UC Irvine
UC Irvine Previously Published Works

Title
The Barents and Chukchi Seas: Comparison of two Arctic shelf ecosystems

Permalink
https://escholarship.org/uc/item/4sc572cp

Authors

Hunt, George L
Blanchard, Arny L
Boveng, Peter

Publication Date
2013

DOI
10.1016/j.jmarsys.2012.08.003

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License,
availalbe at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/4sc572cp
https://escholarship.org/uc/item/4sc572cp#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Journal of Marine Systems 109-110 (2013) 43-68

=

Contents list: ilable at SciV Sci Direct
ontents lists available a civerse sciencebirec m
: =
Journal of Marine Systems o

journal homepage: www.elsevier.com/locate/jmarsys

The Barents and Chukchi Seas: Comparison of two Arctic shelf ecosystems

George L. Hunt Jr. *, Arny L. Blanchard b Peter Boveng €, Padmini Dalpadado d Kenneth F. Drinkwater ¢,
Lisa Eisner ¢, Russ R. Hopcroft °, Kit M. Kovacs , Brenda L. Norcross ", Paul Renaud ¢, Marit Reigstad ",
Martin Renner 2, Hein Rune Skjoldal ¢, Andy Whitehouse 2, Rebecca A. Woodgate

@ School of Aquatic and Fishery Sciences, University of Washington, Box 355020, Seattle, WA 98195-5020, USA

Y Institute of Marine Science, School of Fisheries and Ocean Sciences, University of Alaska Fairbanks, P.O. Box 757220, Fairbanks, AK 99775-7220, USA
¢ National Marine Mammal Laboratory, NOAA Alaska Fisheries Science Center, 7600 Sand Point Way NE, Seattle, WA 98115, USA

4 Institute of Marine Research, P.0. Box 1870 Nordnes, N-5817 Bergen, Norway

€ TSMRI/Auke Bay Laboratories, Alaska Fisheries Science Center NMFS, NOAA, 17109 Point Lena Loop Road, Juneau, AK 99801, USA

 Norwegian Polar Institute, Fram Centre, 9296 Tromsa, Norway

& Akvaplan-niva, Fram Centre, 9296 Tromse, Norway

h Dept. of Arctic and Marine Biology, University of Tromso, Tromso, 9037, Norway

1 Applied Physics Laboratory, University of Washington, 1013 NE 40th Street, Seattle, WA 98105, USA

ARTICLE INFO ABSTRACT
Article history: This paper compares and contrasts the ecosystems of the Barents and Chukchi Seas. Despite their similarity in
Received 16 June 2011 a number of features, the Barents Sea supports a vast biomass of commercially important fish, but the
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Chukchi does not. Here we examine a number of aspects of these two seas to ascertain how they are similar
and how they differ. We then indentify processes and mechanisms that may be responsible for their similar-
ities and differences.

Both the Barents and Chukchi Seas are high latitude, seasonally ice covered, Arctic shelf-seas. Both have

i(ej)‘/lvevstriisr; strongly advective regimes, and receive water from the south. Water entering the Barents comes from the
Barents Sea deep, ice-free and “warm” Norwegian Sea, and contains not only heat, but also a rich supply of
Benthos zooplankton that supports larval fish in spring. In contrast, Bering Sea water entering the Chukchi in spring

Chukchi Sea and early summer is cold. In spring, this Bering Sea water is depleted of large, lipid-rich zooplankton, thus

(F?}i;lﬂ&te change likely resulting in a relatively low availability of zooplankton for fish. Although primary production on
1S!

average is similar in the two seas, fish biomass density is an order of magnitude greater in the Barents
Marine mammals than in tf.le Chukchi Sea. The Barents Sea supports immense ﬁsheries, whereas t.he Chukc.hi Sea doe§ not.
Plankton The density of cetaceans in the Barents Sea is about double that in the Chukchi Sea, as is the density of
Seabirds nesting seabirds, whereas, the density of pinnipeds in the Chukchi is about double that in the Barents Sea.
In the Chukchi Sea, export of carbon to the benthos and benthic biomass may be greater. We hypothesize
that the difference in fish abundance in the two seas is driven by differences in the heat and plankton
advected into them, and the amount of primary production consumed in the upper water column.
However, we suggest that the critical difference between the Chukchi and Barents Seas is the pre-cooled
water entering the Chukchi Sea from the south. This cold water, and the winter mixing of the Chukchi Sea
as it becomes ice covered, result in water temperatures below the physiological limits of the commercially
valuable fish that thrive in the southeastern Bering Sea. If climate change warms the Barents Sea, thereby
increasing the open water area via reducing ice cover, productivity at most trophic levels is likely to
increase. In the Chukchi, warming should also reduce sea ice cover, permitting a longer production season.
However, the shallow northern Bering and Chukchi Seas are expected to continue to be ice-covered in
winter, so water there will continue to be cold in winter and spring, and is likely to continue to be a
barrier to the movement of temperate fish into the Chukchi Sea. Thus, it is unlikely that large populations
of boreal fish species will become established in this Arctic marginal sea.

© 2012 Elsevier B.V. All rights reserved.

Large marine ecosystems

1. Introduction

Comparative studies of marine ecosystems provide the opportunity

to identify ecosystem components or processes that play a critical role

* Corresponding author. Tel.: +1 206 441 6109, in determining ecosystem productivity (Drinkwater et al., 2009; Hunt
E-mail address: glhunt@uci.edu (G.L. Hunt). and Megrey, 2005; Megrey and Aydin, 2009). In turn, identification of
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the mechanisms that control productivity facilitates understanding of
the critical vulnerabilities of the ecosystems to global change (Mueter
et al., 2009).

Carmack and Wassmann (2006) presented a broad overview of
the marginal seas of the Arctic Ocean, noting that some were more
productive than others. The Barents and Chukchi Seas have their
southern extremes at 70°N and 66°N, respectively, while their north-
ern borders extend to the edge of the continental shelf of the Arctic
Ocean (Fig. 1). Despite this geographic similarity, the two seas
differ remarkably in the productivity of their fisheries, even when
expressed on a per unit area basis. However, it is not known whether
these differences in fisheries are the result of differences in: 1) the
standing stocks of fish populations; 2) local rates of primary and
secondary production; 3) the pathways of energy and material through
the ecosystems; or 4) the heat, nutrient and plankton content of waters
advected into these seas. This paper investigates these questions by
comparing factors hypothesized to be responsible for the major differ-
ences in fish productivity in these two areas. In addition, the standing
stocks of other upper trophic levels, including marine mammals and
seabirds, are examined to determine if they can provide insight into
the overall productivity of the two regions. Finally, we briefly discuss
mechanisms whereby future climate warming may affect the produc-
tivity of these Arctic marginal seas.

We begin by providing a brief overview of the salient geographic
features of the Barents and Chukchi Seas (Section 1.1), their physical
oceanography (Section 1.2), and their fisheries productivity (Section 1.3).
In Section 2, we proceed, from fish (Section 2.1), seabirds (Section 2.2)
and marine mammals (Section 2.3) down through the food web to prima-
ry production (Sections 2.4-2.6) to compare and contrast standing stocks
and productivity in the two seas. In Section 3, we compare water depths
and export of carbon to the benthos (Section 3.1), migratory behaviors
of top predators (Section 3.2), and advection (Section 3.3) in the two
regions. In Section 4, we provide some preliminary speculations as to
how the Chukchi Sea and Barents Sea ecosystems may respond to global
warming. Lastly, in Section 5, we summarize our findings and offer some
conclusions on this comparative examination of two marginal Arctic seas.

1.1. Geography of the Barents and Chukchi Seas

1.1.1. Location and size

The Barents and Chukchi Seas are marginal Arctic seas that are
located at similar latitudes (Fig. 1). They both are inflow shelf seas
(Carmack et al., 2006) for waters entering the Arctic Ocean, albeit
from different oceans: the Barents Sea is one of the routes for Atlantic
water into the Arctic, and the Chukchi Sea is the only route for Pacific
water into the Arctic. For the extent of the Barents and Chukchi Seas,
we use the International Hydrographic Office definitions as modified
by Jakobsson (2002), which include the continental shelf in the
northern Chukchi out to the edge of the continental slope. Accordingly,
both seas have their northern limits at the slope of the Arctic Basin. The
area of the Barents Sea is 1.5x 10° km?, nearly 2.5 times that of the
Chukchi's 0.620x 10 km? (Jakobsson, 2002).

1.1.2. Bathymetry

The areal distributions of bottom depths are strikingly different
between the Barents and Chukchi Seas (Figs. 1, 2). In the Barents
Sea (average depth 230 m), only around 10% of the sea is less than
50 m deep, whereas in the Chukchi Sea (average depth 80 m),
about 50% of the bottom area is less than 50 m deep, and most is
less than 100 m. The Barents Sea consists of deep basins (~300-
400 m deep) and banks, with a major trough (~450 m deep) in the
west between Bear Island and the Norwegian mainland. In contrast,
the southern Chukchi Sea is almost flat, with a very gentle slope to
the edge of the Arctic Basin. In the north, the Chukchi Sea has shallow
gullies running more or less south to north, with the deepest being
Barrow Canyon in the northeast, and Herald Canyon in the west
(Fig. 3).

1.2. Physical oceanography
The Barents Sea is one place where Atlantic and Arctic waters

meet (Loeng, 1991; Loeng and Drinkwater, 2007). Warm and salty
Atlantic Water, with relatively high concentrations of nutrients, enters
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Fig. 1. Map of the Arctic marginal seas with depth contours and outlines of boundaries as modified by Jakobsson (2002) from the IHO definitions. The black and red lines indicate
where Jakobsson developed bathymetric profiles that were used in the process of delineating the shelf break from a slope model (see Fig. 2).

