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Abstract Increased public awareness of the global sig-
nificance of polar regions and opening of the Russian
Arctic to foreign researchers have led to a pronounced
intensification of benthic research in Arctic seas. The
wealth of information gathered in these efforts has
markedly enhanced our knowledge on the Arctic ben-
thos. While some scientific concepts have been corrobo-
rated by the novel findings (e.g., low endemism and high
faunistic affinity to northern Atlantic assemblages), other
common notions need to be revised, particularly with
regard to the often-cited differences between Arctic seas
and the Southern Ocean. It has been demonstrated that
benthos assemblages vary broadly in diversity between
Arctic regions and that, hence, the idea of a consistently
poor Arctic benthos—being in stark contrast to the rich
Antarctic bottom fauna—is an undue overgeneraliza-
tion. In terms of biogeographic diversity, both Arctic and
Antarctic waters seem to be characterized by intermedi-
ate species richness. Levels of disturbance—a major
ecological agent known to heavily affect benthic diversity
and community structure—have been assumed to be
relatively high in the Arctic but exceptionally low in the
Southern Ocean. The discovery of the great role of ice-
berg scouring in Antarctic shelf ecosystems, which has
largely been overlooked in the past, calls for a recon-
sideration of this notion. The novel data clearly dem-
onstrate that there are marked differences in
geographical and environmental setting, impact of fluvial
run-off, pelagic production regime, strength of pelago—
benthic coupling and, hence, food supply to the benthos
among the various Arctic seas, impeding the large-scale
generalization of local and regional findings. Field evi-
dence points to the great significance of meso-scale fea-
tures in hydrography and ice cover (marginal ice zones,
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polynyas, and gyres) as ‘hot spots’ of tight pelago—ben-
thic coupling and, hence, high benthic biomass. In con-
trast, the importance of terrigenic organic matter
discharged to the Arctic seas through fluvial run-off as an
additional food source for the benthos is still under de-
bate. Studies on the partitioning of energy flow through
benthic communities strongly suggest that megafauna
has to be adequately considered in overall benthic energy
budgets and models of carbon cycling, particularly in
Arctic shelf systems dominated by abundant echinoderm
populations. Much progress has been made in the sci-
entific exploration of the deep ice-covered Arctic Ocean.
There is now evidence that it is one order of magnitude
more productive than previously thought. Therefore, the
significance of shelf-basin interactions, i.e., the impor-
tance of excess organic carbon exported from productive
shelves to the deep ocean, is still debated and, hence, a
major topic of on-going research. Another high-priority
theme of current/future projects are the ecological con-
sequences of the rapid warming in the Arctic. Higher
water temperatures, increased fluvial run-off and reduced
ice cover will give rise to severe ecosystem changes,
propagating through all trophic levels. It is hypothesized
that there would be a shift in the relative importance of
marine biota in the overall carbon and energy flux, ulti-
mately resulting in a switch from a ‘sea-ice algae—ben-
thos’ to a ‘phytoplankton-zooplankton’ dominance.

Introduction

Since the end of the 1980s, there has been a profound
change in the significance that both the scientific com-
munity and the general public allocate to the polar re-
gions. Now, it is generally accepted that both the Arctic
and Antarctica are not only influenced by the same
global processes that affect the entire Earth but they
have also been recognized to heavily impact large-scale
processes that in turn shape the global climate (Mac-
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donald 1996; Clarke 2003). This is particularly true for
the polar seas and their ice cover.

This paradigm shift and a remarkable intensification
of scientific work in polar seas are interlinked by a po-
sitive feedback: the research results called for the change
in the perception of Arctic and Antarctic areas, and this
in turn stimulated further studies. Another important
aspect contributing to the new bloom of polar marine
research is the technical progress made in recent years.
Powerful ice-breaking vessels being specifically devoted
to research purposes, such as the German RV “Polar-
stern”, the British RV “James Clark Ross” and the
USCGC ““Healy”, became readily available to polar
researchers and allowed for undertaking scientific
expeditions that can go deeper into ice-covered regions
than ever before. Last but not least, in case of the Arctic
the scientific research was also significantly promoted by
the revolution in the former Soviet Union starting in the
late 1980s. This unexpected development, being inti-
mately connected with the introduction of the novel
policy of ‘glasnost’ (openness), was of truly global
political significance. As a side effect, the Eurasian—
Arctic waters off the vast northern Soviet territories,
which account for nearly half of the Arctic seas but had
effectively been barred to non-Soviet scientists during a
decade-long period of isolationism, became open for
international research (Piepenburg 1995).

Together, these developments sparked the launching
of several multidisciplinary, often international research
efforts since the late 1980s (Table 1), e.g., “The Northern
North Atlantic: A changing environment’, a German
collaborative research centre (SFB 313; Schifer et al.
2001), the ‘Northeast Water Polynya Study’ (NEW;
Hirche and Kattner 1994) and the ‘North Water Poly-
nya Study’ (NOW; Deming et al. 2002), both performed
within the framework of the ‘International Arctic
Polynya Project’” (IAPP; Anonymous 1991), the ‘Euro-
pean Polarstern Study’ (Arctic EPOS; Rachor 1992), the
Russian—German projects ‘System Laptev Sea’ (Thiede
et al. 1999) and ‘Siberian River Run-Off” (SIRRO; Stein
et al. 2003), the Norwegian-led ‘Carbon flux and eco-
system feedback in the northern Barents Sea in an era of
climate change’ project (CABANERA; Wassmann,
personal communication), the ‘Western Arctic Shelf—
Basin Interactions’ project (SBI; Grebmeier 2003), and
the ‘Canadian Arctic Shelf Exchange Study’ (CASES;
Fortier, personal communication). Within the frame of
these multi-year projects, marine field studies have been
carried out in various Eurasian—Arctic (Greenland,
Barents, Kara, and Laptev Seas) and American—Arctic
seas (Bering, Chukchi and Beaufort Seas, Baffin Bay). In
the course of these investigations, a wealth of novel data
has been collected, which allowed for extending our
information base on Arctic benthos faunas considerably
and, thus, for testing the general validity of common
notions about the structure and functioning of high-
latitude benthic systems.

A comprehensive review of the current knowledge
on Arctic benthos in general would be clearly beyond

Table 1 List of recent and on-going research programmes and projects (i.e., those ending after 1990), in the frame of which benthic field studies have been conducted in Arctic seas

during the past two decades. AOSB: Arctic Ocean Sciences Board

References

Time Region(s)

Acronym

Title

Schifer et al. 2001

Greenland-Iceland-Norwegian

1985-1998
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The Northern North Atlantic:

http://www.aosb.org/IAPP.html

Rachor 1992
Anonymous 1991;
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Barents Sea
Various Arctic seas
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Greenland Sea

Baffin Bay

1992-1993
1997-1999

NEW
NOW

Northeast Water Polynya Study
North Water Polynya Study

http://www.aosb.org/SBE.html

2001 Various Arctic seas
Laptev Sea Thiede et al. 1999

SBE

AOSB Shelf-Basin Exchange Initiative

System Laptev Sea

1993-2002
1997-2003

http://www.awi-bremerhaven.de/GEO/SIRRO/

Stein et al. 2003;
Grebmeier 2003

Kara Sea

SIRRO

Siberian River Run-Off

1998 Beaufort Sea

SBI

Western Arctic Shelf-Basin Interactions

http://sbi.utk.edu/

Chukchi Sea

Louis Fortier, personal communication;

2002 Beaufort Sea

CASES

Canadian Arctic Shelf Exchange Study

http://www.cases.quebec-ocean.ulaval.ca/

Paul Wassmann, personal communication

Barents Sea

2002—

CABANERA

Carbon flux and ecosystem feedback in the

Northern Barents Sea in an era of climate change




the scope of this essay. Here, I will rather focus on the
assemblages of ‘large’ benthic organisms (macro- and
megabenthos), i.e., according to the well-established
scientific usage (Gage and Tyler 1991), on those sea-
floor organisms that are large enough to be retained on
sieves with a mesh size of 0.5 mm (macrobenthos,
mostly infaunal) or to be visible in seabed images and/
or to be caught by towed sampling gear (megabenthos,
mostly epifaunal). Moreover, the extensive work
recently performed in Arctic fjords, for example, at
Spitsbergen (Wlodarska-Kowalczuk et al. 1998), espe-
cially in the Kongsfjord (Hop et al. 2002; Kendall et al.
2003; Wlodarska-Kowalczuk and Pearson 2004), is
certainly not savored as it actually deserves to be, as I
will largely concentrate on the findings reported from
off-shore shelf and deep-sea environments. Finally, I
will largely confine myself to deal with a few selected
ecological aspects, for which recent research results
have led to the necessity to revise certain well-beloved
notions. In doing so, I will put emphasis on the com-
parisons of Arctic and Antarctic conditions, based on
the rationale that the comparative analysis of the
similarities and dissimilarities between the two polar
systems is particularly suited to deduce general eco-
logical implications. However, to set the framework for
the further discussions, 1 will first give brief overviews
on the most salient features of contemporary environ-
mental conditions and geological origin of the Arctic

Fig. 1 Map of the Arctic Ocean
and its marginal seas
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seas, as well as on the state of knowledge on Arctic
benthos at the beginning of the 1990s.

Geographical, environmental and historical setting

There is no precise geographical definition of the term
‘Arctic seas’, as one can find different southern demar-
cations in the literature. In the following, a widely ac-
cepted scheme proposed on the basis of comprehensive
studies of the distribution patterns of benthic species is
adopted (Zenkevitch 1963): besides the deep-sea basins
in the Arctic Ocean proper as well in the Greenland Sea,
the “Arctic seas” encompass the waters over the conti-
nental margin of Greenland, the Eurasian shelves of the
Kara, Laptev and East Siberian Seas, the Amerasian
Chukchi Sea, the American Arctic shelves of the Beau-
fort Sea and the Canadian Archipelago (including Baffin
Bay), as well as the regions north of the Polar Front of
the Barents and Bering Seas (Fig. 1).

In general, the contemporary ecological setting in all
Arctic seas is primarily characterized by very low, but
relatively constant water temperatures, permanent or
long-lasting seasonal ice cover, as well as very pro-
nounced seasonal fluctuations in insolation and, hence,
primary production (Hempel 1985). However, there are
also some ecologically important regional contrasts be-
tween the various marginal seas and the Arctic Ocean
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proper due to differences in geographical position,
topography, climate, and hydrography (Curtis 1975;
Grebmeier and Barry 1991).

