160, 1166, 1170, 1178, 
1189, 1196, 1199, 1200, 1202, 1232, 1233, 1234, 
1235, 1236, 1496. See also Booby; Eagle; Ei-
der; Fulmar; Gull; Guillemot; Murre; Pelican; 
Petrel; Puffin; Shearwater 

Sea cow, Steller, 1179 



 INDEX 1561 

Sea cucumber: Elpidia glacialis, 1156; Myriotro-
chus rinckii, 1131; Trochostoma, 1153, 1156, 
1157 

Seal, 73, 75, 77, 838, 1068, 1069, 1087, 1496; 
bearded (Erignathus barbatus), 1164, 1166, 
1232, 1233; common (Phoca vitulina), 1164; 
fur, 359; fur, northern (Callorhinus ursinus), 
1179; grey (Halichoerus grypus), 1164; harp 
(Histrophoca groenlandica), 77, 1164, 1232, 
1233; hooded (Cystophora cristata), 1164; 
pack ice, 77; ringed (Phoca hispida), 1164, 
1166, 1232, 1233, 1235, 1236 

Sea level, 346, 348, 359, 394, 486, 700, 709, 710, 
985, 1037, 1117, 1197, 1220, 1224, 1348, 1376, 
1378, 1394, 1415 

Sea lion, 425; Steller (Eumetopias jubatas), 1179, 
1190 

Seamount: Biscay, 942; Charcot, 938, 942; Verna, 
836 

Sea nettle (Chrysaora quinquecirrha), 198 
Sea of: Azov, 1334, 1335; Cortez, 409; Marmara, 

1335, 1348, 1349; Okhotsk, 4, 6, 10, 84, 100–
102, 106, 107, 109, 110, 511, 513–514, 515, 517, 
549–561, 564–587, 588 

Sea otter (Enhydra lutris), 1179 
Sea squirt, 577, 609; Piura preaputialis, 375 
Sea star: Astropecten marginatus, 280; Luidia 

senegalensis, 280 
Sea urchin, 417; Brisaster fragilis, 1157; Diadema 

antillarum, 239, 248; Diadema setosum, 1413; 
Echinocardium, 1064; Loxechinus albus, 373; 
Lytechinus variegatus, 239; Strongylocentro-
tus, 1153, 1156, 1157; Tripneustes ventricosus, 
239 

Sea vine, Halophila: baillonii, 239; decipiens, 239; 
engelmannii, 239 

Sea weed, 416, 1267. See also Algae 
Sediment, 136, 137; flux, 466–467, 1041, 1125; 

input, 938, 1334, 1417, 1428, 1453, 1476, 1482, 
1483 (See also Riverine input); load, 503; 
oxygen demand (SOD), 1044; laminated, 
1039; surface, 594–595, 692, 1127, 1416; sus-
pended, 1055 

Sedimentation, 17, 50, 98, 113, 362–364, 394, 564, 
566, 567, 591–593, 657, 658, 691, 692, 712, 739, 
742, 743, 893, 898, 899, 920, 1043, 1046, 1047, 
1054, 1102, 1147, 1148, 1257, 1259, 1260, 1263, 
1265, 1266, 1269, 1270, 1415, 1432, 1433, 1435, 
1475, 1481 

Shark, 249, 282, 283, 417, 614, 622, 623, 802, 1308, 
1314, 1317 

angel (Squatina californica), 422 
basking (Cetorhinus maximus), 975 
blacktip/flying (Carcharhinus limbatus), 419, 

421, 422 
blue (Prionace glauca), 419, 421, 975 
Carchariniforms, 975 

fox/thresher (Alopias pelagicus), 419, 421, 422 
hammerhead (Sphirna zygaena), 419, 422; scal-

loped (Sphyrna lewini), 421, 422 
Heterodontus mexicanus, 422 
Lamniforms, 975 
Mustelus: henlei, 422; lunatus, 422 
porbeagle (Lamna nasus), 975 
Prionace glauca, 422 
Rhizoprionodon longurio, 422 
Selachii, 1313, 1315, 1318 
shortfin mako (Isurus oxyrrinchus), 975 
silky (Carcharhinus falciformis), 421, 422 

Shear, bottom, 687; current, 46; wind, 901; zone, 
481 

Shearwater, 1189; Puffinus griseus, 1480 
Shelf: 

Algerian, 87, 1246, 1257, 1261, 1274, 1277, 1308, 
1311–1312, 1319 

Amazon (AS), 240, 260, 261, 263, 264, 265, 266, 
267–268, 269, 273, 274, 277, 281 

Amery Ice, 1498, 1503–1505 
Antarctic, 1494, 1499, 1504, 1506, 1514 
Aquitaine, 955 
Arafura, 1415, 1435 
Arctic, 1152; West, 1146, 1147, 1154 
Argentina, 300, 311, 319, 320; Patagonia, 298, 