From Jakobsson, 2002. Hypsometry and volume of the Arctic Ocean and its constituent seas. Geochem. Geophys Geosyst, an Electronic ] Earth Sci. 3(5) 10.1029/2001GC000302,
ISSN: 1525-2027. Copyright 2002 American Geophysical Union. Reproduced/modified by permission of American Geophysical Union.
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Fig. 2. Areal distribution by depth in the Chukchi and Barents Seas. Although maximal
depths are similar, 50% of the Chukchi Sea is less than 50 m deep.

From Jakobsson, 2002. Hypsometry and volume of the Arctic Ocean and its constituent
seas. Geochem. Geophys Geosyst, an Electronic J Earth Sci. 3(5) 10.1029/2001GC000302,
ISSN: 1525-2027. Copyright 2002 American Geophysical Union. Reproduced/modified by
permission of American Geophysical Union.

the Barents Sea primarily through its western entrance and influences
the southern region. Cold, low salinity Arctic Water, with low nutrients,
penetrates from the east and north and dominates the northern Barents
Sea (Fig. 3). The two regions are separated by the Polar Front (Harris et
al., 1998; Parsons et al., 1996).

Atlantic Water originates from the North Atlantic Current and flows
northward through the Norwegian Sea. Forty percent (annual average
1.8 Sv£1 Sv) of this flow enters the Barents Sea through its western
entrance (Ingvaldsen, 2005; Ingvaldsen et al., 2004; Skagseth et al.,
2011), of which an average of 0.7 Sv recirculates near the entrance
back into the Norwegian Sea (Fig. 3; Skagseth, 2008). The remainder
of the transport (1.1 Sv) flows eastward with generally weak mean
currents (<0.05 m s~ !; Ozhigin et al,, 2011; Skjoldal and Rey, 1989).
Tidal currents in the Barents Sea typically exceed these weak mean cur-
rents and are especially strong over some of the shallow banks. The
Atlantic Water that traverses the Barents Sea is modified en route
through mixing and atmospheric heat exchanges and eventually exits
through the St. Anna Trough into the Arctic Ocean (Schauer et al., 2002).

Some of the Atlantic Water that flows northward past the Barents
Sea enters the Arctic Ocean through Fram Strait and continues east-
ward north of Spitsbergen (Beszczynska-Moller et al., 2011). Part of
this flow enters the Barents Sea at depth between Spitsbergen and
Franz Josef Land; reliable estimates of this transport are not available
(Lind and Ingvaldsen, 2012).

Coastal waters, which are carried northward along the Norwegian
Shelf by the Norwegian Coastal Current, originate from the Baltic Sea
outflow and southern North Sea; they are augmented by freshwater

runoff from Norwegian rivers and mix with offshore waters off the
Norwegian shelf en route to the Barents Sea (Satre, 2007). These
waters enter the Barents Sea on the southern side of the western
entrance (Loeng, 1991). A total volume flux of 2.6 Sv was estimated
for this flow at the entrance to the Barents Sea (Skagseth et al.,
2011), but part of this transport overlaps with the Atlantic inflow
estimates. Accounting for this overlap, the annual averaged total
volume flux through the western entrance is roughly 3 Sv with an
estimated uncertainty of around +0.5. Estimates of the total
outflow in the eastern entrance between Franz Josef Land and
Novaya Zemlya are of the order of 2 Sv+0.6 Sv, but are highly
uncertain due to limited observations (Gammelsred et al., 2009).

Cold Arctic waters enter the Barents Sea through the eastern
entrance of the Barents Sea as well as from the north between
Spitsbergen and Franz Josef Land (Gammelsrgd et al., 2009; Lind
and Ingvaldsen, 2012). These waters generally flow southwestward,
eventually exiting the Barents Sea via the western entrance (Blindheim,
1989; Loeng, 1991). In deeper areas of the northern regions, Atlantic
Water underlies the cold, relatively fresh Arctic Water (Lind and
Ingvaldsen, 2012).

In winter, the northern and eastern regions of the Barents Sea are
ice-covered. Minimum ice extent occurs in August/September, when
in some years there is no ice present, while the maximum occurs in
March or April, when approximately 60% of the Barents Sea is ice
covered (Loeng, 1979; Vinje and Kvambekk, 1991). In contrast, the
southwestern region remains ice free throughout the winter as a
result of the inflow of the warm Atlantic Water.

In the northern Barents Sea, there is a strong seasonal cycle in
stratification, with homogenization of the upper layer in late autumn
and late spring, a result of strong wind mixing and convective cooling,
and strong stratification in summer caused by ice-melt (Loeng and
Drinkwater, 2007; Sakshaug et al., 2009; Rey and Loeng, 1985). In
the Atlantic (southern) region of the Barents Sea, seasonal
stratification is dominated by solar heating, resulting in a slowly
developing thermocline (Sakshaug et al., 2009; Skjoldal and Rey, 1989).

The southern Chukchi Sea is strongly influenced by waters enter-
ing through the Bering Strait (Coachman et al., 1975; Panteleev et
al., 2010; Spall, 2007; Woodgate et al., 2005c). The Bering Strait
volume transport averages about 0.8 Sv northwards over the year
(Roach et al.,, 1995; Woodgate et al,, 2006), being strongest in summer
and weakest in winter. Occasionally, there are wind-driven reversals to
southward transport between November and March (e.g., Woodgate et
al,, 2005b). Thus, the mean flow from the south into the Arctic via the
Chukchi Sea appears to be 2-3 times less than that of the Barents Sea
through-flow.

The water masses entering the southern Chukchi Sea are generally
classed into two types (Coachman et al., 1975), Alaskan Coastal Water
and Bering Sea Water. Alaskan Coastal Water is strongly influenced by
the Alaska Costal Current, which originates south of the Aleutian
Islands and is augmented by river runoff from western Alaska. In
the Chukchi Sea, it generally flows northward along the Alaskan
Coast to Barrow Canyon (Fig. 3) (Aagaard and Carmack, 1989; Walsh et
al., 1989) with a volume transport of ~0.1 Sv (Woodgate and Aagaard,
2005). It is present from May to about the end of December in the eastern
Chukchi Sea (Fig. 3; Paquette and Bourke, 1974; Woodgate and Aagaard,
2005) and provides a swift transit (a few months) from the Bering Strait
to Barrow Canyon (Woodgate et al,, 2005¢ and the references therein).
Alaskan Coastal Water is relatively warm, of low salinity, and with low
nutrient concentrations post spring bloom.

The bulk of the water transiting the Chukchi Sea (~0.7 Sv,
>80%) is Bering Sea Water, which is a mixture of the
nutrient-rich Anadyr Water from the west and Bering Shelf Water
(Coachman et al., 1975). These waters are saltier and richer in
nutrients than Alaskan Coastal Water (Springer et al, 1989).
Topographic shoals in the northern Chukchi Sea split the northward
flow of Bering Sea Water into 3 branches (Ahlnds and Garrison, 1984;
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Fig. 3. Flows into and within the Chukchi (upper) and Barents Seas (lower). In the Barents Sea, the black arrows denote the flow of Arctic water, the blue arrows the flow of mixed
water, and the red arrows the flow of Atlantic Water; green arrows indicate the flow of Coastal water. The Barents Sea figure is courtesy of Institute of Marine Research, Bergen.

Paquette and Bourke, 1981; Weingartner et al., 2005; Woodgate et al.,
2010). One branch flows east of Hanna shoal and continues to Barrow
Canyon, one is west of Herald Shoal through Herald Canyon, and other
is between the shoals via what is called the Central Channel (Fig. 3;
Panteleev et al, 2010; Spall, 2007; Weingartner et al, 2005;
Woodgate et al., 2005c¢). Although the volume flows through these
different branches are comparable, their seasonal variability is
somewhat different (Woodgate et al., 2005c). The Herald Canyon
outflow contains higher nutrient concentrations because of a greater
proportion of Anadyr Water. These flows respond strongly to winds,
with flow reversals being common, especially in the eastern side of the
Chukchi Sea (Woodgate et al., 2005c¢), and there is episodic wind-driven
upwelling of waters along the canyons on the continental slope (e.g.,

Aagaard and Roach, 1990; Bourke and Paquette, 1976; Mountain et al.,
1976; Woodgate et al., 2005a).

In the extreme western Chukchi Sea, the seasonal Siberian Coastal
Current (~0.1 Sv) flows southward along the coast in some years
(Fig. 3; Weingartner et al., 1999). This cold fresh current, on occasion,
may reach the Bering Strait, but usually is deflected into the central
Chukchi Sea. There is also believed to be an outflow of similar magni-
tude to the Siberian Sea from the Chukchi Sea, but few measurements
of this exist (Woodgate et al., 2005c).

In summer, the northward flows through the Bering Strait, includ-
ing especially the Alaskan Coastal Current, transport heat into the
Chukchi Sea (Woodgate et al., 2010), and beyond (Shimada et al.,
2006). However, because flows through the Bering Strait must cross
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the seasonally ice-covered northern Bering Sea, water entering the
Chukchi Sea in winter is near-freezing, and the entire Chukchi
remains ice-covered from late fall to spring (Woodgate et al., 2005c).
Thus, there is a seasonal cycle of stratification, with strong
stratification in summer, and a cold, well-mixed water column from
fall through spring when the ice melt releases fresh water.