On a geological time scale, the Arctic seas as extreme
cold-water biotopes are relatively young, a fact that is
particularly evident if compared to Antarctica (Dunbar
1977). For the Southern Ocean, the onset of a significant
cooling can be traced back to the Eocene/Oligocene
boundary about 40 million years ago (Clarke and
Crame 1989). At latest with the opening of the Drake
Passage between South America and the Antarctic
Peninsula and the formation of the Antarctic Conver-
gence in the early Miocene about 23 million years ago,
an isolated cold circum-Antarctic Southern Ocean had
evolved (Thomson et al. 1991). In contrast, the polar
regions of the northern hemisphere continued to have
temperate climate conditions during the entire Miocene,
i.e., for further 19 million years. The Arctic Ocean was
largely ice-free and had open connections to both the
Atlantic and Pacific Ocean until the onset of a drastic
fall of sea temperatures in the Pliocene about 4 million
years ago. The decrease in temperature even intensified
since the beginning of the Pleistocene 1.8 million years
ago. This epoch was characterized by periodic alterna-
tions between ‘cold’ glacial and ‘warm’ inter-glacial cli-
mate conditions, which resulted in the evolution of the
contemporary geographical setting: a permanently ice-
covered central Arctic Ocean fringed by shelf seas with
seasonally varying sea-ice cover (Bleil and Thiede 1990).

The Arctic shelves in particular are inhabited by
‘young’—in evolutionary terms—benthic assemblages.
Because of the pronounced global sea-level variations
between glacial and inter-glacial intervals of about
100 m, the shelf regions had repeatedly fallen dry and/or
had, at least partly, been covered by huge glaciers during
the Quaternary glacial intervals. Therefore, they had to
be recolonized repeatedly by marine fauna during the
inter-glacial transgressions following the recurrent
Pleistocene glaciations, the last of which ended only
about 13,000 years ago (Zenkevitch 1963). It should be
noted, however, that vast portions of the markedly
deeper and narrower shelves of Antarctica, which are
usually thought to be characterized by much more stable
conditions than their Arctic counterparts, were also
scraped largely free of benthic biota by extending ice
shelves during glacial intervals (Clarke and Crame
1989). For the Arctic, there is even evidence that sub-
stantial erosion by advancing large Eurasian ice sheets
also affected greater water depths (Spielhagen 2001),
e.g., at the Yermak Plateau off NW Spitsbergen at
550 m below sea level (mbsl) about 660,000 years ago
(Myhre et al. 19995), in the St. Anna Trough in the Kara
Sea at 630 mbsl during the late Weichselian ice age
about 20,000 years ago (Polyak et al. 1997) or at the
Lomonossov Ridge at 1,000 mbsl during the Saale gla-
ciation 180,000-130,000 years ago (Jakobsson et al.
2001). There is no doubt that these events have very
likely led to massive destruction of the marine benthic
fauna in extensive areas of the Arctic, particularly on the

shelves. To avoid total eradication, relic populations,
which served as seeding sources for the subsequent re-
colonization process, must have survived somehow, ei-
ther in deeper waters or in protected areas where ice
scouring was not so devastating. One can easily imagine
that the alternating loss and subsequent re-colonization
of vast shelf habitats had pronounced impacts on the
diversity of benthic communities as well as on the
adaptability of benthic organisms.

Besides this long-term climate changes, the Arctic
seas have also experienced environmental variations on
shorter time scales. For example, over the last century
Arctic surface air temperatures rose significantly be-
tween 1925 and 1945, decreased between 1950 and 1970
and have risen again since 1980 (Lozan et al. 2001). In
response to the recent trend in atmospheric warming, the
spatial extent of the summertime Arctic pack ice has
been reduced by about 30% over the last three decades
(Cavalieri et al. 1997), and also the average thickness of
the pack ice seems to have been shrunk by a corre-
sponding proportion (Rothrock et al. 1999). It has been
recognized that such climate variations follow a cyclic
pattern that is not restricted to the Arctic (‘Arctic
Oscillation” AO) but affects the entire northern hemi-
sphere (‘North Atlantic Oscillation” NAO) (Dickson et
al. 2000). However, models suggest that climate changes
will be particularly pronounced in the Arctic and that
this region may warm ~3-4°C or more than twice the
global average under realistic greenhouse warming sce-
narios (IPCC 2001). Such changes will not only have
immediate effects on Arctic mammals and sea-ice biota
(ACIA 2004) but will most likely also have severe im-
pacts on both pelagic productivity and organic matter
export and will, hence, also affect benthic communities.

State of knowledge and research perspectives in the early
1990s

The fact that the scientific research in Arctic waters has
been intensified considerably since the late 1980s does
not at all mean that the benthos of the northern seas had
been unknown to science before. As Dayton (1990)
rightly pointed out, the history of the scientific explo-
ration of Arctic regions is not as short and fragmentary
as one might suppose because of their remoteness,
inaccessibility and extreme climatic conditions. In the
course of quite a number of field studies, most of which
were conducted in the continental seas fringing the deep
Arctic Ocean proper, a wealth of information on various
aspects of the Arctic benthic fauna has been collected.
Surprisingly—and in contrast to a common no-
tion—the vast Eurasian—Arctic waters off the Russian
and Siberian coasts were at first better investigated than
other Arctic regions. However, this fact remained largely
unnoticed in the international scientific community be-
cause the research results were nearly always published
in Russian publications that could neither be retrieved
nor be understood by the vast majority of western sci-



entists. Until the late 1980s, their knowledge of this
enormous body of information relied almost exclusively
on the English translation of Zenkevitch’s (1963) semi-
nal textbook ‘Biology of the seas of the USSR’ that had
actually already been published in Russian in 1955. In
this comprehensive volume, the extensive research con-
ducted by Russian scientists in the northern Soviet seas
in the 1930s, 1940s and 1950s was synoptically pre-
sented, and it is still outstanding in its comprehensive
description of the biogeography, composition, abun-
dance and biomass of the Eurasian—Arctic benthos. The
results of the more recent work of Russian researchers
were made available to the western scientific community
by the book edited by Herman (1989).

In the western Arctic, systematic benthological work
started with an inventory of the benthic fauna off Point
Barrow (Chukchi Sea) in the late 1940s and early 1950s
(MacGinitie 1955). In the 1980s, the first multidisci-
plinary projects, including benthological studies, were
launched in the Southeastern Bering Sea (‘Processes and
resources of the Bering Sea’, PROBES; McRoy et al.
1986) and the northeastern Bering Sea and the Chukchi
Sea (‘Inner Shelf Transfer and Recycling’ (ISHTAR;
McRoy 1993). These projects led to some very important
conclusions, such as the general importance of frontal
zones for both pelagic and benthic systems, the signifi-
cance of the pelago—benthic coupling and the existence
of high-biomass assemblages in the northern Bering and
southern Chukchi Seas.

From a western point of view, the information on
Arctic benthos has repeatedly been summarized in sev-
eral monographs and review articles, each with a dif-
ferent focus (e.g., Curtis 1975; George 1977; Knox and
Lowry 1977; Hedgpeth 1977, Hempel 1985; Dayton
1990; Carey 1991; Grebmeier and Barry 1991). Sum-
marizing the state of knowledge compiled until the early
1990s, as it has been presented in these publications, the
following general statements about the Arctic benthos
and the knowledge about it can be made:

— Arctic benthic assemblages are rather poor in diversity
and feature more cold-eurythermal boreal immigrants
than truly Arctic species (endemics). This was con-
sidered as a salient characteristic of the Arctic seas in
general—as well as a major difference to the Southern
Ocean—and was attributed to the short geologic age
of the Arctic; because of its rather unstable and
oscillating environment, as well as its little developed
biogeographical isolation, it has relatively intense
faunal exchange with boreal regions.

— Benthic standing stocks range broadly from very
small under food-limited conditions (e.g., in the deep
Arctic Ocean) to quite high in case of tight pelago—
benthic coupling (e.g., in the seasonally ice-covered
parts of the Bering, Chukchi and Barents Seas).

— Physical and biological disturbance levels were
hypothesized to be exceptionally high in Arctic waters
and to have an important impact on the structure and
functioning of benthic systems. This was assumed to
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be in stark contrast to Antarctica, which was thought
to be characterized by markedly lower disturbance
levels, resulting in the surprisingly high standing stock
of the nearshore deep Antarctic shelf benthos (because
stability, together with cold temperatures, enable
benthic organisms to grow larger than in the Arctic).
Pelago—benthic coupling was regarded as a crucial
process for the benthos in both polar regions, as it
determines the food supply to the benthos from the
overlying water column and, hence, directly influences
benthic community abundance and biomass. Since the
strength of the pelago—benthic coupling is, in turn,
largely regulated by water-column factors, such as the
hydrographic regime, ice coverage, primary produc-
tion and pelagic food web structure, oceanographic
processes have a great impact on polar benthic sys-
tems. In general, the relative strength of the pelago—
benthic coupling was assumed to increase with lati-
tude (irrespective of clear regional differences between
the Arctic seas), thus leading to the ‘paradox’ of low
water-column production and high benthic popula-
tions in many Arctic as well as Antarctic areas.

As Arctic shelf seas are characterized by high carbon
inputs from terrestrial sources, benthic communities
were hypothesized to make use of this additional food
supply to a considerable degree. This was regarded as
a further profound difference to the conditions in
Antarctic waters where terrestrial inputs are virtually
absent.

The information base, from which these conclusions
were drawn, was unevenly distributed among the
various Arctic Seas: while the Greenland, Barents,
Bering and Chukchi Seas were comparatively well
studied, the knowledge of less accessible regions, such
as the central Arctic Ocean and the Eurasian—Arctic
shelf seas, was very scarce.

While the knowledge on taxonomy and zoogeography
was considered to be comparatively good, more work
on quantitative characteristics (e.g., benthic secondary
production rates and energy flow patterns), life-cycle
adaptations (e.g., overwintering strategies) and the
effects of pollution and anthropogenic perturbations
was advised.

Therefore, it was commonly acknowledged that there
was a need for a broad intensification of research on
Arctic benthos in general and on the fauna in the
regions, in particular, which were hardly explored so
far. As major research themes, the significance of
pelago—benthic coupling, the role of disturbance, the
partitioning of carbon flow within the benthic com-
munities (i.e., among microorganisms and the different
fauna size classes), and the ecological consequences of
global climate change (e.g., reduction of ice cover,
increase of primary production, freshwater input and
suspended load) for the benthos were proposed.
However, this ecosystem-oriented work should be
accompanied by further autoecological research on
basic natural history and systematic studies.
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— To adequately address these ambitious issues, long-
term multidisciplinary research programmes, possibly
throughout the Arctic Basin and its surrounding seas,
were strongly advocated. They should combine large-
scale standardized surveys, including time-series
studies, as well as the use of novel techniques in field
work (e.g., direct observational work and in situ
experiments, possibly throughout the year) and labo-
ratory studies (e.g., physiological and behavioural
investigation of living organisms maintained over
lengthy periods of time).

— Because the stark contrast between Arctic and Ant-
arctic benthic systems is intertwined with obvious
environmental similarities, comparative research
projects in both polar regions—on subjects such as
the interplay between nutrients, primary production
and growth/reproduction rates, the significance of
benthic—pelagic coupling on larval settlement and
nutrient transfer, the patterns of succession and
persistence stability, as well as ecological conse-
quences of predator—prey relationships and pertur-
bation caused by humans—were regarded to be
particularly fertile.