304, 307, 309, 310, 319–321, 1022 
Armorican, 937, 938, 944, 948, 951, 955, 962–

964 
Australia, 84, 113, 114, 1414, 1415, 1417, 1418, 

1420, 1423–1425, 1428, 1430, 1436–1438 
Batemans, 1429 
Baxter, 1415, 1432 
Brazil, 10 
Canada, 69, 70; British Columbia, 503 
Cantabrian, 939, 948, 951, 952, 954, 955 
Ceduna, 1415, 1432 
Celtic, 938, 944, 951 
Chile, 307 
Dirk-Hartog, 1433 
Eastern (ES), 260, 261, 263, 264, 267, 273, 274, 

278, 279, 281, 283 
Egypt, 86, 88, 1246, 1255, 1256, 1282–1284, 1318 
Eyre, 1415, 1432 
Faroe, 1077, 1087–1093, 1102, 1103 
France, 939, 940, 954, 955, 959, 960, 979–981 
Greenland, 62, 66 
Hawkesbury, 1429 
Hebrides, 1003, 1018 
Iceland, 1081, 1082, 1077, 1079, 1080, 1083–

1085, 1086, 1087, 1101, 1103 
India, 752, 758, 768 
Israel, 88, 1246, 1270, 1274, 1282–1284, 1306, 

1319 
Italy, 1279 
Libya, 1250, 1279 
Malin, 1003–1005, 1016–1018 
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Shelf (continued) 
Mexico, 188 
Mozambique, 790, 792, 793, 795, 802 
Namibia, 838 
New Zealand, 84, 114 
North West, 1415, 1422, 1423, 1425, 1426, 1429, 

1434, 1436, 1437–1439 
Northeastern (NES), 260, 261, 264, 266, 267, 

273, 274, 277, 278, 281, 283 
Norway, 1077, 1093–1098, 1100, 1101, 1103 
Nova Scotia, 119–120, 122, 124, 126, 127, 129, 

130–131, 134, 136, 138, 139, 140, 141, 142, 143, 
144, 147, 156 

Otago, 112, 113, 114, 1452, 1460, 1476–1481, 
1483 

Pakistan, 764 
Queen Elizabeth, 1215 
Romanian, 1353 
Ronne Ice, 1512 
Rottnest, 1433 
Sahul, 677, 695, 1415, 1435 
Shackleton Ice, 1507, 1512 
Siberian, 66, 1113, 1124 
Southern (SS), 260, 261, 262, 263, 264, 265, 266, 

268–270, 271, 273, 274, 277, 279, 280, 281, 283 
Spain, 960, 969; Catalan, 1293 
Sunda, 104, 105, 674–677, 681–683, 685, 689, 

691, 694, 695, 700, 704, 709–711 
Tunisia, 87, 1248, 1250, 1255, 1256, 1267–1268, 

1278, 1279, 1312–1314, 1319 
Twofold, 1429 
United States: Alabama, 180, 185; Alaska, 70, 

503; Florida, 14, 16, 17, 18, 171, 178, 181–183, 
184, 193, 194, 198, 203, 204; Mississippi, 180, 
185; New England, 119, 138, 155; Southeast-
ern, 170–171, 172–173, 178, 179, 180, 188, 
195–197, 198, 201–202; Texas-Louisiana, 172, 
175, 177, 179, 180, 186–187, 191, 192, 193, 194, 
202, 203, 204, 205, 229 

Uruguaya, 268 
West Ice, 1503, 1504 
Westland, 1470 
Yucatan, 16, 172, 173, 194, 236 

Shoal(s): Cape Lookout, 171; Diamond, 126; 
Frying Pan, 126; Kahurangi, 1465, 1466; Nan-
tucket, 120, 124–125, 134, 143, 155, 156 

Shrimp (prawn), 97, 199, 247, 248, 249, 277, 282, 
372, 417, 576, 699, 753, 983, 984, 1100, 1164, 
1166, 1408, 1431, 1435 

Artemesia longinaris, 280 
blue (Litopenaeus stylirostris), 423 
brown (Farfantepenaeus californiensis), 422, 

423 
deep-water, 1086 
farm, 425 
mantis (stomatopod), 706, 1317, 1479; Hemis-

quilla braziliensis, 280; larvae, 276 

Meterythrops microphathalma, 602 
Mysidacea, 606, 1129, 1130, 1149, 1165 
Neomysis, 574 
northern, 1086 
Pandalus, 1164 
Parapenaeus longirostris, 1307 
penaeid, 248, 249, 698, 1318 
Penaeus: brevirostris, 423; kerathurus, 1307; 

semisulcatus, 1412; styloristris, 426; subtilis, 
277, 281 

seabob (Xiphopenaeus kroyeri), 275 
tiger prawn, 1434 
Thalassinidean, 1258 
white (Litopenaeus vannamei), 423 

Silica, 174, 567–569, 645, 651, 657, 660, 887, 1061, 
1458, 1469; dissolved, 640, 641, 643, 644, 646, 
652, 659, 663, 1053; dissolved reactive 
(DRSi), 1456, 1464 

Silica, inorganic, dissolved, 650 
Silicate, 98, 132, 144–145, 150, 190, 238, 267, 268, 

313, 314, 468, 537, 561, 563, 654, 687, 728, 742, 
761, 809, 1007, 1051, 1118, 1119, 1121, 1122, 
1228, 1229, 1230, 1235, 1333, 1343, 1350, 1358, 
1359, 1421, 1435, 1462, 1478, 1517; dissolved, 
685 