1.3. Fishery catches

Fisheries catches in the Barents Sea are large compared to those
from the Chukchi Sea (Fig. 4), even on a catch-per-unit-area basis.
Combined commercial catches by Norway and Russia in the Barents
Sea during the period 2000-2009 were around 900,000 metric tonnes
(mt) annually, although they increased in 2010 to close to 1 million mt
(ICES, 2011). Combined, the Norwegian fisheries catches are presently

worth well over $500 million (USD) annually (Fishery Statistics,
Directorate of Fisheries, Norway, 2011); additionally, Russia accounts
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for an equally high value of fish taken (ICES, 2011). Catches in the
Barents Sea are dominated by Atlantic cod (Gadus morhua), capelin
(Mallotus villosus) and haddock (Melanogrammus aeglefinus). In
addition, there are important commercial catches of redfish (Sebastes
mentella and Sebastes marinus), Greenland halibut (Reinhardtius
hippoglossoides), Arctic cod (Boreogadus saida), wolffish (Anarhichas
spp.), saithe (Pollachius virens), blue whiting (Micromesistius
poutassou), deep sea shrimp (Pandalus borealis), and the introduced
red king crab (Paralithodes camtschaticus) (ICES, 2011). It must be
pointed out that there is high variability in the total catches as
indicated by the range from a high of around 3.5 million mt to a low
of less than 0.5 million mt between 1950 and 2006 (Fig. 4). This
variability is largely determined by fluctuations in the capelin stock.

In contrast to the Barents Sea, there are and have been virtually no
commercial fisheries in the Chukchi Sea since the days of commercial
whaling (NPFMC, 2009). Total landings from the eastern Chukchi
Sea have rarely exceeded $50,000 to $100,000 per annum; only

Sea Around Us Project 2011
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Fig. 4. Fisheries catch (thousands mt) in the Barents Sea (top) and Chukchi Sea (bottom), 1950-2006. Note that the scales differ between the panels as do the species codes and

colors. From the Sea Around Us Project (2011).
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1300 mt were landed in 2010 (Booth and Zeller, 2008; Sea Around Us
Project, 2011). Fish landings in the Chukchi Sea are primarily for local
consumption (NPFMC, 2009). The most important species are salmo-
nids, especially chum salmon (Oncorhynchus keta), and inconnu (also
known as sheefish, Stenodus leucichthys), though about 15 species are
exploited (Fig. 4; Sea Around Us Project, 2011). Although the Chukchi
Sea is now closed to commercial exploitation (NPFMC, 2009), the lack
of extensive trawling in the past reflects a lack of commercial species
at densities or sizes that would make them economically viable, as
well as the long distances to fishing ports (Barber et al., 1997;
Norcross et al, 2010; NPFMC, 2009). For example, snow crab
(Chionoecetes opilio), a species of commercial interest elsewhere, are
abundant in the Chukchi Sea, but individuals of marketable size have
seldom been observed there (Bluhm et al., 2009; Fair and Nelson,
1999; Paul et al., 1997; Wolotira et al., 1977).

2. Comparisons of standing stocks and productivity

In this section we provide information on the abundance or
biomass of stocks of fish, seabirds, marine mammals, benthos, zoo-
plankton and phytoplankton in the Barents and Chukchi Seas. Where
data are available, we report on fluxes and production rates, including
primary production. We take a top-down approach, starting with the
fish, seabirds and marine mammals, and the benthos, and then examine
the available data on zooplankton, chlorophyll and primary production
to determine the base on which the upper trophic levels depend.

2.1. Standing stocks of fish

Not surprisingly, the fish stocks of the Barents Sea, with its major
commercial fisheries, have been well surveyed. Based on 2008 surveys,
the five fish species with the highest estimated biomasses were: cape-
lin, 44x10°mt; Atlantic cod, 2.3x10°mt; saithe, >1.1x10°mt;
Atlantic haddock, 0.9x10°mt; and age-1+ 2 Atlantic herring (Clupea
harengus), 0.25x10°mt, for a total of almost 9x10°mt or about
5.9 mt km™2 (ICES, 2008a; Stiansen et al., 2009). A major portion of
this fish biomass, especially the demersal species, is located in the
relatively warm and boreal southern Barents Sea, an area
approximately the size of the entire Chukchi Sea.

In contrast, data on fish biomass in the Chukchi Sea are very
sparse; bottom trawl surveys have been conducted in United States
waters only in 1976 (Wolotira et al., 1977), 1990 and 1991 (Barber
et al, 1997) and in 2004 (Norcross et al., 2010). Based on the 1990
and 1991 surveys, the five fish species with the highest biomasses
in the eastern Chukchi Sea survey area in order were Arctic cod, sculpin
sp. (Myoxocephalus sp.), saffron cod (Eleginus gracilis), Bering flounder
(Hippoglossoides robustus), and Pacific herring (Clupea pallasii), which
together accounted for approximately 041 mt km™2 (Barber et al,
1997). Extrapolating the density estimates of these top five species
from 1990 and applying them to the entire area of the Chukchi result
in a combined estimated biomass of about 254,200 mt. Of these stocks,
only Arctic cod and Pacific herring might have been of commercial
interest if their biomasses had been sufficient to support a fishery.

Arctic cod alone accounted for 61% of the entire Chukchi fish catch
in 1990 and 47% in 1991, but other sources suggest that there may be
more Arctic cod in the Chukchi Sea than found by Barber et al. (1997).
For example, Quast (1974) estimated that there were 434,000 mt of
Arctic cod in the Chukchi Sea, and Whitehouse (2011), using a mass
balance Ecopath model, estimated that there must be about 874,000 mt
of Arctic cod in the Chukchi Sea to satisfy the needs of the cod predators.

When adjusted for differences in area, the biomass of the top five
species in the Barents Sea was about 13 times that of the top five
in the Chukchi Sea, when using the estimates for the Chukchi Sea
based on Barber et al. (1997). If we use the estimate for Arctic cod
in the Chukchi Sea developed by Whitehouse (2011), then the Ba-
rents Sea may have about 3.8 times the fish biomass of the Chukchi

Sea and 1.6 times the biomass per unit area. Thus, not only does the
Barents Sea support larger fish populations on an area adjusted
basis, but those commercially exploited species in the Barents are
thought to be more productive than the fish stocks in the Chukchi,
given that the catches in the Barents Sea are about 3 orders of magni-
tude greater than those in the Chukchi.

2.2. Standing stocks of seabirds

The avifauna of the Barents Sea is dominated by the planktivorous
little auk (Alle alle), the mostly piscivorous black-legged kittiwake
(Rissa tridactyla) and Atlantic puffin (Fratercula arctica), and murres,
one species of which, the common murre (Uria aalge), is primarily
piscivorous, while the other, the thick-billed murre (Uria lomvia) is
more planktivorous, with large amphipods and euphausiids
constituting a substantial part of its diet (Table 1) (Anker-Nilssen et
al., 2000; Mehlum and Gabrielsen, 1993). As a general pattern, the
planktivorous seabird species dominate in the north and northwestern
Barents Sea, whereas the piscivorous species are more abundant in the
southern Barents Sea (Wassmann et al., 2006b).

Planktivorous (small auklets, Aethia spp.) and murres (Uria spp.)
are the most abundant breeding seabirds in the Chukchi Sea, though
the biomass of murres is much greater than that of the auklets. If
seabirds nesting on the Diomede Islands in the Bering Strait were
included in the Chukchi total, the number of small planktivorous auk-
lets would be increased by about 2 million (USF&WS, 2003). The
available data suggest that for much of the breeding season, these
auklets forage south of Bering Strait (Piatt and Springer, 2003), and
therefore they have not been included in our compendium of Chukchi
breeding birds.

The number of nesting seabirds in the Barents Sea (~8 million) is
more than 3.2 times greater than that in the Chukchi Sea (1.8 million,
Table 1). On a per-unit-area basis, the Barents supports 1.3 times more
nesting seabirds than the Chukchi Sea. Some of the difference between
the two seas can be attributed to a lack of suitable nesting sites for

Table 1

Numbers of breeding seabirds. Data sources: Russian Chukchi: (north of Big Diomede
Island), Konyukhov et al., 1998; Kondratyev et al., 2000; Alaskan Chukchi, USF&QWS,
2003; Barents Sea: (individuals = pairsx 2), Wassmann et al., 2006b.

Species Chukchi Sea, Chukchi Sea, Barents Sea
Russian Alaskan individuals
side individuals side individuals
Northern 0 0 54,000
Fulmar
Fulmarus
glacialis

Large Gulls spp. 15,500 4300 24,000
Larus spp.

Black-legged Kittiwake 275,000 119,300 1,118,000
Rissa tridactyla

Common Murre 20,000 82,500 292,000

12Uria aalge
Thick-billed Murre 250,000 152,300 3,133,000
Uria lomvia

Murre, spp. 435,300
Uria spp.

Razorbill 0 0 34,000
Alca torda

Black/Pigeon Guillemot 5000 ?? 72,000
Cepphus spp.

Atlantic/Horned Puffin 3000 19,700 1,826,000
Fratercula spp.

Little Auk 0 0 1,160,000
Alle alle

Small Auklets spp. 0 446,000 0
Aethia spp.