Novel findings and their implications

History has shown that the call for integrated large-
scale projects in the late 1980s has indeed been heeded;
the impressive record of such research efforts has been
indicated in the “Introduction”. Zoobenthic commu-
nity structures, stock sizes and distribution patterns
were investigated in almost all these projects. Overall,
the Arctic shelf macro- and megafauna have received
more attention than meiofaunal and microbial com-
munities. Some studies aimed at a better understanding
to which degree benthic communities of the Northern
North Atlantic, the central Arctic Ocean and its adja-
cent Arctic shelf seas depend on the import of allo-
chthonous carbon from the surface or from adjacent
regions (see ‘‘Pelago—benthic coupling”). Other studies
also attempted to analyze whether variations in benthic
distribution patterns might be related to the environ-
mental change (see ““Consequences of climate change™).
Regardless of their major research goals, all investiga-
tions provided a wealth of novel information which
had—not surprisingly—different implications for the
common notions about the Arctic benthos. Some of
them were largely supported by the new data while
others were not, especially those regarding the pro-
nounced difference between Arctic and Antarctic sys-
tems. In general, the findings of comparative surveys
suggest that Hedgpeth’s (1977) often-cited statement
that “‘there is very little in common between the highly
diversified Antarctic benthos fauna with its very dense
epifaunal assemblages and the more monotonous pre-
dominantly infaunal assemblages of the Arctic basin” is
a gross oversimplification of a rather complex and

scale-dependent pattern of similarities and dissimilari-
ties between the two polar biota.

Biogeography, species composition and endemism

The notion that most organisms inhabiting Arctic shelf
and slope habitats are actually widespread boreal-Arctic
species (Anisimova 1989; Smirnov 1994a) and that
Arctic benthic communities thus bear quite a high fau-
nistic similarity to North Atlantic ones (Zenkevitch
1963) has repeatedly been corroborated (Kréoncke 1994,
1998; Clough et al. 1997b; Deubel 2000). Such recurrent
findings have long been emphasized as strong indicators
for the young age and the little developed isolation of
the Arctic fauna (Zenkevitch 1963; Dunbar 1977
George 1977; Knox and Lowry 1977; Dunton 1992;
Smirnov 1994a). This concept received much attention
in the past because it contributes significantly to the
astonishingly well-defined disparities between the two
polar systems: in contrast to the conditions in the Arctic,
most species and even higher taxa of the Antarctic
benthos are endemic for the Southern Ocean, i.e., they
are confined to the waters south of the Antarctic con-
vergence (White 1984). The striking dissimilarity in the
degree of endemism is commonly attributed to the great
differences in geological age and biogeographic isolation
(Hempel 1985).

Conclusion The findings gained during the past
15 years in both shelf and deep-sea regions did not
provide any surprising evidence that would call for a
shift of the paradigm that most species inhabiting the
Arctic seas are wide-spread boreal-Arctic species
whereas Antarctic species are more endemic.

Diversity, stability and disturbance

With regard to diversity, considered as a fundamental
and very often studied benthic community attribute,
matters are a bit more complicated. First, diversity itself
is not a simple concept because it encompasses two
independent aspects: (1) species richness and (2) species
evenness (in the distribution of individuals among spe-
cies), both of which can be measured—either separately
or simultaneously—by a wide variety of different
parameters (Magurran 1988). Second, it is very impor-
tant to distinguish between ‘inventory diversity’, i.e., the
diversity within an area of a given extent, and ‘differ-
entiation diversity’, i.e., the species turnover between
different arcas (Whittaker 1972). Third, both these
diversity modes can be measured at different spatial
scales (Whittaker 1972). In case of inventory diversity,
four different levels are commonly used (Gray 2001):
‘point’ (diversity related to a single sample), ‘alpha’
(total diversity of several samples within a habitat, i.e.,
at a local scale), ‘gamma’ (total diversity of a larger area,
e.g., an island or a landscape, i.e., at a regional scale),
and ‘epsilon’ (total diversity of a group of gamma-



diversity areas, e.g., a biogeographical province). In case
of differentiation diversity, for example, the term ‘beta’
refers to the rate of species turnover between habitats
(local to regional scale). As these are relative levels
without well-defined absolute boundaries, there is much
confusion about the terminology in the scientific litera-
ture (Gray 2001). And fourth, regardless of which
diversity aspect or mode is measured at whichever level
with whichever parameter, the actual values gained are
very much dependent of a host of methodological fac-
tors (e.g., sampling gear, mesh size, taxonomic expertise,
etc.). Facing all these constraints, it is not surprising that
any comparison of diversity between different study
areas, especially if they are based on literature reviews of
various surveys (which almost certainly differ in scales
and methods), are very problematic (Hurlbert 1971), as
the probability of severe methodological bias is quite
high. Therefore, several authors have cautioned (Gutt
1991; Arntz et al. 1994; Clarke 1994; Arntz 1995) that
the basic conclusions of such reviews might well be un-
due overgeneralizations.

A key question for polar benthic studies is whether, in
terms of diversity, the Arctic is poor relative to lower
latitudes and the Southern Ocean. With regard to large-
scale (biogeographical) species richness, which is least
susceptible to bias by systematic errors, the common
notion was quite clear 15 years ago (Knox and Lowry
1977): Arctic seas harbor markedly less species than
other regions of comparable size. However, recent
studies have provided some contrasting evidence that
advises caution when answering the question posed
above. For some taxa, the hypothesis of a generally
impoverished Arctic benthos has been corroborated. It
is evident, for instance, that only few brittle star species,
ranging from 15 (Smirnov 1994a) to 22 (Anisimova
1989), succeeded to permanently dwell in Arctic waters
(Piepenburg 2000). These species numbers are very low,
even if compared with other major taxa in the Arctic.
Ophiuroids, although being the largest of the echino-
derm classes with a total of about 2,000 extant species
(Smith et al. 1995), do not rank in general among the
very diverse taxa; and only about 1% of them occur in
the Arctic. In other regions of comparable size, ophiu-
roid species numbers are distinctly higher, e.g., in the
northern Pacific (58 species) (D’yakonov 1967), the
abyssal northern Atlantic (about 120 species) (Paterson
1985) or the Southern Ocean (about 150 species)
(Smirnov 1994b).

If the macrozoobenthos as a whole is considered, the
picture is not that clear-cut. According to Sirenko and
Piepenburg (1994) a total of more than 4,000 species
have been reported from the entire Arctic, of which
>1,000 were crustaceans, >400 molluscs, and > 300
annelids. Seven years later, Sirenko (2001) listed a total
of about known 4,800 macrobenthic species for the en-
tire Arctic, a total of 2,895 known species for the Eur-
asian—Arctic shelf seas, and a total of about 400 known
species for the deep Eurasian basins of the Arctic
Ocean—a region that was almost unknown 15 years ago
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but has since been investigated in a number of studies
(see below). With regard to the entire Arctic this is 20%
more than in 1994. This increase can mainly be attrib-
uted to recent research efforts, such as the 10-year
Russian—-German Laptev Sea study (Kassens et al.
1999). It indicates that the species inventory is far from
being complete for the Arctic shelves as well as, in par-
ticular, the even less accessible deep Arctic Ocean. For
comparison, Arntz et al. (1997) and Clarke and John-
ston (2003) estimated the number of all known macro-
zoobenthic species from Antarctica to range between
4,100 and 5,000. In conclusion, even if large-scale com-
parisons should always be interpreted with care because
of the uneven distribution of sampling effort, the Arctic
seems not to be as poor as previously thought. Gutt et
al. (2004) concluded that the number of macrozooben-
thic species for the Antarctic is only slightly higher than
in the Arctic and that, at a global scale, both seem to
have intermediate species richness—a notion that is
clearly different from the old paradigm of a very poor
Arctic benthos.

Does this conclusion also apply to other diversity
aspects and other spatial scales? In a rigorous sense,
valid diversity comparisons at smaller (regional and
local) scales require case studies in comparable habi-
tats using strictly standardized approaches to minimize
methodological bias. In case of assessments along a
wide latitudinal or even inter-polar gradient, this is
quite difficult to achieve, and such investigations are
thus rather rare. On the basis of strictly comparative
benthic case studies, Kendall and Aschan (1993) and
Kendall (1996) demonstrated that alpha diversities of
soft-sediment shelf benthos assemblages around Sval-
bard (80°N) were not smaller than those of similar
assemblages inhabiting similar substrata at similar
depths in Java (7°S) and the North Sea (55°N). This
finding suggests that there is no distinct latitudinal
gradient in soft-bottom benthos diversity and supports
the argument that high-latitude assemblages are not
impoverished with regard to local diversity. Another
comparative case study showed that various diversity
parameters (species richness, Shannon diversity, even-
ness) of the ophiuroid fauna of the eastern Weddell
Sea (Antarctica) were indeed significantly higher at
both local (alpha) and regional (gamma) scales than
off Northeast Greenland (Arctic) but that the values of
the assemblages inhabiting the southern Weddell Sea
shelf and shelf trenches were not (Piepenburg et al.
1997). Moreover, as many species are phylogenetically
more closely related in the Weddell Sea than off
Greenland, the Antarctic assemblages also did not
differ significantly from those distinguished in the
Greenland Sea in terms of ‘taxonomic diversity’ and
‘taxonomic distinctness’ (Warwick and Clarke 1995).
These results suggest that the paradigm of a consistent
Arctic-Antarctic diversity difference is a gross over-
generalization, at least with regard to certain taxa,
such as brittle stars, and to regional and local scales
(Piepenburg 2000).
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Diversity—as well as other key community traits such
as biomass and production (see below)—is closely re-
lated to ‘stability’ and ‘disturbance’. These terms are
both not very clear ecological concepts, and one can find
a multitude of definitions in the scientific literature.
According to Pickett and White (1985), disturbances are
“relatively discrete events in time, triggered by either
endogenous or exogenous causes of either abiotic or
biotic origin and differing in frequency and intensity,
which disrupt ecosystem, community, or population
structure and change resources, substrate availability, or
the physical environment”. The great significance of
disturbance as a key determinant of Arctic benthic shelf
assemblages has already been emphasized by Dayton
(1990) and Grebmeier and Barry (1991). They argued
that benthic community patterns (diversity, biomass and
productivity) vary not only as a result of food avail-
ability (see below) but also in response to disturbance
levels. These levels are generally high in marginal Arctic
seas—due to physical disturbances (ice gouging, fresh-
water and sediment input leading to variable salinities
and high turbidity levels, variable ice cover), biological
disturbances (feeding activities of invertebrate preda-
tors, such as neptunid gastropods, ophiuroids, asteroids
and brachyuran crustaceans, as well as marine mam-
mals, such as grey whales and walruses), and also
increasing anthropogenic disturbances (Jewett et al.
1999)—and, hence, are assumed to limit overall benthic
diversity and production. In contrast, Antarctic shelves
were thought to be characterized by markedly low dis-
turbance levels that enable benthic communities to reach
high species diversities and benthic populations to grow
to high levels of biomass in spite of rather low water-
column production.