Silicoflagellate, 279, 280, 414, 1054 
Silicon, 1040, 1042, 1350 
Silicon limitation, 887 
Sill: Cretan, 1292; Lifamitola, 675, 681, Otranto, 

1292; Pelagosa, 1262, 1263, 1280, 1290; Tor-
tugas, 227 

Siphonophore (Muggiaea), 351, 462, 748, 1098, 
1520; Bassia bassensis, 351; Siphonophores 
cnidaria, 350 

Sipunculoidea: Golfingia, 1156, 1157 
Skate, 982, 988, 1164 
Slope: Aquitaine, 937; Armorican, 937, 943, 945, 

949, 950, 956; Asia, Far Eastern, 529; Can-
tabrian, 937; Celtic, 942, 949; Murman, 1153; 
Patagonian, 305; Portugal, 942; Spain, 946, 
950; Tasman, 1420; Texas-Louisiana, 229 

Snail, 417; small green (Smaragdia viridens), 239 
Solar irradiance, 146, 147, 900, 1007, 1008, 1095 
Solar radiation, 38, 346, 956, 1141, 1180, 1182, 

1183, 1190, 1218, 1347, 1472, 1473 
Sound: Jones, 1214, 1221, 1230, 1235; King, 1415, 

1417; Lancaster, 63, 71, 72, 1213–1215, 1220, 
1221, 1227–1230, 1232, 1233, 1235, 1236; 
Long Island, 120, 155, 158, 1005; Marlbor-
ough, 1469; Mississippi, 184; Norton, 1178, 
1185; Pamlico, 122; Peel, 1221; Puget, 442, 
452, 453, 474; Smith, 1214, 1220, 1221; Vis-
count Melville, 1214, 1215, 1227–1229, 1235 

Spawning: fish, 153, 822, 836, 838, 849, 851; 
zooplankton, 1083 

Spawning grounds, 23, 452, 463, 476, 541–542, 544, 
609, 611–612, 824, 842, 843, 857, 905, 908, 964, 
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973, 974, 975, 977, 979, 980, 1021, 1079, 1085, 
1086, 1097, 1100, 1102, 1194, 1280, 1310, 1312, 
1313, 1315, 1316, 1432 

Spawning season, 852, 966, 1091, 1309, 1432 
Spit, Farewell, 1465 
Sponge (Porifera), 113, 416, 576, 608, 609, 1153, 

1413; spicules, 1147 
Spur, Goban, 938, 946, 951, 1019, 1021 
Squid, 48, 110, 424, 544, 559, 580, 610, 699, 983, 

1164, 1166, 1307 
chokka, 816, 817 
common, Japanese, 581 
common (Todarodes pacificus), 608, 612, 613, 

615 
Gonatidae, 580–581; Berryteuthis magister, 580, 

1198; Gonatopsis borealis, 580 
jumbo (Dosidicus gigas), 425 
Loliginidae, 320; Loligo, 982, 1307, 1309, 1311, 

1313, 1315, 1318; gahi, 320; sanpaulensis, 280, 
320 

market, 463 
Ommastrephidae, 320; Illex argentinus, 321 

Squirt, coastal, 1470; super, 405 
Starfish (Asteroidea), 417, 609; Crown-of-Thorns 

(Acanthaster planci), 113, 1413, 1430 
Storm, 451; track, 123; tropical, 177, 231 
Strait(s): Anadyr, 1178, 1184, 1196; Bab el 

Mandeb, 93, 94, 96, 97, 1374, 1376, 1378, 
1384, 1390, 1393, 1394, 1399, 1407; Balabac, 
662; Barrow, 72, 1213–1215, 1218, 1221, 
1224–1232, 1236; Bass, 14, 111, 113, 1415, 
1417, 1418, 1422, 1423, 1425, 1429, 1431, 1432, 
1436; Bellot, 1214, 1219–1221, 1223; Bering, 
62, 63, 64, 70, 77, 1177, 1178, 1185, 1187, 1196, 
1197, 1216, 1221, 1222, 1226, 1227, 1237; 
Bohai, 640–642, 666; Bosphorus, 86, 88, 
1333–1336, 1341, 1343, 1347–1349; Buso, 511; 
Bussol, 550, 553, 556, 565; Cabot, 119; Cardi-
gan, 1214, 1216, 1219–1221, 1225; Cook, 112, 
1005, 1451–1453, 1455, 1456, 1460, 1465–1470, 
1482, 1483; Danish, 84, 85, 90, 1034, 1035, 
1037, 1045, 1046, 1057, 1060, 1067; Darda-
nelles, 86, 88, 1335, 1348; Davis, 124, 1230; 
Dmitry Laptev, 1117; Dolphin and Union, 
1225; Dover, 1034; Ekaterina’s, 550; Florida, 
179, 185, 226, 227, 232, 236, 242; Fourth Ku-
rile, 550; Foveaux, 112, 1454, 1456, 1458; 
Fram, 62–64, 66, 77, 1094, 1120, 1222, 1226, 
1227, 1229; Freez’s, 550; Fury and Hecla, 
1214, 1216, 1219, 1220; Georgia, 442, 452, 
453, 474; Hudson, 124, 1215, 1216, 1220; Juan 
de Fuca, 44, 442, 450, 452, 453, 454, 474; 
Kamchatka, 1177; Karimata, 662; Karskiye 
Vorota, 1145, 1153, 1155; Kattegat, 86, 90, 
1036–1038, 1041, 1044, 1045, 1048, 1049, 1058, 
1059, 1064; Kerch, 1335; Korea, 100, 101, 587, 
588, 590, 591, 596, 597–598, 599, 609, 638; 