Other 200 500 329,000

Total 568,700 1,259,900 8,042,000
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cliff-nesting species along the shores of the Chukchi Sea, particularly
on the western side (Piatt and Springer, 2003). When non-breeding
resident individuals are accounted for, the Barents Sea is estimated
to support 16 x 10° seabirds (Wassmann et al., 2006b), whereas the
Chukchi Sea supports approximately 3.6x10° seabirds using the
same reasoning as Wassmann et al. (2006b) (breeding birdsx 2).
The Chukchi Sea also supports numerous migrants, including red
phalaropes (Phalaropus fulicarius) and short-tailed shearwaters
(Puffinus tenuirostris, Piatt and Springer, 2003), both of which are
planktivores. To determine post-breeding seabird use of the Chukchi
Sea in August and September, we extracted all records of auklets,
phalaropes (Phalaropus spp.), and shearwaters (Puffinus spp.)
observed in the eastern Chukchi Sea (see area included in Sigler et
al,, 2011) from the North Pacific Pelagic Seabird Database (]. Piatt,
USGS and G. Drew USFWS, Pers. Com), calculated the mean density
of each species and then multiplied by the sea-area to obtain an
estimate of the numbers present. From these calculations, we
estimate approximately 1.1x10° post-nesting auklets, 2.0x10°
phalaropes, and 3.0 x 10® migrant shearwaters use the Chukchi Sea
in August and September. These species are planktivores that take
advantage of the large, lipid-rich copepods and euphausiids
advected northward in Bering Sea Water. By including phalaropes
and shearwaters, as well as post-breeding auklets, we estimate that
the total number of seabirds using the Chukchi Sea in late summer
is on the order of 9.6x10° individuals. No comparable data are
available for late season use of the Barents Sea by migrant seabirds.

2.3. Standing stocks of marine mammals

The pinniped and cetacean biotas of the Barents Sea are dominated by
pelagic-foraging piscivorous species or, for the latter, zooplanktivores
(Table 2). Walruses (Odobenus rosmarus) and bearded seals (Erignathus
barbatus) concentrate their feeding on benthic fauna, but they are
outnumbered considerably by pelagic-foraging harp seals (Pagophilus

Table 2
Estimated numbers of polar bears and pinnipeds in the Chukchi and Barents Seas.

groenlandicus), hooded seals (Cystophora cristata), ringed seals (Phoca
hispida), etc. Thus, the dominant pathway of energy flow to marine
mammals in the Barents Sea is through the pelagic food web.

In contrast, the marine mammal fauna of the Chukchi Sea has a
large complement of benthic-foraging species (Dehn et al., 2007), in
particular walrus, bearded seal, and gray whale (Eschrichtius robustus)
(Highsmith et al., 2006), which is the dominant cetacean in the
Chukchi Sea (Tables 2, 3). Even bowhead whales (Balaena mysticetus)
take epibenthic prey, sometimes in very shallow (<20 m) water
(Moore et al., 2010). For the bearded seal, the shallow eastern Bering
Sea and Chukchi continental shelves represent the largest continuous
expanse of their preferred habitat in the world (Burns, 1981; Burns
and Frost, 1979).

Beluga whales (Delphinapterus leucas) spend part of the summer
in the Chukchi Sea, though most migrate through the Chukchi to sum-
mering areas that are located to the east (Carroll et al., 1987; Moore et
al.,, 1993, 2000). Similarly, bowhead whales, for the most part, mi-
grate through the Chukchi Sea with little or no feeding in spring.
However, both beluga and bowhead whales spend some time feeding
in the Chukchi Sea in late summer and fall (Clarke et al., 1993; Moore
et al, 1995; Quakenbush et al., 2010a, 2010b). Pelagic-foraging
spotted (Phoca largha), ringed, and ribbon seals (Histriophoca
fasciata) feed mostly on fish and large zooplankton (Dehn et al,
2007).

Depth affects the species composition and abundance of predators
feeding at the seafloor. Thus, relatively shallow-feeding mammals
such as walrus, bearded seals and gray whales are much more
abundant in the shallow Chukchi Sea than in the Barents Sea, where
pelagic-feeding marine mammals (e.g., harp seals, hooded seals, minke
whales (Balaenoptera acutorostrata)) are more abundant (Loeng and
Drinkwater, 2007). Some of this pattern, however, may be due in part
to historical human harvesting of pinnipeds and cetaceans, which has
been suggested to have heavily restructured the Barents Sea food
web (Westawski et al., 2000), as well as that of the Chukchi Sea
(e.g., Mizroch et al., 2009).

Chukchi sea Season
present/estimate quality

Species/group

References

Barents Sea season present/ References

estimate quality

Polar bear 2000 R, P
Ursus maritimus
Walrus 200,000 S, F

Odobenus rosmarus

Ringed seal
Phoca hispeida

230,000 (AK only, similar # on Russian side?) ], G

Bearded seal 27,000 ], G
Erignathus barbatus 110,000 S, F

Ribbon seal” 13,000 S, G
Histriophoca fasciata

Harbor/Spotted seal® 84,000 S, F
Phoca vitulina
Phoca largha

Harp seal 0
Pagophilus groenlandicus

Hooded seal 0
Cystophora cristata

Gray seal 0
Halichoerus grypus

Lunn et al., 2002 2650 R, E Aars et al., 2009
(95% CI: 1900-3600)
Gilbert et al., 1992 5000 R, G Lydersen et al., 2008

Svalbard: 2629
(95% CI: 2318-2998)

Bengtson et al., 2005 100,000 R, F Luken et al., 2006
Cameron et al., 2010 10,000 R, P Kovacs et al., 2009
P. Boveng,
unpublished.?
P. Boveng, unpublished. 0
P. Boveng, 2500 R, G Lydersen and Kovacs, 2001
unpublished. Nilssen et al., 2010
Zynyanov, 2000
861,700R, E ICES, 2008b
82,400 R, E ICES, 2008b

(95% CI: 65,200-99,600)
4500 R, G

Nilssen and Haug, 2007

R = resident year round; S = summer only; ] = June only; Estimate quality: P = poor, F = fair; G = good; E = full survey.
2 P. Boveng (unpublished) based on Cameron et al. (2010), and an assumption that the 55,000 bearded seals estimated for the central Bering Sea by Ver Hoef (in review), rep-
resents about one-half (by area) of the bearded seal population that migrates north for the summer in the Chukchi Sea.
b Ribbon seals: Assumes a central and eastern Bering Sea breeding population of 62,000 (Ver Hoef et al., in review) and that about 21% go north into the Chukchi Sea (Boveng et

al., 2008); and recent unpublished telemetry studies.

© Spotted seals: Based on central and eastern Bering Sea breeding population of 146,000 (Ver Hoef et al., in review) plus an unknown but fairly large number breeding in the Gulf
of Anadyr, together making a population of about 200,000, 42% of which go north into the Chukchi Sea for the summer (unpublished telemetry studies).
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Table 3
Estimates of numbers of cetaceans in the Chukchi and Barents Seas.
Species Chukchi References Barents References
Blue whale 0 222-979°S,E Pike et al., 2009
Balaenoptera musculus for N. Atlantic
Fin whale Low tens Stafford and Esch, 2010 ~1800 S, E @ien, 2009
Balaenoptera physalus for N. Atlantic
Humpback whale Low tens RUSALCA, 2009; Stafford NE Atlantic 1450 @ien, 2009
Megaptera novaeangliae and Esch, 2010 (including the Barents Sea)
Bowhead whale 12,600+ Reeves et al., 2011 10-100 R, E Christensen et al., 1992
Balaena mysticetus
Minke whale Ten or fewer Stafford and Esch, 2010; 62,592 R, E Skaug et al., 2004
Balaenoptera acutorostrata Stafford and Mussoline, 2011
Gray whale 19,100 total population- of which Laake et al. 2009 0

Eschrichtius robustus Highsmith and Coyle (1992) estimate 70%

(13,370) forage in the Chukchi in summer

Beluga 3710 S, minimum estimate for eastern Chukchi stock
Delphinapterus leucas
Killer whale Low tens
Orcinus orca
Sperm Whale Present
Physeter macrocephalus
Narwhal Occasional sighting???
Monodon monoceros
White-beaked dolphin 0

Lagenorhynchus albirostris

Moore et al., 2000;
Bluhm et al., 2009

Allen and Angliss, 2012 10,000 R, P Kovacs et al., 2009
Stafford and Esch, 2010; ?2?7?
Stafford and Mussoline, 2011
Stafford and Mussoline, 2011 ???
1000 R, P Kovacs et al., 2009

60,000-70,000 R, G Qien, 1993

R = resident year round; S = summer only; ] = June only; Estimate quality: P = poor, F = fair; G = good; E = full survey.

¢ High interannual variability.

Based on the available evidence, the abundance of pinnipeds may
be quite similar for the Barents and Chukchi Seas (Table 2), whereas
seasonally-resident cetaceans appear to be 4 to 5 times more
abundant in the Barents Sea than in the Chukchi Sea (Table 3).
Adjusted for area, the density of pinnipeds is likely 2 times greater
in the Chukchi Sea than in the Barents. In contrast, the density of
cetaceans is on the order of 2 times greater in the Barents Sea than
in the Chukchi Sea.

2.4. Standing stocks of marine benthos

It is difficult to compare the standing stocks of benthic macro-
invertebrates between the Barents and Chukchi Seas because of the
scarcity of data in both regions, as well as the uneven sampling
with respect to shallow versus deep areas (Fig. 5). The Chukchi Sea
is much shallower on average than the Barents Sea (Fig. 2), and in
both seas the biomass of benthic organisms varies with depth in a
similar manner, increasing with depth up to between 125 m
(Barents) and 190 m (Chukchi), then decreasing at greater water
depths (Fig. 5).