Recent research work has provided evidence that the
notion of an ‘unstable and, hence, poor Arctic benthos’
versus a ‘stable and, hence, diverse Antarctic benthos’ is
too simple. It has been demonstrated that grounding
icebergs or deep pressure keels of drifting sea ice exert
catastrophic disturbances on benthic habitats not only in
the Arctic (Conlan et al. 1998), where they can—in
addition to their abrasive primary effect—lead to local
hypoxia at gouged seabed patches (Kvitek et al. 1998),
but also in the Antarctic (Peck et al. 1999). There, they
apparently happen much more often than as previously
thought. Iceberg plough tracks were detected down to
the depths of 450 m. At certain exposed locations, they
cover 50% of the seabed, indicating that up to 7% of the
total area of the Antarctic shelves (<350 m) might be
affected by grounding impacts within the past 20 years
(Gutt 2001). Like other discrete events, such as forest
fires, tree falls or hurricanes, iceberg scouring is now
recognized to be fundamental to the functioning of the
entire Antarctic shelf ecosystem, as their disastrous ini-
tial impact is followed by positive effects on biodiversity
(Gutt and Piepenburg 2003). Novel findings suggest that
two processes, operating on different spatial and tem-
poral scales, regulate the diversity of Antarctic shelf
benthos. In accordance with the ‘stability-time hypoth-

esis’ (Sanders 1968), the high local diversity of undis-
turbed Antarctic shelf benthos is primarily the result of
the evolution of sponge-dominated assemblages over
long and stable time spans. However, in accordance with
the ‘intermediate disturbance hypothesis’ (Huston 1979),
the diversity on regional scales—possibly even that on a
larger scale encompassing the entire Antarctic shelf—is
strongly influenced by catastrophic iceberg disturbances.

Grounding icebergs—as well as grounding pressure
ice keels of drifting pack ice in the Arctic—devastate
large seabed patches and virtually eradicate the benthos
at these places. However, after being released, they leave
behind free seafloor space that can be recolonized. Over
a longer time span and at a regional scale, iceberg
groundings positively affect the spatial and temporal
habitat diversity and prevent the competitive displace-
ment of species, which is characteristic for undisturbed
systems near the ecological equilibrium and results in a
reduction of diversity. They create a mosaic of habitats
in different succession stages and thus enhance beta
(between-habitat) and, hence, gamma (regional) diver-
sity. Moreover, indirect disturbance effects of iceberg or
sea-ice scouring, such as changes of small-scale bottom-
water current regime or modification of small-scale
seabed topography, may have further ecological conse-
quences, which may be even more far-reaching and,
hence, possibly even more significant than the initial
mechanical habitat destruction through the abrasion of
large seabed patches.

Conclusions As it has been demonstrated that seabed
assemblages vary broadly in faunistic diversity among
Arctic regions, the idea that the Arctic benthos is gen-
erally very poor—and much less diverse than the rich
Antarctic bottom fauna—is an undue oversimplifica-
tion. There is some evidence that, in terms of large-scale
diversity, both Arctic and Antarctic waters apparently
do not differ much and seem to be characterized by
intermediate species richness. Recent results, especially
with regard to the ecological role of ice gouging, suggest
that the notion of ‘high disturbance levels in the Arctic
versus low disturbance levels in the Antarctic,” which has
been a major argument for explaining the striking dif-
ferences between the two polar systems, should be
modified. However, to draw a definite conclusion there
is still a great need for quantitative studies, preferably
combining field work, laboratory analyses and numeri-
cal modelling, to determine the responses of benthic
organisms and/or communities to natural and anthro-
pogenic disturbances.

Communities, standing stocks and distribution patterns

A fundamental conclusion drawn from the findings of all
benthic surveys conducted in the recent past is that there
is not just one typical Arctic benthos but a wide variety
of communities found in distinct depth zones (shelf,
slope, and basin) and regions, which differ profoundly in
almost all aspects of benthic ecology. This variation is



caused by differences in, e.g., water depth, geographical
setting, biogeographical history, water current and
advection regime, river runoff, ice cover, seafloor com-
position, and food availability. The ecological effects of
these factors are often interrelated (Piepenburg et al.
2001). River runoff, for instance, strongly affects sea-ice
dynamics and oceanic circulation pattern, hence pelagic
and sympagic productivity regime, and therefore ulti-
mately also benthic food supply. In addition to this
important indirect effect, fluvial discharge, as well as
coastal erosion, can result into a significant import of
suspended inorganic and organic matter, especially in
the Siberian marginal seas. The latter is subject to var-
ious geochemical and biological transformations, and
might, for instance, serve as an allochthonous energy
source within the marine food webs. Clearly, the
knowledge about the quantity, spatio-temporal distri-
bution, and fate of the terrigenic organic matter is
essential for a profound understanding of its relevance
for the pelagic and benthic systems in the Arctic seas
(Fahl et al. 2001).

The macrofaunal assemblages in different regions and
at different depths are characterized by typical indicator
taxa. Shelf regions with fine sand and mud sediments, for
instance, are often dominated by bivalves and polychae-
tes (Feder et al. 1994a; Grebmeier and Cooper 1995;
Deubel et al. 2003), while gammaridean amphipods are
the most prominent faunal elements in coarse-grained
sediments (Grebmeier et al. 1995). A general circumpolar
pattern in the composition of epibenthic communities is
the pronounced numerical importance of brittle stars in a
great number of Arctic shelf and slope habitats (Starmans
et al. 1999; Piepenburg 2000; Sejr et al. 2000; Ambrose et
al. 2001). Other conspicuous epifaunal megabenthic ele-
ments, which may even exceed the ophiuroid stocks in
terms of biomass, are sea urchins in the Barents Sea
(Bluhm et al. 1998), sea cucumbers and bivalves in the
Laptev Sea (Piepenburg and Schmid 1997), as well as sea
stars and crustaceans in the Bering and Chukchi Seas
(Jewett and Feder 1981; Feder et al. 2005).

A recurrent finding of several recent benthic surveys
was that many Arctic shelf assemblages were strongly
dominated by the brittle star Ophiocten sericeum. Pho-
tographic censuses showed that on the Greenland,
Barents and Laptev Sea shelves, this species reaches
several hundreds ind.m ™2 in abundance (Piepenburg and
Schmid 1996a, b, 1997), forming very dense brittle star
beds as they have also been reported from several
locations in different climatic zones (Aronson 1989). In
these beds, O. sericeum account for up to >99% of the
ophiuroid fauna and for up to 98% of total epibenthic
abundance. At some sites, however, other species, e.g.,
Ophiura robusta off Northeast Greenland (Piepenburg
and Schmid 1996b) or Ophiura sarsi in the Chukchi Sea
(Ambrose et al. 2001), can attain similarly high densities
(>100 ind.m™?).

The finding of very high O. sericeum abundances was
surprising for the Laptev Sea. The benthos of this high-
Arctic shelf region had been reported to be distinctly
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poorer, in terms of diversity but also in abundance and
biomass, than in other Eurasian—Arctic seas (Zenkevitch
1963, Golikov 1990). The scarcity was attributed to the
most severe climate in the Laptev Sea, as well as to very
low salinities due to a pronounced fluvial dilution during
summer. Accordingly, the shallow shoals of the Laptev
Sea (<30 m) have been reported to be poor in terms of
brittle star abundance and biomass (Piepenburg and
Schmid 1997). However, on the flanks of the shelf val-
leys (> 30 m) that are not subject to reduced and fluc-
tuating salinities and possible iceberg gouging impacts,
very high densities of O. sericeum have been recorded.
These figures are similar to that of the maximum values
found for O. sericeum on shelf banks in the Barents Sea
(Piepenburg and Schmid 1996a) or at the Belgica Bank
off Northeast Greenland (Piepenburg and Schmid
1996b). Maximum ophiuroid biomass values were not
lower in the Laptev Sea either: nearly 2 g C m 2 in the
Laptev Sea, which were primarily made up by Ophiura
sarsi (Piepenburg and Schmid 1997), versus about 2.5 g
C m 2 in the Barents Sea (Piepenburg and Schmid
1996a) and about 1 g C m 2 off Northeast Greenland
(Piepenburg and Schmid 1996b), which were mainly
made up by O. sericeum. Except for the very shallow
Laptev Sea shoals (<23 m), there was no significant
difference between the Greenland, Barents and Laptev
Sea shelves in terms of either ophiuroid abundance or
biomass.

With regard to brittle stars, the standing stock figures
reported from high-Arctic offshore shelf sites are among
the highest hitherto observed in northern seas or sub-
Arctic regions (Piepenburg 2000). They reached the
same order of magnitude as the abundance and biomass
of dense brittle star populations reported from bathyal
non-polar regions of the Atlantic and Pacific. In com-
parison with values reported from the Southern Ocean
(Brey and Clarke 1993; Dahm 1996), abundances of
Arctic brittle stars appear to be somewhat higher,
whereas there was no pronounced difference in terms of
biomass. In conclusion, the ophiuroid standing stocks
on Arctic shelves are surprisingly high. On average, they
match those observed for highly abundant endobenthic
Amphiura and/or epibenthic Ophiura species on boreal
shelves (Muus 1981; Salzwedel et al. 1985; Skold et al.
1994).

A pronounced depth zonation in the composition
and distribution of benthic assemblages, accompanied
by an exponential decline of benthic standing stock
along a shelf-slope-basin gradient, is a common phe-
nomenon in Arctic seas (Curtis 1975). In this regard the
Arctic does not differ from other regions, as similar
bathymetric patterns have recurrently been detected in
numerous studies for a wide range of latitudes, water
depths and benthic taxa (Rowe et al. 1974; Haedrich et
al. 1980; Stewart 1983; Lampitt et al. 1986; Brey and
Clarke 1993; Dahm 1996). The actual cause of this
ubiquitous pattern is difficult to assess. Most scientists
agree in that any zonation observed must very likely to
be viewed as the result of not just one single factor but
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of several direct and indirect processes operating on
various spatial and temporal scales (Carney et al. 1983).
It is commonly acknowledged that hydrostatic pressure,
the factor directly related to water depth, does indeed
cause specific physiological adaptations of the organ-
isms (Somero et al. 1983) but is of only marginal sig-
nificance for explaining the large-scale (100-1,000 km)
depth zonation in composition and standing stock of
benthos assemblages (Somero 1990). Results from
many field studies rather suggested that this is primarily
caused by gradients in food availability and sea-bed
properties. Both determinants are known to be strongly
related to water depth, hydrodynamics and various
processes of particle transport, such as turbidity
plumes, Taylor columns and internal waves. There is a
general inverse relationship between sedimentation
rates and water depths (Suess 1980; Martin et al. 1987),
which explains the fundamental influence of water
depth on the quality and quantity of organic carbon
reaching the sea floor and, hence, food supply for the
benthos (Graf 1992). In energy-limited systems, such as
the deep sea or polar seas, food supply has repeatedly
been proposed as the prime agent controlling meio-,
macro- and megabenthic biomass, being more impor-
tant than physiological adaptations, biological interac-
tions or competition for space (Hessler and Jumars
1974; Rowe et al. 1974; Aldred et al. 1979; Lampitt et
al. 1986, Grebmeier and Barry 1991). The novel results
on Arctic benthos were consistent with this chain of
arguments, which points to the special significance of
the pelago—benthic coupling for the benthos in Arctic
waters.