Kruzenstern’s, 550, 553, 565; La Pérouse, 100, 
550, 551, 556 (See also Soya); Lapeniz, 550; 
Le Maire, 309; Lombok, 104, 105, 674, 675, 
681, 682; Luzon, 103, 106, 638, 661–663, 665, 
666; Makassar, 104, 105, 674–677, 680, 681, 
683, 684, 686, 694, 695, 697; Malacca, 662; 
Mamiya, 565; M’Clure, 1213–1215, 1219, 
1226–1229, 1235; Mindoro, 662, 675, 681; 
Nares, 1214, 1216, 1226, 1230; Ombai, 105, 
675, 681, 682; Penny, 1214, 1219, 1220, 1226; 
Sannikov, 1117; Sicily, 86, 87, 1246–1251, 
1257, 1267, 1272–1274, 1278, 1285, 1290, 1291, 
1299–1300, 1319, 1320; Skagerak-Kattegat, 
1034, 1035, 1042, 1051, 1057; Skagerrak, 1036, 
1037, 1038, 1040, 1044, 1048, 1049, 1058, 1064; 
South Kurile, 513; Soya, 565, 587, 588; Tai-
wan, 103, 638, 653, 662; Tartar, 100, 550, 605; 
Timor, 105, 675, 677, 681, 682; Tokara, 544, 
588, 638; Torres, 1415, 1417, 1435, 1437; 
Tsugaru, 101, 511, 515, 517, 587, 588, 609; 
Yucatan, 226, 227, 232, 236, 242; Yugorskiy 
Shar, 1153, 1155 

Strait(s) of: Gibraltar, 28, 86, 880–882, 884, 920, 
942; Hormuz, 93, 94, 1374–1376, 1384, 1386, 
1387, 1390, 1397, 1399; Magellan, 18, 297, 
307, 309, 314, 316; Otranto, 1247, 1262, 1263, 
1266, 1290, 1314; Tiran, 1374, 1377, 1395 

Stratification, 35, 359, 372, 400, 410–412, 470, 473, 
477, 481, 485, 595, 646, 687, 759, 769, 987, 
1005, 1008, 1011, 1037, 1038, 1054, 1081, 1185, 
1224, 1225, 1292, 1463; density, 26, 90, 1063, 
1116, 1125, 1127, 1401; haline (salinity), 86, 
947, 956, 957, 963, 1040, 1047, 1049, 1055–
1058, 1143; seasonal, 43, 375, 392, 401, 561, 
653, 952, 1036, 1052; summer, 936, 960, 961; 
surface, 1015; thermal, 67, 817, 949, 956, 957, 
1004, 1049, 1052, 1053, 1058, 1191, 1309, 1402, 
1435; thermohaline, 562, 727, 766, 770, 965; 
two-layer, 1349; vernal, 1407; vertical, 700, 
819, 822, 824, 1014, 1184, 1361 

Stream: Alaska, 582, 583, 1185, 1186, 1198; Atlan-
tic Ionian (AIS), 87, 1267, 1273, 1274, 1278, 
1280, 1300, 1312, 1313; Gulf, 5, 8, 11, 13, 19, 
95, 122, 123, 124, 125, 127, 129, 135, 137, 158, 
169, 171, 179, 181, 189, 197, 200, 225, 270, 274, 
730, 1093 

Stress, bottom, 472, 1483 
Stromatolite, 1433 
Suboxic, 12, 17, 750, 752, 753, 761, 768, 770, 1342, 

1343; Layer (SOL), 91, 1344–1346, 1350, 
1359–1361 

Succession, seasonal, 1063, 1147, 1458 
Sulfate, 362, 744, 1059, 1347; non-sea-salt (NSS), 

1347, 1348; reduction, 364, 708, 752, 755, 
1351, 1476 

Sulfide, 467, 1343, 1345, 1351, 1360; dimethyl 
(DMS), 1347; hydrogen, 91, 237, 569, 752,  
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Sulfide (continued) 
 753, 1120, 1344, 1346, 1361, 1362; oxidation, 

363, 1347, 1359; reduction, 1360 
Sulfur, 709 
Suspension freezing, 1125 
Sverdrup: condition, 1053; flow, 950; model, 146. 