Some authors (e.g., Feder et al., 1994, 2007; Renaud et al., 2007)
have suggested that depth may be more important than specific
water mass characteristics in generating broad-scale biomass patterns
in both seas, perhaps due, in part, to influences on high-biomass
epifaunal assemblages. Depth serves as a proxy for multiple covariates
including increased decomposition of production with greater
water depth, water mass and current changes, stratification, water
temperature and salinity, and interactions with topography and water
mass movements. The importance of depth and associated covariates
complicates interpretations of theoretical and empirical data
suggesting quantitative and qualitative differences in food supply to
the benthos under productive versus less productive water masses
(reviewed in Grebmeier et al.,, 2006a; Wassmann et al.,, 2006a).

In the Barents Sea, higher primary production in the Atlantic
Water results in more food (on an annual basis) going to the benthos
in Atlantic Water regions (the southwestern Barents) than in the less
productive Arctic Water-dominated northern regions. However in the

northern regions, a higher percentage of the overall production
reaches the bottom and the majority of the export to the benthos
occurs over a comparatively short period due to the intense
ice-edge bloom in spring (Reigstad et al., 2008). For the Barents Sea,
Wassmann et al. (2006a) estimate that between 44% and 67% of
primary production is available to benthic communities.

Barents Sea benthic community biomass (Carroll et al., 2008;
Cochrane et al., 2009) and carbon cycling (Renaud et al., 2008) are
generally coupled to the patterns of primary production and vertical
flux to the sea floor. Heterogeneity in water depth (and related covar-
iates described above), however, is substantial, and is also reflected in
benthic communities. High tidal activity over the shallowest of the
banks (Svalbard Bank, western Barents Sea, at 30-40 m depth) re-
sults in both very high primary production (>200¢g C m~2yr—!)
and rich communities of epifaunal suspension feeders (Idelson,
1930; M. Kedra and P. Renaud, pers. obs.; Reigstad et al.,, 2011).

Flows in the Chukchi Sea that derive from Anadyr Water (the
western portion of the water passing through the Bering Strait) are
rich in nutrients and zooplankton and support high benthic biomass
(average wet biomass =461.6 g m~2+113.3 g m~ 2 (SE)) compared
to regions under the Alaskan Coastal Water in the east (average wet
biomass=198.3 g m2+26.6 g m~2 (SE)) (using data from Fig. 5,
see also Feder et al., 1994; Grebmeier et al., 2006a). In the Chukchi,
benthic macrofaunal survey data are predominately from the eastern
areas, thus potentially creating a bias in our sampling of the benthos
(Feder et al., 1994; Grebmeier, 2012; Grebmeier et al., 2006a).

In the Chukchi Sea, maximum macrobenthic biomass values occur
within depths up to about 190 m on the continental shelf margin and
decline to lower maxima at greater depths (Fig. 5). Based on available
data, biomass in areas that are less than 100 m deep is not significant-
ly different from that in areas that are deeper than 100 m due to the
greater variability of biomass in deeper depths associated with sites
of high production along the shelf margin (Table 7 and Fig. 5). The
high benthic biomass in the northern Chukchi Sea results from re-
duced meso- and micro-zooplankton grazing, which consumes only
44% of summer primary production, leaving more than half of the
primary production for export to the benthos (Campbell et al.,
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Fig. 5. Wet biomass (g m~?2) of benthic macrofauna by depth for the Barents Sea (top panels) and for the Chukchi Sea (bottom panels), color coded by the overlying water masses.
For the Barents Sea, Atlantic refers to Atlantic Water; PF to the region of the Polar Front; Arctic, to Arctic Water; and Fjord to samples taken from fjords. For the Chukchi, ACW refers
to Alaskan Coastal water, BSAW refers to Bering Shelf/Anadyr Water. Note the differences in scales on the x axes in the left two and right two panels.

Data from: Idelsen (1930); Feder et al. (1994); Piepenburg et al. (1995); Wiodarska-Kowalczuk et al. (1998); Grebmeier et al. (2006a); Carroll et al. (2008); S. Cochrane et al.

(unpub. data).

2009). Working in the northeastern corner of the Chukchi Sea in and
near Barrow Canyon, Moran et al. (2005) estimated that, in 2002,
between 19% (spring) and 37% of primary production was exported
to the benthos, and Lepore et al. (2007) estimated that, in 2004,
24% (spring) and 15% (summer) of primary production was exported.
They also concluded that up to ~20% of primary production was
exported off the shelf into the Canada Basin. Very high benthic biomass
occurs in the southwestern Chukchi Sea, and in the northeastern
Chukchi Sea at Barrow Canyon and Hanna Shoal (Dunton et al., 2005;
Grebmeier et al., 2006a).

The Chukchi Sea has never been subject to extensive, heavy
trawling by a large commercial fishing fleet, whereas the Barents
Sea has been subjected to extensive trawling by large fleets of com-
mercial fishing vessels since the 1950s (Wassmann et al., 2006a).
Trawling has been suggested to be, at least in part, responsible for an es-
timated 60% reduction in benthic biomass in the Barents Sea between
the time periods 1924-1932 and 1968-1970 (Fig. 6) (Wassmann et
al., 2006a). However, warmer conditions and an expansion of the Atlan-
tic benthic fauna into the Barents Sea took place during the former pe-
riod, while the latter period encompasses a cooler period that was
dominated by Arctic species (see discussion in Drinkwater, 2005).

Given the available data (see Fig. 5), it appears that the Barents Sea
has, on average, a lower macrobenthic biomass (166.5 g m~2 wet
mass+41.9 g m~2 SE, N=105) than the Chukchi Sea (380.5 g m 2+
40.8 g m~2, wet biomass, N=163), though, because of the non-
random sampling in both seas and highly skewed depth distributions of
the data we had available, the uncertainty around these estimates
may be greater than suggested by the SE alone. In both seas,
shallow, high-biomass areas are dominated by epifaunal organisms,
predominantly echinoderms, whereas infaunal polychaetes and
mollusks are more important at deeper sites (see references for
Fig. 5).

2.5. Standing stocks of zooplankton

In both the Barents Sea and the Chukchi Sea, the species composi-
tion and biomass (Tables 4 and 5) of zooplankton species, or species
groups, are greatly influenced by year, season and water mass compo-
sition, which in turn is related to local wind conditions. These features
make obtaining an accurate average challenging.

The zooplankton dry mass biomass in the Barents Sea has varied
between about 1 and 10 g m~2, being commonly in the upper part
of this range, 5-10 g m 2. Summer investigations in the cold period
from 1979 to 1982 showed high dry biomass values in the central Ba-
rents Sea, in the range of 5-30 g m 2 with means of 10-18 g m~?2
(0-200 m; Blindheim and Skjoldal, 1993; Rey et al., 1987; Skjoldal
et al,, 1992). The biomass in the upper 50 m was particularly low in
1983 and 1984, with values <1 g m~2 in the central Barents Sea.
This low biomass reflected a low abundance of Calanus finmarchicus,
with a 50-fold decline in the numbers of copepodites between the
summers of 1982 and 1983 (Skjoldal et al., 1987, Fig. 10). The low
followed a major inflow of Atlantic Water during the winter 1982/
83 that left the central Barents Sea with winter water devoid of C.
finmarchicus (Blindheim and Skjoldal, 1993; Skjoldal and Rey, 1989;
Skjoldal et al., 1992). For the period from the 1980s through 2000,
the average zooplankton biomass for the Barents Sea ranged from
45gm~2 in 1991 to a maximum of about 13 gm~2 in 1994
(Dalpadado et al., 2000, 2003). Since 2000, Barents Sea zooplankton
biomass has remained fairly stable at around 6-8 g m~2 (Dalpadado
et al,, 2012a), with the highest values in Atlantic Water (8-11 g m~2),
and lower values in the Arctic Water (5 g m™2) (Table 5) (Knutsen
and Dalpadado, 2011).

In the Barents Sea, the richest source of zooplankton is the Atlantic
Water, which transports the copepod C. finmarchicus and other
zooplankton from the Norwegian Sea to the Barents Sea. This circa
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Fig. 6. Comparison of the distribution and biomass of macrobenthos (g wet biomass m~2) in the Barents Sea before (b: 1924-1932) and after (a: 1968-1970) extensive bottom

trawling in the 1960s.
From Wassmann et al. (2006a), with permission.

3-mm-long, lipid-rich species is an important food resource for
juvenile Atlantic cod, herring, capelin and other small fishes in the
southern Barents Sea (Dalpadado and Bogstad, 2004; Pedersen and
Fossheim, 2008; Sundby, 2000). Atlantic boreal krill species such as
Meganyctiphanes norvegica and Thysanoessa spp. are also advected
into the Barents Sea in the Atlantic Water, most likely in large
quantities (Dalpadado and Mowbray, in press). The high biomass of
zooplankton present in the mid 1990s was associated with Atlantic
Water, as has been the case since 2000. Dalpadado et al. (2012a)
estimated the transport of zooplankton in Atlantic Water into the
Barents Sea to be 8 x 10°mt wet mass (or 1.6x 10°mt dry mass) per

Table 4

Zooplankton species or groups that accounted for the top ten most abundant and the
top ten with the highest dry biomass from collections made in the Chukchi Sea in Au-
gust 2004 (Hopcroft et al., 2010) and in Fugleya-Bear Island section at the western en-
trance to the Barents Sea in August 2004. Barents Sea abundance data are based on
WP2 net samples. Biomass data for the Barents Sea are approximate estimated values.