Conclusions Recent field data have clearly demon-
strated that the various Arctic seas differ markedly in the
composition, stock size and distribution of benthic
assemblages, which largely mirrors the differences in
geographical and environmental setting (particularly in
water depth), hence in the impact of fluvial run-off, pe-
lagic production regime and strength of pelago—benthic
coupling, and hence in the food supply to the benthos.
This pronounced heterogeneity severely impedes large-
scale generalizations of local and regional findings and
calls for a pan-Arctic perspective in the quest to advance
the fundamental understanding of key features of polar
marine ecology.

Pelago—benthic coupling and the significance of food
supply

Besides the large-scale depth zonation, the most prom-
inent feature in the distribution of Arctic benthos
assemblages is the spatial concordance with meso-scale
(10-100 km) patterns in current regime and sea-ice
cover, such as marginal ice zones, polynyas, and gyres
(Piepenburg 2000). This finding further emphasizes the
importance of pelago—benthic coupling for the benthos,
as these patterns are known to be related to variations in
the primary production regime, the sedimentation of

organic matter out of the water column, and, hence, the
food supply to the seabed.

It is well known that benthic distribution and com-
munity features, such as composition, diversity, and
standing stock, are influenced by a complex of abiotic
and biotic factors (Dayton 1984). In the scientific liter-
ature, a wide variety of different, and partly interacting
parameters, have been discussed in this context, e.g.,
water depth, habitat heterogeneity, sea floor properties,
bottom-water hydrography and current regime, food
availability, as well as inter- and intraspecific competi-
tion and disturbance caused by predation or burrowing
activities (Gray 1981). These factors are not only con-
nected within a complex network of interrelationships
(Dayton 1984), which is often difficult to unravel, but
their relative importance also strongly depend on the
spatial scale considered (Dayton and Tegner 1984; Gage
and Tyler 1991). In the recent past, a growing body of
evidence has been compiled that seabed attributes,
which have long been suggested to be of foremost
importance (Snelgrove and Butman 1994), are usually
most significant at small (i.e., local) scales, while the
quantity, quality, and temporal pattern of food supply
seem to primarily regulate the benthic distribution and
stock size at larger (i.e., regional) scales (Dayton and
Oliver 1977; Graf 1992).

It is an almost trivial statement that the food supply
of the vast majority of benthic faunas depends entirely
on the import of organic matter, ultimately originating
from the autotrophic production in the upper euphotic
layer of the water column (Tyler 1995). Of course, there
are prominent exceptions from this rule, e.g., littoral
habitats at comparatively small depths, to which suffi-
cient sunlight can penetrate to sustain benthic primary
producers, as well as the chemosynthetic communities
at hot vents (Grassle 1986; Van Dover 2000) and cold
seeps (Sibuet and Olu 1998). At a global scale, how-
ever, these biota are of only minor significance in
spatial extent and energy budget. The downward flux of
matter and energy from the water column to the seabed
is the most prominent aspect of a fundamental rela-
tionship between the pelagic realm and the benthos, for
which the term ‘pelago—benthic coupling’ has been
coined (Hargrave 1973). It has generally been
acknowledged since some time that the food supply to
the benthos, hence the import of allochthonous organic
matter, strongly affects a wide range of benthic patterns
and processes, including biogeography, diversity, pop-
ulation densities, biomass, and the activity of the sea-
floor communities. Consequently, the notion that food
availability is a principal benthic community determi-
nant implies that the benthos is also strongly affected
by abiotic and biotic water-column processes control-
ling the pelagic production as well as the sedimentation
of organic matter to the seabed (Grebmeier and Barry
1991; Graf 1992). It should be noted, however, that on
the other hand several studies have demonstrated that
benthic organisms strongly influence the particle flux in
the near-bottom water layer (Thomsen et al. 1995) and



the deposition of particles in the sediment (Graf et al.
1995).

In general, primary production varies considerably
among the various Arctic regions as a consequence of
the effects of different promoting/impeding processes
(Sakshaug 2003): upwelling of very nutrient-rich water
along the shelf break (Bering Sea: >230g C m>
year '), nutrient transport mediated by turbulence
caused by Ekman pumping, tides, banks and islands,
and shear forces (Nordic Seas, Atlantic Barents Sea:
about 100 g C m™? year '), mixing of nutrient-poor
shelf water (Siberian Shelf Seas: about 35 g C m™>
year™ '), light limitation by multi-year ice (Central Arctic
Ocean: 15-30 g C m 2 year '). The proportion of new
production ranges from about 2% of the total annual
production in the central Arctic Ocean to 5-30% in the
high-productive seas (Sakshaug 2003).

In polar seas, pelagic production and sedimentation
of organic matter are strongly affected by sea ice (Honjo
1990; Smith and Sakshaug 1990). Furthermore, sea-ice
algae can contribute considerably to the total produc-
tivity of polar seas (Legendre et al. 1992). The spatio-
temporal pattern of sea-ice cover thus influences, via the
pelago—benthic coupling, the trophic basis of seabed
communities and has to be regarded as another impor-
tant control agent of benthic systems, particularly for
those on the shelves of Arctic and Antarctic seas
(Grebmeier and Barry 1991; Arntz et al. 1994).

There is evidence that in high latitudes the strength of
pelago—benthic coupling and, hence, food supply is of
particular importance for the benthos. Clarke (1983)
claimed that the amount of sedimenting food particles
rather than the low temperatures per se control the
metabolism, growth and survival of benthic organisms.
Petersen and Curtis (1980) stated that, for similar depths
and substratum types, benthic biomass seems to be
greater in the Arctic than in boreal or tropical areas. On
the basis of this observation, Petersen (1984) suggested a
general increase in the efficiency of energy transfer be-
tween water column and seabed—and, thus, significance
of pelago—benthic coupling—with increasing latitude.
This pattern was assumed to be primarily caused by
generally reduced zooplankton grazing and, hence, en-
hanced sedimentation rates of ungrazed organic matter
to the seabed, resulting from the greater time lag in the
response of zooplankton populations to the high sea-
sonal oscillations in phytoplankton production at higher
latitudes (Petersen and Curtis 1980). This contention has
apparently been corroborated by the findings of a
number of pelagic sedimentation studies, indicating that
in higher latitudes a progressively larger proportion of
the organic carbon fixed in the euphotic zone falls to the
sea floor (Wassmann et al. 1991). Therefore, the benthos
was postulated to generally have a greater role in the
marine carbon production and turnover regime than at
lower latitudes (Petersen and Curtis 1980) and, as a
consequence, substantial benthic biomass in some areas
support major feeding grounds of resident and migrating
sea birds (Gould et al. 1982) and mammals (Highsmith
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and Coyle 1990, 1992). However, Grebmeier and Barry
(1991) stated that the significance of the pelago—benthic
coupling varies broadly among Arctic seas, reaching
from high in biomass-rich areas to rather low in poor
food-limited regions, and advised against making too
broad generalizations. According to Grebmeier and
Barry (1991), in most Arctic and Antarctic regions a
large amount of the organic matter produced in the
upper water column or the sea ice is consumed by zoo-
plankton or recycled via the microbial loop before it
reaches the seabed, resulting in food-limited regimes for
the underlying benthos. However, some continental
shelves, such as those in the Arctic Bering, Chukchi, and
Barents Seas, where a tight coupling between pelagic/
sympagic primary production and benthic secondary
production causes high benthic standing stocks, are
exceptions from this general pattern.

There is no doubt, however, that both polar regions
feature prominent ‘hot spots’ of tight pelago—benthic
coupling, i.e., certain meso-scale patterns in hydrogra-
phy and sea-ice cover, which regionally enhance pelagic
and/or sympagic primary production and the food
supply to the benthos and, hence, have obviously a great
impact on benthic spatial distribution patterns (see
above). For instance, marginal ice zones (MIZ) are such
well-known sites of locally and temporally increased
production in Arctic and Antarctic ice-covered seas
(Slagstad 1985; Sakshaug and Skjodal 1989; Niebauer
1991; Wassmann et al. 1991; Savidge et al. 1996). In
particular ‘seasonally receding ice edges’, as they are
found in the northern Barents Sea (Loeng 1989) and in
the Laptev Sea (Timokhov 1994), apparently induce
prolonged diatom blooms by favourable modifications
of the local hydrography (Rey and Loeng 1985; Smith
and Nelson 1985). Moreover, several sediment trap
studies in both Arctic and Antarctic waters have dem-
onstrated that a large amount of the organic matter
produced in the MIZ tends to sink out of the euphotic
layer in strongly pulsed sedimentation events (Honjo
1990; Hebbeln and Wefer 1991; Bauerfeind et al. 1994;
Andreassen et al. 1996) and is thus exported as potential
food for the benthos (Schewe and Soltwedel 2003). Not
surprisingly, MIZs are known as regions of high benthic
standing stocks (Grebmeier and Barry 1991; Piepenburg
2000).

Polynyas are permanent or recurrent ice-free areas in
polar pack-ice zones, which have been identified to be of
special importance for both physical and ecological
processes (Stirling 1980; Smith et al. 1990; Gradinger
1995; Grebmeier and Cooper 1995). Pronounced meso-
scale gradients characterize their hydrographic regimes
(Schneider and Budéus 1994). Compared with sur-
rounding ice-covered areas, pelagic production is often
relatively high (Gradinger and Baumann 1991). Field
studies in the Northeast Water (NEW) polynya off
Northeast Greenland have demonstrated a tight pelago—
benthic coupling. Results of isotope studies suggested
that fresh ungrazed organic carbon reaches the sea bed
below the polynya (Hobson et al. 1995), presumably due
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to low levels of zooplankton grazing (Hirche et al. 1994;
Ashjian et al. 1995, 1997; Hirche and Kwasniewski
1997), and benthic abundance and biomass were re-
ported to be considerably higher than in adjacent ice-
covered regions (Ambrose and Renaud 1995; Brandt
1995; Piepenburg and Schmid 1996b). Similar conditions
have been described for an area in the Bering Sea
influenced by the St Lawrence Island polynya in winter/
spring (Grebmeier 1993; Cooper et al. 2002). For the
Laptev Sea, there is evidence that endobenthic biomass
(Gukov 1995) as well as brittle star stocks (Piepenburg
and Schmid 1997) are positively influenced by the spring
flaw lead off the coastal fast ice belt. In general, high Chl
a concentrations in the sediments indicated a tight
coupling between sympagic and pelagic primary pro-
duction and food supply to the benthos throughout the
entire Laptev Sea (Schmid et al. 2005).

Another meso-scale oceanographic feature enhancing
the strength of pelago—benthic coupling are anti-cyclonic
gyres superimposed on major currents due to hydrody-
namic effects induced by morphological shelf features
like shallow banks or small islands (Bourke et al. 1987;
Loeng 1989). These convergent eddies act as retention
mechanisms that favour the food supply to the benthos
by enhancing vertical particle flux and accumulating
organic matter produced in adjacent productive areas
(Feder et al. 2005). Moreover, they probably also have a
positive effect on the survival and spatfall of mero-
planktonic larvae of benthic species, such as the brittle
star Ophiocten sericeum (Clough et al. 1997a). Therefore,
such gyres are often found over shelf banks featuring
exceptionally high benthic standing stocks (Piepenburg
and Schmid 1996a, b).