See also Circulation 
Teleconnection, 53, 482, 583, 918–919 
Temperature, 337, 338, 344, 352, 359, 687, 688, 

703, 747, 749, 751, 754, 761, 765, 789, 800, 801, 
816, 843, 887, 900, 941, 944, 953, 963, 1095, 
1119, 1120, 1122, 1181, 1228, 1229, 1279, 1281, 
1283, 1335, 1362, 1373, 1389, 1396, 1403, 1420, 
1462, 1470; air, 617; bottom, 817; deep sea, 
1407; water, 130, 132, 535, 536, 537, 539, 554, 
563, 582, 1180 

Temperature, sea surface (SST), 25, 67, 89, 123, 
128, 129, 134, 135, 141, 142, 321, 357, 361, 391, 
396, 397, 398, 399, 400 402, 411, 456, 486, 487, 
489, 515, 517, 552, 553, 607, 659, 684, 685, 
700–702, 732, 763, 788, 799, 804, 807, 817, 819, 
820, 821, 838, 839, 847, 849, 850, 852, 853, 867, 
868, 871, 911, 946, 948, 950, 951, 964, 965, 985, 
986, 1143, 1336, 1337, 1461; anomaly, 912–
919; seasonal, 952 

Terrace: Groeber, 300; Rio de la Plata, 298, 299 
Thermal inversion, 947 
Thermocline, 53, 270, 321, 334, 335, 339, 343, 344, 

346, 347, 359, 364, 391, 397, 398, 399, 403, 404, 
406, 410, 415, 417, 561, 563, 589, 605, 640, 646, 
653, 659, 662, 687, 700, 728, 736, 756, 819, 867, 
868, 902, 918, 945, 956, 957, 1004, 1007, 1008, 
1011, 1037, 1052, 1054, 1058, 1095, 1102, 1434, 
1466, 1521; middle, 686; seasonal, 90, 97, 98, 
101, 126, 138, 142, 146, 233, 554, 799, 815, 817, 
822, 944, 949, 962, 1009, 1010, 1013, 1015, 
1022, 1023, 1185, 1281, 1336, 1341, 1344, 1461; 
shoaling, 396, 400, 405; shelf, 818; upper, 734 

Throughflow, 680, 714; Indonesian, 6, 18, 104, 
674, 677, 679, 681, 1434, 1435 

Tidal flat, 1408, 1410 
Tidal range, 310, 1116, 1117, 1386, 1393, 1417, 1456 
Tidal stirring, 1004, 1005, 1052, 1057 
Tide: barotropic, 944; internal, 472, 936, 944, 956, 

1461, 1430; red, 193, 194, 461, 475, 371, 695, 
838, 842, 1023, 1055; white, 49 

Tierra del Fuego, 297, 298, 307, 309, 319 
time series, 44, 444, 446, 447, 459, 483–488, 489, 

519, 520, 535, 537, 538, 541, 617, 618, 619, 620, 
816, 843, 844, 850, 854, 871, 911–913, 917, 945, 
950, 953, 954, 960, 964, 965, 968, 985, 986, 
1094, 1179, 1182, 1188, 1189, 1191, 1199, 1202, 
1203, 1311, 1518, 1522 

Tin, 1159 
Tintinnid, 318; Dyctyocysta, 1474 
Top-down control, 92, 109, 248, 854, 1086, 1181, 

1189, 1200, 1201, 1237, 1354, 1358, 1401 

Toxaphene, 1236 
Trace element, 1126, 1127–1128 
Trace metal (TM), 1158, 1159 
Tracer: biochemical, 490; chemical, 444; CFC, 

1395; genetic, 444; geochemical, 414, 446, 489; 
thymidine, 729. See also Isotope 

Transient, Eastern Mediterranean (EMT), 1271, 
1290, 1292 

Transport, 445, 454, 481, 485, 517, 1123, 1180, 
1181, 1193–1196, 1198, 1426; advective, 45; 
alongshore, 482; atmospheric, 1347, 1348 (See 
also Deposition, atmospheric); bedload, 
1476; cross-shelf, 11, 447; cross-shore, 469; 
freshwater, 1221, 1230, 1232, 1237; heat, 590; 
lateral, 1359; off-shelf, 1018; offshore, 920; 
sediment, 17, 304, 897–898, 1006, 1124, 1126; 
wind-driven, 367 

Trench: Cariaco, 227, 237, 250; Izu, 593; Izu-
Ogasawara, 530; Japan, 511, 512, 519, 530; 
Kurile-Kamchatka, 519; Middle America, 
392, 393; Norwegian, 84, 8- 86, 1036, 1037, 
1040, 1041, 1042, 1043, 1044, 1051, 1061; 
Perú-Chile, 362; Philippine, 677; Puerto Ri-
can, 227, 229–230, 245 

Trophic cascade, 1196. See also Hypothesis 
Trough: Bear Island, 1142, 1154; Bounty, 1476; 

Cayman, 227, 229; Central, 64; Japan, 593; 
Medvezhinsky, 1140; Mississippi, 245, 246; 
Nankai, 593; Norwegian, 1154; Novaya Zem-
lya, 1153, 1155, 1168, 1169; Okinawa, 103, 
654, 656; Princess Elizabeth, 1504, 1505–1506; 
Rockall, 945; St. Anna, 1140, 1141, 1143, 
1154, 1157; Voronin, 1141, 1143 