Chukchi Num mg  Barents Num mg
zooplankton m—3 m~—>  zooplankton m—> m~>
species species

Acartia longiremis 199.1 041 Acartia longiremis 338 0.06
Calanus 36.1 6.71 Calanus glacialis 3.5 0.65

glacialis/marshallae

Centropages abdominalis ~ 190.8 0.74  Calanus finmarchicus 87.1 1132

Eucalanus bungii 144 131 Copepod nauplii 771 0.06
Metridia pacifica 39.7 145 Metridia spp. 40.0 2.40
Neocalanus christatus 09 638 Mollusca larvae 160.2  0.16
Neocalanus flemingeri 7.1 450 Temora longicornis 430 0.60
Neocalanus plumchrus 2.1 1.42 Oithona similis 13457 1.88
Oithona similis 7034 0.77  Pseudocalanus spp. 723  0.26
Pseudocalanus spp. 1807.6 6.46 Ostracods 69 034
Oikopleura vanhoeffeni 2559 4.12 Appendicularia 151.0 1.50
Parasagitta elegans 5.7 477 Cheatognatha 09 046
Aglantha digitale 54 095 Aglantha digitale 05 0.09
Barnacle cypris 226.7 - Centropages spp. 65 020
Barnacle nauplii 10089 -

Bivalvia larvae 1483 -
Echinodermata larvae

year, with interannual variation from 7 to 9.2x10°mt. They
estimated that the advective input of zooplankton could contribute
up to 1/3 of the zooplankton production in the Atlantic part of the
Barents Sea (Dalpadado et al., 2012a).

In the Barents Sea, Arctic Water is also an important source of
zooplankton. The large lipid-rich species of Arctic zooplankton,
Calanus glacialis and Calanus hyperboreus, are abundant in this
water mass (Blachowiak-Samolyk, 2008; Dvoretsky and Dvoretsky,
2011, and the references therein; Melle and Skjoldal, 1998). The
copepods are advected southward and westward, eventually
exiting the Barents Sea south of Svalbard (Karnovsky et al, 2003;
Stempniewicz et al., 2007). A peak in the zooplankton biomass in the
central and northern Barents Sea in 1986, a cold year, was associated
with Arctic Water (Dalpadado et al,, 2003). C. glacialis is a shelf species,
and is observed overwintering on the northern, ice-covered shelf of the

Table 5
Dry biomass of crustacean zooplankton in various water masses of the Chukchi and
Barents Seas.

Chukchi Sea Chukchi Sea Barents  Barents Sea 2008  Barents Sea 2009
water mass dry biomass Sea dry biomass dry biomass
(g m~2)/SD water (g m—2)/SD (g m~2)/SD
(number of mass (number of (number of
stations) ® stations)® stations)®
Alaskan <0.5/0.7 Coastal ~ 3.90/2.57 13.5/9.12
Coastal (3) Water 3) (4)
Water
Anadyr Water 2-4 Arctic 4.52/3.50 5.34/4.73
2.5(12) Water (6) (28)
43 (19)
Bering Shelf ~ 0.2-1.2/1.6 Atlantic  8.49/7.01 7.32/4.21
Water (6) Water (41) (73)
Overall 2.1 Polar 5.99/2.35 5.78/6.79
Front (8) (58)
Water

@ Data from Piatt and Springer (2003), Hopcroft et al. (2010), and unpublished.
> Updated from Knutsen and Dalpadado (2011)—note that the biomass data are
from the autumn period.
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Barents Sea (Hirche and Kosobokova, 2011). In contrast, C. hyperboreus is
more confined to deeper waters, overwinters at 500 m or more, and is
likely advected into the Barents Sea from the Arctic Ocean (Auel et al.,
2003). Arctic Water is also an important source of ice-associated
amphipods (Hyperiidae and Gammaridae), and Themisto libellula, a
large, predatory amphipod that is an important component of the
zooplankton fauna in these seasonally ice-covered waters.

In the Chukchi Sea, most zooplankton taxa sampled in August
2004 by Hopcroft et al. (2010) were derived from Pacific waters
advected through the Bering Strait (for the most abundant species
by number or biomass, see Table 4). The zooplankton biomass in
the Bering Sea Water was dominated by copepods, especially Calanus
spp. and Neocalanus spp. (Hopcroft et al., 2010). Euphausiids are also
transported through the Bering Strait, and aggregations are often
found in the area of Barrow Canyon, after a transit time of 4 to
20 months depending on the point of origin, the route taken, and
the time of year they start moving (Ashjian et al., 2010; Berline et
al., 2008, and the references therein). During September 2007, a
time of record ice retreat in the Arctic, relatively high abundances of
early stage euphausiids (juvenile Thysanoessa raschii and Euphausiacea
spp. furcilia) were observed in Bering Sea Water (Bering Shelf Water
and Anadyr Water) on the south Chukchi Sea shelf (Eisner et al., in
review). Springer et al. (1989) estimated that 1.8x10'2 g C in the
form of zooplankton was advected from the Bering Sea to the Chukchi
Sea in the summer of 1985.

Within the two water masses transiting the Bering Strait, there are
substantial differences in the transport of zooplankton (Table 5).
Bering Sea Water (Bering Shelf Water plus Anadyr Water) is relative-
ly rich in zooplankton, in particular the large, lipid-rich copepods
(Calanus marshallae/glacialis and Neocalanus spp.) when compared
to the Alaskan Coastal Water, which is depauperate in zooplankton
(Eisner et al., in review; Hopcroft et al., 2010; Piatt and Springer,
2003). C. glacialis and C. marshallae are sister species that are
difficult to distinguish. Adding to the confusion, there may be two
separate populations of C. glacialis, one that occurs in the northern
Bering Sea and the Chukchi Sea, and one that originates in the
Arctic (Nelson et al., 2009), with the current view being that C
marshallae is uncommon in the Chukchi Sea. Although C. glacialis
reproduces in the northern Bering and Chukchi Seas (Frost, 1974;
Matsuno et al., 2011; Nelson et al., 2009; Plourde et al., 2005), it is
unclear what differences in overwintering or reproductive strategies
might exist between the two populations.

Water entering the Chukchi Sea from the Bering Sea in spring is
depleted of large crustacean zooplankton given the required transit
time from the northern Bering Sea or the Gulf of Anadyr to the south-
ern Chukchi Sea (Pacific species are absent from cold Bering Sea
winter water, Hopcroft et al., 2010). Springer et al. (1989) estimated
that these oceanic zooplankton reach peak numbers on the northern
Bering Sea shelf in early July and therefore likely have peak numbers
in the Chukchi Sea in late July or early August. The large sub-arctic
zooplankton species found in the Chukchi Sea require over-wintering
at depths of 500 m or more (e.g., Eucalanus bungii, Neocalanus spp.),
and it is likely that they were advected from the Aleutian Basin
(Matsuno et al,, 2011), probably in the year that they were sampled,
given the transit time in spring from Anadyr Strait by St. Lawrence
Island to the Bering Strait.

At the shelf edge of the Arctic Basin, Lane et al. (2008) found that
the zooplankton fauna was almost entirely Arctic in origin. There is
little evidence for transport of Arctic zooplankton species onto the
Chukchi shelf, except near the shelf edge (Ashjian et al., 2003;
Plourde et al., 2005), where localized upwelling (e.g., Aagaard and
Roach, 1990; Mountain et al., 1976; Woodgate et al., 2005a) may
transport zooplankton from the Arctic Basin. In the western Chukchi
Sea, the Siberian Coastal Current is apparently not a conduit for
large-bodied zooplankton from the central Arctic Basin (Hopcroft et
al.,, 2010; Kulikov, 1992; Pavshtiks, 1984).

The recent data suggest that all of the water masses in the Barents
Sea have greater biomass densities of zooplankton than those in the
Chukchi (Table 5). Neither of the water masses entering the Chukchi
Sea from the south is as rich in zooplankton as the Atlantic Water that
enters the southern Barents Sea (Table 5), though older data suggest
greater fluxes of zooplankton into the Chukchi (1.8x 10°mt C, July to
September; Springer et al., 1989) than into the Barents Sea in the
Atlantic Water (0.8x10°mt C, May to October; Dalpadado et al.,
2012a; Edvardsen et al., 2003, similar to the estimates of Pedersen
(1995) and Pedersen et al. (1995) of 0.7x10°mt C). Advected
zooplankton arrive earlier in the Barents Sea (April) than in the
Chukchi Sea (July/August). In the Barents Sea, C. finmarchicus
reproduces in the southern Barents Sea in April, thus providing prey
for larval and forage fish early in the season (Pedersen and Fossheim,
2008; Tande, 1991).

2.6. Nutrients, chlorophyll, and primary production

Comparison of annual primary productivity in the Barents and
Chukchi Seas is compromised by the spatial and temporal variability
in these systems, the striking differences in nutrient availability in the
water masses present, and seasonal shifts from sea-ice production to
pelagic production (Gradinger, 2009). For chlorophyll-based estimates
of primary production, there are issues of grazing pressure from
zooplankton that reduces standing stocks of chlorophyll (e.g., Campbell
et al, 2009; Vernet, 1991), and amount of sub-surface chlorophyll,
which may be missed by satellite observations. Recently, Arrigo et al.
(2011) have addressed the latter issue and suggest that the expected
error in satellite-based estimates is, at @ maximum, less than twenty
percent.