Pelago—benthic coupling is certainly a key process of
marine ecosystems and has, therefore, been an over-
arching theme of many research efforts in the past
15 years. In Arctic waters, the pathways and processes
of the coupling between sea-ice, water-column and sea-
bed biota have been studied quite intensively. The
mechanisms and effects involved in the coupling have
been investigated on different scales of time and space.
For instance, the metabolic response of micro- and
meiobenthic organisms to seasonal food pulses in terms
of their activity and biomass has been shown to be quite
rapid, i.e., within days (Graf 1989). In contrast, com-
munity patterns are pronouncedly more inert in their
reaction to environmental forcing, especially those of
macro- and megabenthic animals that grow larger and
live longer than the micro- and meioorganisms (Gage
and Tyler 1991). Hence, the distribution and structure of
assemblages integrate the impact of control factors over
longer periods of time. They reflect relatively enduring
and/or predictable recurrent environmental states and
can provide valuable clues to the long-term effects (i.c.,
at a time scale of months to years) of potential com-
munity determinants (Piepenburg et al. 2001).

All this convincing evidence of the great significance
of pelago—benthic coupling and food supply for the
benthos does, of course, not mean that the organic

matter sustaining the bottom fauna originates exclu-
sively or even primarily from the primary production in
the overlying waters. It has been emphasized that, at a
scale of an individual benthic organism, food supply by
lateral advection is actually more important than the
direct (inherently vertical) sedimentation (Graf 1992), as
the velocities of even the slowest horizontal bottom
currents are at least one order of magnitude higher than
the sinking speeds of the fastest sedimenting particles. At
larger spatial scales, allochthonous organic matter ad-
vected from adjacent more productive areas has
repeatedly been shown to be an additional major food
source of benthic communities in comparatively unpro-
ductive high-Arctic seas (Grebmeier 1993; Feder et al.
1994a, b, 2005). In the Barents Sea, for instance, the
southward inflow of Arctic surface water is thought to
be counterbalanced by a northward transport of warmer
but more saline Arctic-Atlantic bottom water formed
mainly at the Polar Front (Loeng 1989). These water
masses might carry organic matter produced in the more
productive southern Barents Sea to the north (Piepen-
burg and Schmid 1996a). In the northeastern Chukchi
Sea, the advection of allochthonous POC helps to sus-
tain a biomass-rich population of benthic ampeliscid
amphipods that serves as the main food resource of
migrating bottom-feeding grey whales in each summer
(Feder et al. 2005). In general, the great significance of
lateral advection for the dispersal of organic carbon in
the benthos is indicated by the fact that the benthic
carbon demand is only rarely matched by the carbon
supply via sedimentation out of the overlying water
column estimated from sediment-trap data (Christensen
2000).

Allochthonous food for the benthos can also origi-
nate from terrestrial production that primarily reaches
the sea through fluvial transports. This source of organic
carbon might be particularly important in the Arctic, as
about 10% of the global river run-off enters the Arctic
seas and leads to a strong coupling between terrestrial
and marine ecosystems (Klages et al. 2003). Especially
the Laptev Sea is heavily affected by fluvial inflow
(Timokhov 1994), with the Lena river being estimated to
discharge about 5.3x10° tons of organic carbon each
year, most of it during the flood period in June/July
(Cauwet and Sidorov 1996). Schmid et al. (2005) provide
evidence that autochthonous primary production is
apparently not sufficient to fuel both pelagic and benthic
secondary production in the Laptev, implying that an
input of allochthonous organic carbon is required to
balance the overall carbon budget. However, most of the
imported fluvial organic matter is fairly degraded (Stein
1996; Fahl et al. 2001) and, consequently, of probably
rather poor nutritional quality. Its actual significance as
food source for the bottom fauna is, hence, difficult to be
estimated but is probably rather small (Klages et al.
2003).

Conclusions Pelago—benthic coupling has repeatedly
been demonstrated as a key process of marine ecosys-
tems, as it ultimately determines the level of food supply



to the benthos. In polar waters, sea-ice cover strongly
influences the strength of pelago—benthic coupling. Field
evidence clearly indicates the great significance of meso-
scale hydrography and ice cover (marginal ice zones,
polynyas, and gyres) in forming ‘hot spots’ of tight
pelago—benthic coupling and, hence, high benthic bio-
mass.

Benthic carbon flow and its partitioning

Besides the assessment of the strength of pelago—benthic
coupling, the quantification of benthic carbon fluxes and
the description of its partitioning among different ben-
thic community fractions have been major objectives of
a number of recent research efforts. In most cases, the
carbon flux through benthic communities has been
estimated by assessing the sediment oxygen uptake, i.e.,
by incubating sediment cores and following the decrease
of dissolved oxygen in the ambient overlying water with
time (Smith and Hinga 1983). These measure-
ments—regardless of whether they are performed in situ
with benthic landers (Smith 1974) or using shipboard
techniques (Hulth et al. 1994)—provide a bulk param-
eter, the ‘Sediment Community Oxygen Consumption’
(SCOC) or ‘Sediment Oxygen Demand’ (SOD), which
integrates chemical oxygen uptake plus total aerobic
respiration of all benthic organisms contained in the
core. These respiration values, sometimes also called
‘benthic community metabolism’, are often converted to
carbon remineralization rates using conversion factors
based on Redfield ratios.

Recently, the current knowledge on the role of the
Arctic benthos for the carbon cycle at the seafloor has
been reviewed (Klages et al. 2003). Major conclusions
from this review are that (1) the benthic carbon remin-
eralization rates vary broadly depending on season,
year, depth and sedimentary site characteristics and (2)
there is a broad overlap between the rates determined at
Arctic shelf sites (1070 g C m 2 year ') and those re-
ported from coastal sediments in temperate and tropical
regions (35-130 g C m 2 year '), although pelagic
productivities are up to an order of magnitude lower
(40-100 g C m 2 year ' vs. 200-750 g C m 2 year ).
The latter result is a surprising finding, as it suggests that
(a) the low ambient temperatures in the Arctic do not
limit benthic shelf community metabolism, and (b) shelf
SCOC may not always reflect overlying productivity
because the supply of oxygen from the bottom-near
water to the sediment may limit this rate (Christensen
2000).

However, recent findings strongly suggest that
SCOC rates can considerably underestimate the total
benthic carbon demand. The cores used for sediment-
water incubations, which are commonly used for the
assessment of benthic carbon utilization, are usually
rather small and cover only modest sample areas
(<500 cm?). Therefore, they contain organisms rang-
ing in body size from micro-, meio- to small macro-
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benthos but no megafauna. The population or
assemblage respiration and carbon mineralization—as
well as carbon demand (computed from mineralization
values by applying suitable conversion factors to ac-
count for growth and assimilation efficiencies)—of
these animals cannot be measured directly with an
integrating method but has to be approximated by
other approaches, such as combining abundance or
biomass figures with individual respiration rates
(Piepenburg 2000). Total benthic carbon remineraliza-
tion can then be estimated by adding SCOC and me-
gafaunal respiration values.

It has repeatedly been shown that megafaunal
organisms, in particular echinoderms, dominate Arctic
shelf benthos and can reach very high abundances (see
above). For highly abundant brittle star populations
(Ophiocten sericeum) in the Greenland, Barents and
Laptev Seas, daily carbon mineralization rates and car-
bon demand reached maximum values of 5-11 mg C
m 2 day ' and 10 to >20 mg C m~2 day ™', respectively
(Piepenburg 2000). A case study on the partitioning of
carbon flow between different benthic community frac-
tions in the Barents Sea showed that dense O. sericeum
beds actually dominated the benthic carbon flux and
mineralized an amount of carbon that was equivalent to
the highest total sediment community carbon uptake
recorded in the study area (Piepenburg et al. 1995). A
comparison of ophiuroid carbon demand and summer
(June—September) estimates of possible food supply
(pelagic productivity and sedimentation of particulate
organic carbon, POC) suggested that dense brittle star
populations in the Barents Sea can consume up to 9% of
the average net daily primary production and about
30% of the daily vertical POC flux to the seabed
(Piepenburg 2000). In the Laptev Sea, these values were
7% and 20%, respectively (Piepenburg 2000). Ambrose
et al. (2001) reported mineralization rates of up to 14 mg
C m 2 day ' for dense ophiuroid assemblages (Ophiura
sarsi, O. maculata, Stegophiura nodosa, Ophiopholis
aculeata) in the northern Chukchi Sea. This rate was
about a third of the infaunal respiration that was con-
comitantly measured using the SCOC approach,
implying that the echinoderm respiration accounted for
about 25% of the total benthic respiration (Ambrose et
al. 2001).

These findings from both the Eurasian and American
Arctic have provided convincing evidence that epifaunal
brittle star mineralization rates at high-Arctic shelves
can be in the same order of magnitude as bulk infaunal
mineralization rates measured in several Arctic sedi-
ments or assumed to be typical for upper slope habitats
in general (Grebmeier and McRoy 1989). Furthermore,
there is good reason to assume that other abundant
epibenthic megafauna, e.g., sea stars in the Chukchi Sea
(Feder et al. 2005), may also have considerable—but to
date unknown—importance in the overall benthic min-
eralization. There is thus sufficient evidence to contend
that respiration budgets, which are based exclusively on
SCOC measurements, may severely underestimate the
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total benthic oxygen flux and carbon demand (Piepen-
burg 2000).

Conclusions Studies on the partitioning of energy flow
through the benthic communities suggest that abundant
epibenthic megafauna represent an important pathway
of the benthic carbon and energy flow, the significance
of which cannot be discounted in overall benthic energy
budgets. Hence, it has to be adequately considered in the
on-going attempts to understand how carbon is pro-
cessed on Arctic shelves, which are commonly domi-
nated by abundant echinoderm populations, and to
build accurate models of carbon cycling in the Arctic.

The deep Arctic Ocean and the role of shelf-basin
interactions

Our knowledge on Arctic benthos before the 1990s
varied considerably among the various marginal shelf
seas (and it still does), but it was particularly scarce for
the deep-sea central Arctic Ocean, largely relying on
occasional samples taken from Arctic ice drift stations
(Paul and Menzies 1974). However, the past 15 years
have witnessed particular progress in the exploration of
this remote, almost inaccessible region, and a number of
quantitative studies have provided novel information on
the benthos of the Amerasian and Eurasian basins
(Kroncke 1994, 1998; Clough et al. 1997b; Soltwedel and
Schewe 1998; Schewe and Soltwedel 1999; Deubel 2000;
Kroncke et al. 2000; Vanreusel et al. 2000; Bluhm et al.
2005).

The Arctic Ocean proper is unique in its physical and
biological properties. It is characterized by the most
extreme limitations in solar radiation and nutrient
availability, permanent ice cover and temperatures al-
ways close to the freezing point—a combination of
factors that intuition tells us to have a very negative
effect on overall biological productivity. Therefore, the
Arctic Ocean has long been considered to be one of the
least favorable habitats for life on Earth and, hence, the
poorest—in terms of both diversity and productiv-
ity—part of the world’s ocean. This notion is still not
totally false but novel findings have called for a rectifi-
cation of the estimates of annual (particulate) primary
production by one order of magnitude (from 2 g C
m 2 year ! to 15-30 g C m 2 year '; MacDonald and
Carmack 1991; Macdonald et al. 1993; Wheeler et al.
1996; Gosselin et al. 1997; Sakshaug 2003).