Tunicate, 353, 479, 481, 485, 748 See also Appen-
dicularian; Salp; Sea squirt 

Turbellaria, 990 
Turbidite, 229–230, 692 
Turbidity, 362, 887, 888, 1055, 1435 
Turbulence, 359, 400, 410, 454, 473, 479, 481, 

1180, 1181, 1192, 1193, 1200 
Turtle, 113, 248, 424; green, 97, 247, 1408; leath-

erback (Dermoscelys coriacea), 424, 785, 804; 
Lepidocelys olivacea, 424; sea, 246, 247, 417, 
425 

Undercurrent: California, 395, 442, 455, 472; 
Equatorial (EU), 263, 402; New Guinea, 681; 
Poleward (PUC), 24, 41, 334, 336, 337–339, 
363, 371, 374, 750, 835, 838, 881, 887; Portugal 
Coastal (PCUC), 882, 885, 886 

Up-doming, 45 
Upwelling, 8, 11–13, 15, 140, 155, 179, 181–183, 

184, 189, 194, 203, 233, 236, 243, 244, 270, 272, 
330, 334, 335, 337, 343–349, 352–354, 368, 373, 
374, 395–399, 404–406, 451, 467, 478–479, 653, 
687, 697, 700, 704, 705, 710, 745, 746, 752, 756, 
768, 793, 802, 835–859, 1058, 1272, 1278, 1279, 
1308, 1317, 1395, 1419, 1430, 1432, 1465; 
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coastal, 25, 87, 99, 104, 108, 272, 273, 371, 469, 
563, 659, 731, 737, 738, 766, 770, 819, 822, 865, 
867–871, 874, 882–899, 904, 911, 920, 936, 949, 
955, 962, 1290, 1291, 1297, 1311, 1359, 1397; 
eastern equatorial Pacific, 402; episodic, 
1471, 1475; Kahurangi, 112, 1466–1468, 1470; 
local, 9, 14, 16, 38, 1051, 1285, 1515; Maurita-
nian, 888, 899, 1468; Moroccan, 887; seasonal, 
39, 449, 459, 727, 867, 880, 883–891, 893, 896, 
898, 905–907, 917, 1273, 1460, 1462–1464; 
Senegalese, 907, 911; wind-driven, 23, 24, 29, 
32, 39, 44, 45, 180, 442, 453, 454, 459, 469–472, 
474, 801, 819–821, 1015, 1312, 1315, 1319, 
1421, 1422, 1434; Yamksy, 561 

Upwelling cell, 48, 807; Angoche, 797; Port 
Alfred, 791, 814–817, 821, 822, 824; St. Lucia, 
791, 808, 812, 823 

Upwelling index, 333, 335, 450, 907, 985, 986 
Upwelling intensity, 33, 34, 44, 455, 458, 483, 485, 

907, 912, 954 
Upwelling system. See Current: Benguela; Cali-

fornia; Canary; eastern boundary; Perú-Chile 
Uranium, 755 
Urea, 1008 
Valley: Elbe, 1040; Lena Underwater, 1113, 1121, 

1125; submarine, 1113, 1124; Yana, 1113 
Vent, 1395; hydrothermal, 481, 689, 690 
Viral lysis, 1401 
Wallace Line, 104, 674, 693, 697 
Walrus (Odobenus rosmarus), 73, 1164, 1166, 

1179, 1232, 1233 
Wasp-waist control, 49, 854 
Water: 

Adélie Land Bottom, 1498, 1505, 1511 
Agulhas, 850 
Amazon, 243 
Anadyr, 64, 1185 
Antarctic: Bottom (AABW), 75, 942, 1498, 

1503–1505, 1511, 1513, 1525; Intermediate 
(AIW), 231, 338, 789; Surface, 311, 1498, 
1506 

Antarctic, Sub- (SAW), 334, 338, 339, 343, 351, 
375, 376 1455, 1456, 1477–1479, 1481; Sur-
face, 1457 

Arabian Gulf Deep (PDW), 1390 
Arabian Sea High Salinity Surface (ASHSW), 

769–770 
Arctic, 1079, 1080, 1081 
Atlantic (AW), 1037, 1052, 1058, 1077, 1079, 

1080, 1083, 1084, 1094–1096, 1101–1103, 
1142–1144, 1226, 1227, 1229, 1230, 1250, 1277, 
1312, 1320; Central, 132; Deep, 301; Modified 
(MAW), 87, 1275, 1279, 1283, 1291, 1300; 
Tropical Surface, 235 

Atlantic, North, 1017, 1040, 1140; Central 
(NACW), 127, 131, 885–887, 895, 952; Cen-
tral, Eastern (ENACW), 885, 886, 891, 896, 

898, 912, 941, 943, 944, 945, 950, 954, 962, 985; 
Deep (NADW), 789 

Atlantic, Northeast, Deep (NEADW), 942 
Atlantic, South, Central (SACW), 14, 263, 264, 

265, 266, 269–271, 272, 273, 274, 275, 278, 279, 
280, 283, 285, 886, 887, 893, 895 

Bay of Biscay Central (BBCW), 885, 943 
Bering Sea Shelf, 64, 1185 
Brazil Current Tropical, 278 
coastal, 263, 264, 270, 271, 275, 280, 1094, 1095, 