2.6.1. Nutrients

The amount of nutrients available to support primary production
varies spatially and temporally. In the Barents Sea, the Atlantic
Water has a winter content of 10-13 pg 17! NO3~ (Kristiansen et al.,
1994; Reigstad et al., 2002). In contrast, on the northern Bering Sea
shelf in winter, water in the western area has 20-25 g 1= ! of NO3”
while waters to the east have between 0 and 5pug1~' of NO3
(Clement et al., 2004). These are likely close to the late winter values
in the Chukchi Sea. In the Alaskan Coastal Waters in summer, nitrate
values are <1.0 pg I~ " of NO3™ (Eisner et al., in review; Walsh et al,,
2005). Walsh et al. (2005), in developing their numerical model for
Chukchi primary production, used a value of 20 ug 1=' of NO3 for
the Anadyr Water in spring and 10 pg 1= ! of NO3 in the eastern
sector. Thus, in spring, nutrients are more abundant in the Chukchi
Sea than in the Barents. This is because of the higher nutrient concen-
trates in the source waters of the North Pacific than in the North
Atlantic.

2.6.2. Chlorophyll

In the Barents Sea, phytoplankton biomass as chlorophyll a rarely
exceeds 10 pg 1~ during bloom situations. Extensive studies covering
Atlantic water and the marginal ice zone in the central Barents Sea dur-
ing the years 1979-1984 showed chlorophyll a values typically in the
range of 2-10 pg 1~ ! for bloom situations, and 1-6 pg 1~ in the chloro-
phyll maximum layer (at 20-30 m depth) post-bloom (Skjoldal et al.,
1987). Integrated chlorophyll a in the water column was typically
100-300 mg m~2 in bloom situations with a maximum of about
450 mg m—2 (Rey et al,, 1987). Similar chlorophyll a concentrations
have been found also in other studies in the central Barents Sea
(Kristiansen et al., 1994; Reigstad et al., 2002; Wassmann et al., 1999,
2006b).

Chlorophyll a concentrations can also be calculated based on the
drawdown of nitrogen (N). Applying the N/Chl a ratio of 0.6 pg-at
ug ™!, as used by Walsh et al. (2005) for the Chukchi Sea, gives a max-
imum chlorophyll a concentration of 18 ug 1=! in the Barents Sea,
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assuming a starting value of 11 pg-at N nitrate, and no extraneous
losses. Rey et al. (1987) used a N/Chl a ratio of 1.2 (based on
empirical data on phytoplankton C and chlorophyll a in bloom
situations in the Barents Sea), which would give a maximum of
about 9 pg chlorophyll al~! for a consumption of 11 pg-at N 171,
However, there are a few cases where values in the range of
10-15 pg chlorophyll al~! have been observed in the deeper layer of
developing blooms (where shade adaptation and sinking may
contribute to higher levels; Reigstad et al., 2002; Skjoldal et al., 1987;
Wassmann et al., 1999).

In the Chukchi Sea, Walsh et al. (2005) assumed a mean chloro-
phyll a concentration of the Anadyr Water in the Bering Strait of
10 pg 1=, Springer and McRoy (1993) reported chlorophyll a values
in the southern Chukchi Sea up to 1000 mg m ™2 in a small area of
extraordinarily high productivity where Anadyr Water exited the Be-
ring Strait. In the same set of studies, Hansell et al. (1993) recorded a
maximum nitrate deficit of 1100 mg m~2, which corresponds to a
maximum phytoplankton biomass of about 1800 mg Chl am—?
(if there were no extraneous losses). These values are not typical of
the Chukchi Sea as a whole. Inspection of Figs. 2 and 7 in Wang et
al. (2005) indicates that satellite-derived chlorophyll a values of
<3 ug 1! were common over most of the Chukchi Sea from June
through August in 1998 and from July through September in 2001.
Higher values, on the order of 5 to 10 ug ™' were widespread in
September 1998 and June 2001 (Wang et al., 2005) and September,
2007 (Eisner et al., in review).

In the northern Chukchi Sea, chlorophyll a concentrations in the
surface layer rarely exceed 1pgl~! due to nutrient exhaustion
(Cota et al., 1996; Eisner et al., in review; Hill et al., 2005; Wang et
al., 2005). The summer situation is characterized by a pronounced
sub-surface maximum in chlorophyll a (Cota et al., 1996; Hameed,i,
1978; Hill and Cota, 2005; Hill et al., 2005) located at the upper
nutricline, where nutrients become available from the deeper layer.
The maximum chlorophyll a values reported (up to 40 ug 1-!) are
found typically at 20-40 m, at or below the strong pycnocline
(Codispoti et al., 2005; Hameedi, 1978; Hill et al., 2005).

Dunton et al. (2005) compiled information on integrated chloro-
phyll a in the water column in the context of benthic-pelagic cou-
pling and the role of advection across the Chukchi shelf. They found
an overall pattern of high chlorophyll values of >150 mg m~2 to
>300 mg m~ 2 north from the Bering Strait toward Wrangel Island
and eastward across the northern shelf to Hannah Shoal and Barrow
Canyon. The high chlorophyll values corresponded broadly to the
flow pattern of the productive Anadyr Water and were distinctly
different from the low chlorophyll content of the less productive
Alaskan Coastal Water (Dunton et al., 2005).

2.6.3. Primary production

The available maps of primary productivity in the Barents suggest
that there is a large area of modest productivity in the south and east,
a northern area with low productivity, and some small areas of
extremely high productivity primarily over banks, where tidal mixing
continually replenishes nutrient concentrations in surface waters
(Fig. 7). Stratification of the southern Barents Sea usually takes
place in June, which is when the main spring phytoplankton bloom
commonly develops (Olsen et al., 2003; Skjoldal et al., 1987). There
is considerable inter-annual variation, however, in stratification and
spring bloom development. In the south, a relatively large portion of
the annual primary production occurs in the summer and autumn,
whereas in the Arctic Water, most production is associated with the
spring bloom, and this shorter growing season results in production
there that is only about one third of that in Atlantic Water (Loeng
and Drinkwater, 2007). Ice algae are also important in Arctic waters,
as they extend the period of food availability by several months
(Leu et al,, 2011).

The total annual primary production for the Barents Sea as a whole
has been estimated to range from 69 g C m~2 (Rey et al., 1987, using
14C uptake) to 103 g C m~2 (Ellingsen et al., 2008, using a 3-D model),
with an average of 93 ¢ C m~2 (Sakshaug, 2004; Wassmann et al,,
2006b). Most recently, Reigstad et al. (2011) estimated an average
primary production for the Barents Sea of 102 g C m~2 for the years
1995-2007. Arrigo et al. (2008), using a satellite-based approach,
estimated that annual primary production for the Barents Sea as a
whole was 109 Tg C yr—!, or about 72 g Cm2yr—! for the period
1998-2002. Arrigo et al.'s estimate was for a wedge-shaped area that
extends to the North Pole. However, because most of the production
accounted for by their study occurs in the southern portions of this
wedge, over the shelf regions, it is reasonable to use their estimate for
the Barents Sea as defined in this paper.

The highest rates of primary production in the Barents Sea are
found in the Atlantic waters of the southwestern entrance area with
rates of 120-160 g C m~2, while the lowest rates are associated
with ice-covered waters of the northern Barents Sea, where the
annual production may be as low as 18-30 g C m~2 including the
contribution from ice algae (Hegseth, 1998; Wassmann and
Slagstad, 1993; Wassmann et al., 2010, though more recently
Reigstad et al. (2011) have provided an estimate of 54-67 g C m~2).
The overall estimates for the Barents Sea are largely based on
modeling studies and have been shown to be associated with
substantial inter-annual variation (Wassmann et al., 2006a, 2006b).

The southern Chukchi Sea is known for extraordinarily high levels of
primary production and standing stocks of chlorophyll (Fig. 7). Mixing
occurs in relation to the islands in the center of the Bering Strait
(Woodgate and Weingartner, pers. comm.), and intense blooms occur
north of the Strait in the southern Chukchi Sea, in regions fed by Anadyr
water. There, rates of primary production as highas4.1 gC m~2d "~ !in
June (McRoy et al,, 1972), >3.0 g C m~2d ™! in July (Hameedi, 1978),
and 4.8-6.0 g Cm~2d~! (Hansell et al, 1993) have been observed.
Hansell et al. (1993) estimated a maximum primary production of
720 g C m—2yr~! using the most extreme gradient in nitrate deficit.
However, others working in these same waters have obtained
lower estimates of primary production, e.g., Sambrotto et al. (1984)
27g Cm~2d™! (or 270g Cm m~2yr~! assuming a 100-day
growing season), and Lee et al. (2007) 145 g C m—2yr— . These high
levels of production are maintained by the continual replenishment
and mixing to the surface of nutrients advected in the Anadyr Water. It
is assumed that the nutrient content of Anadyr Water remains steady
throughout the production season. High levels of primary production
also occur in the northeast corner near the head of Barrow Canyon,
which is subject to upwelling and sometimes supports high standing
stocks of chlorophyll (Ashjian et al.,, 2010; Grebmeier et al., 2006a).