The benthic inventories of the past 15 years corrob-
orated previous results that deposit feeders dominate the
benthic communities. Polychaetes, crustaceans, and
bivalves were the most important taxa in the deep-sea
samples, followed by sponges, cnidarians, tunicates, as
well as echinoderms (Kréncke 1994, 1998; Clough et al.
1997b; Deubel 2000; Bluhm et al. 2005). The latter are
thus important elements of the macrobenthic deep-sea
fauna as well as in the marginal Arctic shelf seas.
However, while ophiuroids often dominate echinoderm
shelf communities (Piepenburg 2000; Ambrose et al.

2001), sea urchins and sea cucumbers usually do so in
the deep sea, e.g., the irregular echinoid Pourtalesia
Jjeffreysii and the holothurian Elpidia glacialis, both of
which are, however, not confined to the Arctic but also
occur at abyssal depths at lower latitudes (Heding 1942;
Vinogradova 1979).

Furthermore, the recent investigations largely con-
firmed the expectation that infaunal species richness, as
well as abundance and biomass, decrease along a shelf—
basin gradient with water depth and latitude (Kroncke
1994, 1998; Clough et al. 1997b; Deubel 2000; Bluhm et
al. 2005). They are generally at rather low levels (5-500
species m~2, 5 to 6,625 ind.m2, and 5-130 mg C m_z),
lying at the lower margin of values reported from the
deep basins of the North Atlantic (Levin and Gooday
2003). These findings corroborated the notion that the
major factor affecting the Arctic deep-sea benthos is the
energy limitation caused by very limited organic matter
supply to the abyssal seafloor.

The benthic carbon mineralization rates, estimated
from SCOC measurements, range from 1g C
m % year ' to 10 g C m 2 year ', i.e., they are one or-
der of magnitude lower than Arctic shelf values (see
above) but by all means comparable to other oligo-
trophic oceanic regions (Klages et al. 2003). Recent
foraminiferal investigations have revealed that benthic
communities in the deep basins of the Arctic Ocean are
driven by the sedimentation of fresh organic material
(Kroncke et al. 2000). These findings imply that the
autochthonous production in the Arctic Ocean, albeit
being rather low, may be sufficient to nourish the
underlying benthic deep-sea communities (Klages et al.
2003). This conclusion is contradictory to the notion
that the Arctic deep-sea benthos relies trophically on the
import of organic carbon from productive Arctic shelf
regions (Grebmeier 2003). The finding that bacterial
biomass and activity does not decrease along a bathy-
metrical and latitudinal gradient to the North Pole ra-
ther suggests that it is largely decoupled from the
production on the adjacent marginal seas (Klages et al.
2003). Although there is also some evidence of lateral
transport from terrestrial, coastal, and shelf sources to
the central Arctic Ocean, the supply of utilizable carbon,
feeding the abyssal benthic communities, apparently
depends very much on the vertical flux of organic matter
to the seabed, either from overlying pelagic/sympagic
production or in the form of large food falls (Klages
et al. 2001; Soltwedel et al. 2003). Additional food
imported from the shelves does not seem to be necessary
to meet the benthic carbon demand (Klages et al. 2003).

In general, continental shelves are regions that are
characterized by strong lateral exchanges of heat and
matter between both each other and adjacent deep-sea
regions. These transport processes include the export of
organic carbon, as the shelves are usually much more
productive than oceanic areas and, hence, excess pro-
duction is available. The significance of organic matter
transport from the shelves across ocean margins to the
deep sea has been the topic of several oceanographic



programmes in the past 20 years in temperate seas
(Walsh et al. 1988; Buscail et al. 1990; Biscaye et al.
1994; Blake et al. 1994). A general outcome of these
studies was that the lateral input of biogenic detritus at
the slope is usually so high that it causes an enhanced
activity and abundance of benthic organisms at depth
(Anderson et al. 1994; Kemp 1994; Rowe et al. 1994).
Therefore, a major objective of several investigations of
the relationship between benthic biomass, activity and
carbon turnover in Arctic sediments was to evaluate the
impact of shelf zones on food availability at Arctic
margins and the deep sea (Vanaverbeke et al. 1997
Boetius and Damm 1998; Grebmeier 2003).

It has been hypothesized that such shelf-basin inter-
actions might be particularly intense in the Arctic, as the
deep central basins are nearly landlocked and sur-
rounded by large marginal shelves, some of which are
quite productive (Grebmeier 2003). In addition, some
receive significant imports of freshwater and matter (a
total of about 10% of the global river run-off), including
terrigenic and fluvial carbon, from several major rivers,
leading to a strong coupling between the terrestrial and
marine environment, especially in the estuaries and
shallow shelves but also in the entire Arctic in general
(Macdonald 2000). The total freshwater discharge is
large enough to generate the overall estuarine circulation
of the Arctic Ocean and, hence, riverine and terrigenic
carbon can be expected to contribute significantly to the
possible export of organic material from the shelves to
the central Arctic (Grebmeier 2003).

Evidence has been gathered that Arctic marginal
shelves indeed export both dissolved and particulate
organic carbon to the central basins (Stein and Mac-
donald 2003). However, it is still not clear of what
nutritional quality and how significant the quantities of
particulate organic carbon (POC) exports are. As the
terrigenic and fluvial POC has already undergone sig-
nificant biological degradation during its passage
through the rivers and the coastal seas, their suitability
as food is presumably rather low (Stein 1996; Fahl et al.
2001). Therefore, it has been hypothesized that these
materials may be used to track processes involved in
long-term burial in the sediments rather than be in-
volved in the supply of usable organic matter to benthic
communities (Klages et al. 2003). Christensen (1989)
argued that the export of shelf POC depends very much
on their width: narrow shelves tend to export a large
proportion of their production while at wide ones most
carbon is retained in the shelf system and only a rather
small part is exported. The major Arctic shelves, such as
the Barents Sea, the Siberian marginal seas, and the
Chukchi Sea, are among the widest shelf regions in the
world, exceeding up to 800 km from the coast to the
shelf break. This fact suggests that most organic carbon
may be trapped on the shelves and that the central
Arctic Ocean may receive only a small magnitude of
shelf or terrestrial carbon. Lisitsin (1995) provided evi-
dence for this hypothesis, as he has shown that 90-95%
of the suspended matter is deposited on the shelf of the
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Kara Sea south of 74°N. The Beaufort Sea shelf, how-
ever, is rather narrow and, hence, may well be a source
of sediments, nutrients, organic matter and organisms
exported to the Arctic Ocean (Grebmeier 2003).

Conclusions The most obvious progress in the past
15 years has been made in the scientific exploration of
the deep ice-covered Arctic Ocean. There is now evi-
dence that it is one order of magnitude more productive
than previously thought. However, the role of shelf-
basin interactions for the food supply of Arctic abyssal
benthos and in the overall Arctic carbon cycle remains
an open issue of current and future research.

Consequences of climate change

The effects of disturbance were among the research foci
of a number of recent studies (see ‘“‘Diversity, stability
and disturbance’). A major disturbance agent, operat-
ing on a time scale of 10-1,000 years, is climate change,
affecting life at virtually all ecologically relevant levels
ranging from biochemical processes to ecosystem
dynamics. Therefore, its consequences have been the
overarching theme of most research programmes con-
ducted in the past 15 years.

It is now commonly accepted that the Arctic Ocean is
the region where changes in climate, hydrography and
ecology, related to global warming, are expected to be
strongly expressed and, hence, the Arctic can serve as a
harbinger of global change (IPCC 2001; ACIA 2004).
However, while there is no doubt that the Arctic climate
is changing quite dramatically, the relative importance
of natural variability (Macdonald et al. 1999; Vanegas
and Mysak 2000) versus global warming due to
anthropogenic greenhouse gas emissions is still debated
(Johannessen et al. 1995; Shindell et al. 1999). The vast
Arctic shelves are likely to be particularly sensitive be-
cause of their shallowness, their seasonally varying ice
cover, and their dependence upon inflowing waters from
the oceans and continents to the south. On the other
hand, as just these Arctic systems are thought to be
characterized by a variety of natural disturbances and
have experienced pervasive environmental shifts in the
past, they might be particularly well adapted to extreme
climatic variations in terms of resilience (Dayton 1990).

Global change will not only lead to temperature in-
creases but will also affect freshwater runoff of Arctic
rivers (Peterson et al. 2002) and, hence, the proportions
of freshwater in sea ice. In general, the Arctic Ocean is
vertically stratified, largely due to sea-ice cover, with
cold, less saline water on its surface and warmer, more
saline water at depth (Aagaard et al. 1985). Recent
studies have shown that deep Arctic Ocean temperatures
have increased over the past 30 years (Dickson 1999).
Warming will remove ice, whose annual cycle of melting
and freezing structures the varying pan-Arctic rates of
shelf exchange with the basin. Reduced sea-ice coverage
will lead to lower cloud cover (due to less cold conden-
sation), a lower albedo (which has in turn a positive
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feedback on sea-ice coverage), and possibly a higher
primary production, resulting in a higher removal of
atmospheric CO, and increased sequestration of carbon
on the Arctic shelves. In addition, a possible decrease in
stratification would also bring warmer water to the
surface. All these effects will surely give rise to large
ecosystem changes.

Even given the proposed resilience and adaptability
of Arctic systems in general (Dayton 1990), a climate
change being so drastic that it results in a shift from a
‘cold/abundant ice’ to a ‘warm/limited ice’ mode will
probably have profound ecological consequences prop-
agating through all trophic levels, as sea-ice dynamics is
the prime physical factor driving marine Arctic biology
from cellular physiology and biochemistry to food web
and habitat structure. For the eastern Arctic, it is
hypothesized that upon warming the relative importance
of sea-ice biota, pelagic communities and benthic
assemblages will shift from a ‘benthos-dominated’ to a
‘zooplankton-dominated’ mode, which will fundamen-
tally change the general pattern of kryo-pelago—benthic
fluxes of matter and energy in Arctic seas. Accordingly,
such a persistent change in the pelagic regime of primary
and secondary production would most likely lead to
profound changes in species composition, productivity
and standing stocks of Arctic benthos and marine
mammals. In general, there would be a shift in the rel-
ative importance of sea-ice, pelagic and benthic biota in
the overall carbon flux from a ‘sea-ice algae—benthos’ to
a ‘phytoplankton—zooplankton’ dominance (Carroll and
Carroll 2003). Increased zooplankton grazing would
result in a reduced flux of POC to the seabed and,
consequently, decreased benthic biomass. The negative
impact would be particularly intense for epifaunal
megabenthic predators, such as gastropods, crabs, ben-
thic and nektobenthic shrimps, sea stars, and probably
brittle stars. Moreover, there is evidence that such a
fundamental alteration will have a negative impact on
large marine carnivores (seabirds and sea mammals) and
will favour smaller carnivores (fish), because the average
body size of prey species will decrease significantly
(Karnovsky et al. 2003).