1101; Alaskan, 1185; Carolina, 126; Virgin-
ian, 126 

Central, 789, 790, 819 
Circumpolar Deep (CDW), 1496, 1498, 1503, 

1504, 1513, 1514; Highly Modified 
(HMCDW), 1514; Lower (LCDW), 1506; 
Modified (MCDW), 1498, 1505, 1511, 1513; 
Upper (UCDW), 1497 

Continental Influence (CIW), 1310, 1356 
Cretan: Deep (CDW), 1292; Cretan Intermedi-

ate, 1290 
East China Sea Shelf, 655 
Equatorial Subsurface (ESSW), 334, 337, 338, 

343, 350, 351, 353, 372, 374–376 
Gulf of Aden: Intermediate (GAIW), 1393, 

1394; Surface (GASW), 1393, 1399 
Gulf of Aqaba(GAW), 1395 
Gulf of Suez (GSW), 1395 
Iceland-Scotland Overflow (ISOW), 942 
Indian: Equatorial, 789; Surface (IOSW), 94, 

1387, 1389 
Indian, North: Deep (NIDW), 789; High-

salinity Intermediate, 760 
Indian, South: Central, 815; Subtropical, 789 
intermediate, 1393, 1395 
Japan/East Sea Intermediate (JESIW), 589 
Kuroshio, 588, 647, 662; Subsurface, 653–655 
Labrador: Sea (LSW), 942–944; Slope, 124, 

126–127, 129–132, 146 
Levantine Intermediate (LIW), 87, 1271, 1283, 

1290, 1307; Modified (MLIW), 1278 
Maine: Bottom, 142; Intermediate, 142; Sur-

face, 142 
Malvinas (Falkland), 306, 314 
Mediterranean, 936, 942, 943, 1335, 1336, 1348, 

1349, 1378; Outflow (MOW), 882, 941–944, 
985 

Middle Current, 553 
Pacific, 553, 554, 556, 557, 559, 561, 582, 1226, 

1227, 1229, 1230 
Pacific, North: Intermediate (NPIW), 101, 515–

516, 554–555, 566, 685, 686; Subtropical, 685, 
686 

Pacific, South: Central, 1456, 1457; Subtropical 
(SPSW), 686 

Norwegian Sea Deep (NSDW), 1077, 1087 
Okhotsk Intermediate, 564 
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Water (continued) 
Polar, 1079, 1102 
Red Sea (RSW), 94, 1392–1395, 1399; Deep 

(RSDW), 1393; Overflow (RSOW), 1393; 
Surface (RSSW), 1393 

Ross Sea Bottom, 1498, 1513 
Scotian Shelf, 138, 142, 144, 147–148 
Shelf: High Salinity (HSSW), 1514; Ice, 1498, 

1505, 1514 
Slope, 138, 142, 144; Warm, 127, 129, 131–132, 

142, 146 
Surface, Sub- (SSW), 337, 351; Oceanic, 263 
Tropical (TW), 263, 264, 266, 267, 270, 271, 272, 

273; Surface, 789, 797, 799, 801, 802, 804, 807, 
809, 815 

Tropical, Sub- (STW), 1455, 1477, 1479; Lower, 
710; Surface, 334, 797, 799, 801, 802, 804, 807, 
815 

Tsugaru Warm, 511 
Weddell Sea: Bottom, 1513; Deep, 1498 
Winter (WW), 1498, 1514; Intermediate 

(WIW), 1275 
Yellow Sea, 642 

Wave: climatic, 559; coastal trapped (CTW), 25, 
32, 35, 37, 39, 53, 112, 335, 344, 347–349, 371, 
448, 482, 835, 837, 1338, 1356, 1417, 1470, 
1471; frontal, 532, 533, 534; internal, 46, 271, 
472, 475, 685, 942, 944, 949, 955, 962, 964, 
1005, 1006, 1017, 1018; Kelvin, 24, 35, 39, 53, 
95, 112, 534, 535, 726, 762, 852, 868, 1222, 
1451, 1456; Rossby, 24, 40, 95, 262, 680, 726, 
746, 868, 1183, 1338, 1356 

Whale, 48, 75, 77, 113, 467, 937, 1087; baleen, 149, 
614, 622, 623, 624, 1164, 1200, 1524; beluga 
(Delphinaptesus leucas), 1164, 1232, 1233, 
1235, 1236; blue (Balaenoptera musculus), 
425, 1164, 1524; bowhead (Balaena mys-
ticetus), 1164, 1179; fin (Balaenoptera phy-
salus), 1164, 1524; giant sperm (Physeter 
catodon), 1164; gray, 1197; humpback 
(Megaptera novaeangliae), 425, 1164, 1524; 
killer (Orcinus orca), 1164, 1232, 1233; long-
finned pilot (Globicephala melaena), 1164; 
minke (Balaenoptera acutorostrata), 581, 
1164, 1524; narwhal (Monodon monoceros), 
1164, 1232, 1233; seiwal (Balaenoptera bore-
alis), 1164; sperm (Physeter macrocephalus), 
200, 425; white, 1166 

Whaling, commercial, 1524 
Whirl, Great (GW), 725, 730, 731, 734 
Wind, 451; alongshore, 905; Bora, 88, 1281; 

downwelling-favorable, 32, 37, 443, 940, 955, 
957, 1291; Etesian, 1286, 1287; katabatic, 
1510, 1511, 1513; Mistral, 1286, 1287; mon-
soonal, 107, 108, 793, 794; Roaring Forties, 
110, 111, 1413, 1417, 1451; Shamal, 94, 1382, 
1387; Sirocco, 88, 1281; synoptic, 1512; Te-

huano, 407; trade, 25, 27, 32, 39, 53, 111, 230, 
231, 264–265, 268, 391, 396, 397, 398, 399, 402, 
403, 404, 417, 448, 866, 880, 884, 885, 919, 920, 
1417, 1428; upwelling favorable, 32, 37, 38, 
333, 334, 346, 347, 443, 884, 906, 911, 918, 807, 
821, 843, 871, 911, 940, 955, 956, 957, 1278, 
1300, 1391, 1431, 1471 

Wind Drift, East. See Current, Coastal, Antarctic 
Wind Drift, West, 361, 1454. See also Current, 

Circumpolar, Antarctic 
Wind jet, 25, 27, 47, 48, 399, 404–406; Panama, 

400; Papagayo, 400, 404; Tehuantepec, 400, 
409 

Wind speed, 804, 814, 820, 905, 950, 1141, 1193, 
1382, 1384 

Wind stress, 9, 29, 32, 36, 38, 52, 180, 264–265, 
397, 398, 399, 400, 402, 403, 404, 406, 407, 409, 
443, 448, 450, 470, 471, 478, 483, 486, 518, 531, 
700, 838, 840, 847, 854, 868, 887, 888, 891, 898, 
912, 941, 943, 945, 950, 957, 1016, 1038, 1181, 
1183, 1282, 1286, 1287, 1288, 1340, 1356, 1362, 
1387, 1461, 1516 

Worm, 417; bristle, 608; oligochaete, 1165; vesti-
mentiferan, 467 

Zinc, 1126, 1127, 1128, 1159 
Zone, Coastal Transition (CTZ), 446, 455, 886, 

889; Canary Islands, 882, 884, 885, 900–904, 
920; Iberian, 886 

Zone, confluence, 305, 306, 512, 515; Brazil-
Malvinas (Falkland) (BMCZ), 306, 308, 311, 
317, 318; Kuroshio-Oyashio, 14; Subtropical 
(SCZ), 9, 311 

Zone, Economic Exclusive (EEZ), 277, 419 
Zone, fracture, Malvinas/Agulhas, 297 
Zone, Inter Tropical Convergence (ITCZ), 22, 24, 

25, 29, 38, 39, 231, 234, 264, 331, 333, 396, 397, 
398, 399, 404, 405, 407, 409, 416, 677, 678, 794, 
866 

Zone, marginal ice (MIZ), 117, 1067, 1494, 1497, 
1499, 1500, 1515, 1516, 1518, 1519 

Zone, oxygen minimum (OMZ). See Oxygen 
Minimum Layer (OML) 

Zone, Permanently Open Ocean (POOZ), 1497, 
1499, 1500 

Zone, rocky intertidal, 466, 483 
Zone, Structural: Bottom (BSZ), 1116, 1117, 

1120; Intermediate (ISZ), 1116, 1117, 1119, 
1120; Surface (SSZ), 1117, 1118, 1119, 1120 

Zooflagellate, 1054, 1063 
Zooplankton, 36, 48, 54, 139, 151, 153, 196, 244, 

245, 268, 349, 350, 352–354, 359, 361, 374, 405, 
452, 467, 473, 475, 476, 484, 485, 486, 513, 
573–576, 581, 585–586, 602–608, 614, 619, 622, 
623, 644, 738, 739, 748, 753, 797, 849, 854, 870, 
890, 904, 936, 964, 965, 971, 983, 1012, 1013, 
1059, 1078, 1081, 1084, 1089, 1090, 1097, 1100, 
1102, 1129, 1149–1153, 1190, 1200, 1359, 1399, 
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1405, 1425, 1430, 1458, 1467, 1468, 1472, 1474, 
1520; euryphagous, 575; gelatinous, 196, 197, 
268; predatory, 575, 576 

Zooplankton, meso-, 197, 461–463, 470, 477–478, 
479, 522–523, 697, 740, 757, 966, 968, 970, 
1057, 1350, 1352–1359, 1362, 1404, 1405, 1407, 
1464, 1473 

Zooplankton, 18–19, 21, 25, 26, 53, 64, 66, 73, 239,  

 275, 288, 358, 370, 418, 420–421, 422, 431–432, 
494, 501, 509, 511, 520–527, 536, 656, 786, 793, 
794, 810, 823, 904, 985; gelatinous, 423, 424 

Zooplankton, 18-19, 21, 25, 26, 53, 64, 66, 73, 239, 
275, 288, 358, 370, 418, 420-421, 422, 431-432, 
494, 501, 509, 511, 520-527, 536, 656, 786, 793, 
794, 810, 823, 904, 985; gelatinous, 423, 424 

 