A similar shift is envisaged for the western Arctic,
where unutilized shelf nutrients and dissolved organic
matter (DOM) are currently exported to the deep Arctic
Ocean (Walsh et al. 1997). In case of reduced exports and
increased light availability on the shelves, primary pro-
duction will probably increase, because of the enhanced
nutrient uptake and recycling of the DOM, and this may
lead to larger fish yields, with diversion of food away
from the benthos and the higher trophic levels, as well as
greater sequestration of atmospheric carbon dioxide in
the shelf—basin sediments. Both effects will greatly impact
Arctic human populations (because of the negative
effects on ice-dependent seals and, consequently, on the
future of seal-hunting indigenous people); the latter will
even have global consequences (ACIA 2004).

Although studies on the ecological consequences of
global change are generally regarded to be of high

importance, their actual number is currently rather
scarce. Because of the time scales involved, the response
and adaptability of macrobenthic organisms to changing
environmental conditions can hardly be examined di-
rectly and is, hence, usually deduced from time-series
data of community parameters such as diversity, distri-
bution patterns and composition of benthic assem-
blages. An example of this kind of studies is a
comparison of epifaunal standing stocks in the south-
eastern Chukchi Sea (Feder et al. 2005). The results
suggested that overall community structure did not
change from 1976 to 1999, but some dominant taxa were
clearly more abundant and had higher biomass in the
recent surveys. However, findings like this should be
interpreted with due caution, as they cannot unambig-
uously be related to regime shifts caused by the general
warming of the Arctic (Feder et al. 2003). In contrast,
there is good evidence from comparative studies that the
diversity of Arctic fjord communities will decline in re-
sponse to the climate-induced retreat of glaciers and the
resultant increase in mineral sedimentation from melt
waters (Wlodarska-Kowalczuk and Weslawski 2001).

Conclusions The study of the ecological effects of the
pronounced climate change in the Arctic has been—and
will remain—a major theme of recent, current and future
research projects. The rapid warming will result in
higher water temperatures, increased fluvial run-off and
reduced ice cover—factors which will certainly give rise
to severe ecosystem changes propagating through all
trophic levels. According to a (yet) hypothetical sce-
nario, the relative importance of sea-ice, pelagic and
benthic biota in the overall carbon and energy flux will
shift from a ‘sea-ice algae—benthos’ to a ‘phytoplank-
ton—zooplankton’ dominance.

Possible directions of further research

As recommended in the reviews published between 1975
and 1991 (see “‘State of knowledge and research per-
spectives in the early 1990s”"), major research themes in
the past 15 years were the significance of pelago—benthic
coupling, the quantification of benthic carbon fluxes and
the modelling of their partitioning among different
community fractions, the role of disturbances, and the
ecological consequences of global change. Much has
been achieved in the various research efforts, and a
number of common notions on the Arctic benthos need
to be modified due to the novel findings. However, not
each scientific issue could be addressed with the same
intensity and, as usual, each new result, each settled issue
also produced new questions. For example, the wealth of
data gained on benthic standing stocks and activities did
indeed greatly extend our knowledge base but at the
same time it revealed unequivocally a very uneven dis-
tribution of the values in space and time. This patchi-
ness, which is pronounced on a variety of scales, strongly
advises to take due caution in the up-scaling of point-
measurement results. It clearly hampers the sound gen-



eralization of the results and has to be adequately taken
into account in the budgeting and modelling of carbon
fluxes.

With regard to future research issues, some of the
recommendations of the former reviews are still effec-
tive. Winter data, for instance, are still rare, although
more information about this part of the year is crucial to
understand the adaptation of the benthic organisms to
the extreme Arctic environment. The issue of the role of
disturbances in the functioning of Arctic benthic eco-
systems is also not fully settled. There is still a need to (1)
quantify the various disturbance effects, (2) perform in
situ experiments to monitor the response of benthic
systems to natural or artificial disturbances (e.g., by
following the succession of recolonization of disturbed
areas; Jewett et al. 1999), and (3) eventually generate
predictive models of disturbance effects and responses.

Closely intertwined with the disturbance topic are
studies on diversity. It is now commonly accepted that a
basic requirement for addressing the process-oriented
issue of what key mechanisms regulate diversity is the
sound determination of diversity itself, i.e., a thorough
census of the species pool in a given area. Apart from
this motivation, I expect that there will be more
emphasis on taxonomic inventories in the future because
of the increased awareness for the great significance and
the threat to diversity in general. This idea has ignited
several large-scale research initiatives, such as the
‘Census of Marine Life’ (O’Dor 2004) and the ‘Ency-
clopedia of Life’ (Wilson 2003), aiming at a complete
inventory of the biodiversity of the world’s oceans and
of the entire biosphere, respectively. In the Arctic,
diversity-related work will include new surveys in remote
and difficult-to-access areas and the increased use of
modern molecular techniques for studies on taxonomy
and population genetics.

Furthermore, I agree with Dayton’s (1990) conclud-
ing remark that sound autecological investigations (on
reproduction, life cycles, growth, population dynamics,
production, metabolic performance, and feeding) should
not be neglected for the benefit of more work on pro-
cesses and rates (as it has often been the case in the
recent past). This should be so not only for its own sake
but also because experience has taught us that bulk
processes and rates can only be well understood (and
modelled) if there is a sound knowledge on the basic
natural history of the ecological key species involved.

Pelago—benthic coupling and carbon flow patterns
have been and still are major issues of past and on-going
research programmes. This will not change in the near
future. A growing body of evidence has now been
compiled that Arctic seas differ considerably in their
environmental setting, hence in the strength of pelago—
benthic coupling, and hence in benthic productivity and
carbon flow. Consequently, it is generally recognized
that a pan-Arctic approach is necessary to better com-
prehend the mechanisms responsible for the regional
differences and to create an ample understanding of the
benthic carbon utilization and cycling. Such a pan-
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Arctic effort should comprise a network of international
co-ordinated collaborative studies in different seas
around the Arctic, applying highly standardized meth-
odological approaches to ensure highest possible data
comparability, and an appropriate organizational
framework to foster subsequent data integration and
modelling work.

The response of Arctic benthos to global-change
induced environmental regime shifts is another topic
that will remain a research theme of great importance
(ACIA 2004). To address this issue, more long-term
observations are necessary to gain time-series data on
environmental and faunal variations, if possible at a
decadal time scale, which is most significant to man-
kind. Another approach to investigate possible eco-
logical effects of global change are strictly comparative
case studies in Arctic regions that are representative of
different climate modes (‘cold/abundant ice’ vs. ‘warm/
limited ice’). Process-oriented work on the issue of how
and to what extent environmental changes affect ben-
thic organisms and communities will focus on small-
scale but multi-year investigations at selected sites in
various habitats (coast, shelf, slope, and deep-sea). An
example for such an approach is the “AWI Hausgar-
ten", a deep-sea long-term station in the eastern Fram
Strait at 2,600 m depth that was erected in 1999
(Soltwedel 1999). Latest progress in under-water and
telecommunication technology might render possible
that already in the near future the increasing use of
autonomous and/or remotely operated research plat-
forms, either mobile and stationary, will allow for the
observation and measurement of global-change effects
in Arctic seafloor habitats on a more long-term and
cost-effective basis than nowadays conceivable.

Conclusions

The past two decades have witnessed a growing public
awareness of the global climate significance of polar
regions, as well as the opening of the Russian Arctic to
foreign researchers. This, together with the considerable
progress in ice-breaking technology, led to a pronounced
intensification of multidisciplinary scientific research in
Arctic seas, including numerous benthic field studies.
The wealth of original data and information gathered in
these efforts has markedly enhanced our knowledge on
the Arctic benthos. While some scientific concepts have
largely been corroborated by the novel findings (e.g., low
endemism and high faunistic affinity to northern
Atlantic assemblages), other common notions need to
be—at least partly—revised, particularly with regard to
the often-cited differences between Arctic seas and the
Southern Ocean:

— There is a growing body of evidence that benthos
assemblages vary broadly in faunistic diversity be-
tween Arctic regions and that, hence, the idea of a
consistently very poor Arctic benthos—being in stark
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contrast to the rich Antarctic bottom fauna—is an
undue overgeneralization. At a global scale, in terms
of biogeographical diversity, both Arctic and Ant-
arctic waters seem to be characterized by intermediate
species richness.

— Levels of disturbance—a major ecological agent
known to heavily affect benthic diversity and com-
munity structure—have been assumed to be relatively
high in the Arctic but exceptionally low in the
Southern Ocean. The discovery of the great role of
iceberg scouring in Antarctic shelf ecosystems, which
has largely been overlooked in the past, calls for a
reconsideration of this notion.

— The novel data clearly demonstrate that there are
marked differences in geographical and environmental
setting, impact of fluvial run-off, pelagic production
regime, strength of pelago—benthic coupling and,
hence, food supply to the benthos among the various
Arctic seas, impeding the large-scale generalization of
local and regional findings.

— Field evidence strongly indicates the great significance
of meso-scale hydrography and ice cover (marginal ice
zones, polynyas, and gyres) in forming ‘hot spots’ of
tight pelago—benthic coupling and, hence, high ben-
thic biomass.

— In contrast, the importance of the huge amounts of
terrigenic organic matter discharged to the Arctic seas
through fluvial run-off as an additional food source
for the benthos is still under debate.

— Studies on the partitioning of energy flow through the
benthic communities strongly suggested that the of-
ten-overlooked megafauna has to be adequately con-
sidered in overall benthic energy budgets and models
of carbon cycling, particularly in Arctic shelf systems
that are commonly dominated by abundant echino-
derm populations.

— The most obvious progress has been made in the sci-
entific exploration of the deep ice-covered Arctic
Ocean. There is now evidence that it is one order of
magnitude more productive than previously thought.
Therefore, the significance of shelf-basin interactions,
i.e., the importance of excess organic carbon exported
from productive shelf areas to the deep sea of the
interior ocean, is still debated and, hence, a major
topic of on-going research projects.

— Another high-priority theme of current—and fu-
ture—research projects are the ecological conse-
quences of the rapid warming in the Arctic. Higher
water temperatures, increased fluvial run-off and re-
duced ice cover will give rise to severe ecosystem
changes propagating through all trophic levels. It is
hypothesized that there would be a shift in the relative
importance of sea-ice, pelagic and benthic biota in the
overall carbon and energy flux, ultimately resulting in
a switch from a ‘sea-ice algae—benthos’ to a ‘phyto-
plankton-zooplankton” dominance.

— Besides the process-oriented studies on shelf-basin
interactions and climate-change effects, possible
routes of further research should encompass:

— a continuation of the work on the role of distur-
bance in the functioning of Arctic-and Antarctic—
ecosystems,

— a large-scale census of the Arctic species pool,

— autoecological studies of key species, and

— the acquisition of long-term time-series informa-
tion, including winter data.

The latter research work will be strongly facilitated
by the upcoming availability of autonomous or remotely
operated in situ research platforms.
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