Efforts to assess the average annual primary productivity for the
Chukchi Sea as a whole have resulted in much lower estimates of
annual primary production. Zeeman (1992) sampled much of the
southern Chukchi Sea, including western (Russian) waters, and esti-
mated an annual mean primary production of 96 g C m~2 yr~ ! based
on measurements of 1.6g Cm~2d~! and a growing season of
60 days. If this were extended to a 100-day growing season, the result
would be 160 g C m~2 yr~ . Additional field estimates include 90 g
Cm~2yr~' (Hill et al, 2005) and 55 g Cm~2 yr ' (Lee et al., 2007).
Walsh et al. (2005), using a numerical model, estimated annual
Chukchi primary production at 100 g Cm~2yr~'. Two estimates
based on satellite observations are 27 Tg C or about 43 g C m~2 yr !
(Arrigo et al, 2008; Arrigo, pers. comm.) and 55g¢ Cm~2yr— |,
assuming a 100-day growing season (Vetrov and Romankevich,
2011). However, recent field work suggests that we may have
grossly underestimated the primary production in the Chukchi Sea,
where, in 2010 and 2011, Arrigo et al. (2012) discovered an
immense phytoplankton bloom under first-year ice, which may
add greatly to our estimates of primary production in this region.
Additionally, there is some indication from a trophic mass-balance
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Fig. 7. Top: Chukchi Sea mean annual primary productivity, from Springer et al. (1996); Bottom: Barents Sea mean annual primary productivity, 1995-2007, as modeled by Dag

Slagstad, SINTEF, Norway. From Reigstad et al. (2011), with permission.

model of the eastern Chukchi Sea that elevated levels of primary
production and export to the benthos may be required if there
is to be sufficient phytodetritus to support the abundant benthic
food web (Whitehouse, 2011).

Thus, despite the very high levels of primary production in the
southern Chukchi Sea, the present, highest model-based estimate of
annual sea-wide primary production for the Chukchi Sea at 100 g
Cm~2yr~! is remarkably similar to that for the Barents Sea at
102 ¢ Cm~2yr~!. In both seas, there is apparently considerable
interannual variability, at least some of which is dependent on the
timing of ice-melt, which affects the length of the growing season.
In addition, inter-annual variability in wind mixing will affect the
availability of nutrients in the upper mixed layer of stratified waters.

2.7. Summary of standing stocks and productivity

Overall, when we examine the fishery production and the stand-
ing stocks of fish, cetaceans and nesting seabirds in the Barents and
Chukchi Seas, it is difficult to see how the higher fish stocks and
fisheries yields of the Barents Sea can be accounted for on the basis
of autochthonous primary productivity. Primary production in the

Barents Sea is similar to that in the Chukchi Sea (Table 7), yet fisheries
landings are between two and three orders of magnitude higher in
the Barents Sea. The higher fish landings of the Barents Sea do not
appear to be driven by a lesser provision of carbon to seabirds, marine
mammals and the benthos. Although it would be desirable to esti-
mate the biomass and consumption of marine mammals in both
systems, at present the data available are too sparse to have tight es-
timates of numbers and days of occupancy. It is noteworthy, that in
the Barents Sea, all cetaceans and virtually all pinnipeds (except for
small populations of walrus and bearded seals) forage in the water
column, whereas in the Chukchi Sea, gray whales, walrus and bearded
seals, all of which are abundant there, are primarily benthic and
epibenthic foragers. However, based on the available data, at depths
<100 m, the Barents Sea supports about 671 gm~2 of benthic
wet biomass, whereas the Chukchi Sea supports, on average only
355 ¢ m~ 2 of benthic wet biomass at depths <100 m (Table 7). It is
apparently the shallowness of the Chukchi Sea that makes it a better
habitat for benthic-foraging marine mammals. Thus, we need to
examine other aspects of the oceanography of the Chukchi and
Barents Seas to understand why the Barents Sea supports a
significantly greater biomass and productivity of fish, nesting
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seabirds and marine mammals, primarily in its southern (Atlantic
Water) half.

3. Potential mechanisms responsible for differences between the
Barents and Chukchi Seas

In this section we synthesize data relevant to some of the possible
mechanisms that may be responsible for the differences between the
marine ecosystems of the Barents and Chukchi Seas. The most striking
difference between these ecosystems may be the enormous fisheries
and fish resources of the Barents Sea as compared to those of the
Chukchi Sea. A number of possible mechanisms might be
responsible for these differences, some of which can be eliminated
quickly. It is unlikely that top-down control of fish in the Chukchi
Sea is responsible for the difference in fish resources, as there are
fewer piscivorous marine mammals and birds in the Chukchi Sea
than in the Barents Sea, and some of those in the Chukchi Sea linger
only briefly on their way to foraging areas elsewhere. Likewise, it is
unlikely that differences in primary production are responsible for
the difference in fish biomass and fisheries, as the best estimates
suggest that annual rates of primary production are either similar in
the two systems or somewhat greater in the Chukchi Sea. Thus, we
must look to mechanisms that involve differences in pathways of
carbon through the ecosystems, differences in the behavior of the
fish using these systems, and differences in advective inputs. Thus,
below, we investigate the roles of: 1) shallow depths and export of
carbon to the benthos, 2) migration of fish and other upper trophic
level species to alternate regions, and 3) differences in the
advection of heat and zooplankton.

3.1. Water depth and export of carbon to the benthos

Shallow depths may promote enhanced pelagic-benthic coupling
in two ways. In shallow water, there is less opportunity for material to
be consumed by zooplankton before it reaches the bottom (Grebmeier
etal., 1988, 2006a), and there is less opportunity for material to decom-
pose as it sinks. Secondly, in shallow water, such as at Hannah and
Harold shoals in the Chukchi Sea, phytoplankton becomes directly
available for benthos, especially filter feeders. Indeed, “hot spots” of
benthic biomass accumulation and oxygen consumption occur in shal-
low areas of both the Barents and Chukchi Seas (Figs. 5, 6) (Antipova,
1975; Grebmeier and McRoy, 1989; Grebmeier et al., 1989, 2006a;
Piepenburg et al., 1995).

The amount of production that is consumed in the pelagic realm
depends not only upon the depth, but also upon the strength of the
vertical stratification of the water column as well (Hargrave et al.,
1985; Smetacek, 1980). Stronger stratification acts to retain more of
the production in the near surface layers, with less primary produc-
tion making it to the benthos under such conditions. Thus, over
most of the northern Barents Sea during summer when there is
strong stratification after ice melt, primary production is low and
little of it reaches the sea floor, even over many of the shallow
banks (Reigstad et al., 2008).

Because of the greater depths of the Barents Sea and assumed
higher zooplankton grazing, more of the primary production is
believed to be captured by the pelagic food web, especially in the
southern Barents Sea, and thus is more available to pelagic-feeding
fish, birds and mammals compared to the Chukchi Sea. The high
pelagic grazing in the southern Barents Sea region can be seen in
the generally low fraction of primary production exported to the
benthos. Reigstad et al. (2008) found that 34% of total annual
primary production was exported to the benthos based on sediment
traps in this region, whereas 47% was exported to the benthos in
the northern Barents Sea. In the Chukchi Sea, Campbell et al. (2009)
estimated that 56% of primary production was available for export to
the benthos, and Whitehouse (2011), using a trophic mass-balance

model, estimated that export of 65% of primary production to the
benthos was needed to support the benthic food web in the eastern
Chukchi Sea.

When we examine how much of the primary production is consumed
in the upper water column, we find that approximately 36 g C m—2yr !
is consumed in the Arctic waters of the Barents Sea,and 86 gC m ™~ 2yr~!
is consumed Atlantic waters (Reigstad et al., 2008). In contrast, some-
where between 56 g C m~2yr~—' (Walsh et al,, 2005; Campbell et al.,
2009) and 7.5 g C m~2yr~! (using a top-down forced ecopath model,
Whitehouse, 2011) is consumed by the pelagic component of the Chukchi
Sea marine ecosystem. Thus, there appears to be a larger amount of the
primary production that is taken up by the pelagic component (by a factor
of maximum of ~2-10) in the southern Barents compared to the Chukchi
Sea. It is thus possible to make a case for differences in export rates to be a
contributor to the order of magnitude difference in biomass of fish in the
Barents Sea compared to the Chukchi Sea.

3.2. Migratory behavior of top predators

Although many fish species remain in the Barents Sea throughout
the year, some species make seasonal migrations to alternative feed-
ing sites or spawning areas (Fig. 8). Capelin follow the ice-edge bloom
north, and forage on both the Arctic and Atlantic zooplankton fauna
associated with this bloom, and Atlantic cod make feeding
migrations northward to intercept the capelin in summer. In
addition, both adult Atlantic cod and Norwegian spring-spawning
herring have spawning migrations to the west coast of Norway,
whereby they provide their eggs and larvae with more favorable
rearing conditions than would be available in the Barents Sea
(Loeng and Drinkwater, 2007). In winter, many of the marine birds
and cetaceans either move to the southern Barents Sea, or out of the
Barents Sea entirely.

The Chukchi Sea also supports upper trophic level migrants in
summer and fall, though apparently not in spring, when most migrat-
ing beluga whales (a few spend part of the summer in the Chukchi;
Suydam et al., 2001) and bowhead whales move through the area
on their way to foraging areas elsewhere in the Arctic (Carroll et al.,
1987). However, in the fall, migrating bowhead and beluga whales
linger in the Chukchi to forage (Clarke et al., 1993; Moore et al.,
1995; Quakenbush et al., 2010a, 2010b), and millions of planktivorous
seabirds enter the Chukchi to forage on large, lipid rich copepods and
euphausiids, the bulk of which have been advected into the Chukchi
from the Bering Sea (see sections above). As winter approaches,
some pinnipeds (e.g., Burns, 1970, 1981; Fay, 1982; Johnson et al.,
1966; Lowry et al, 1998), most cetaceans (e.g., Braham, 1984;
Brueggeman, 1982; Richard et al., 2001) and virtually all seabirds
leave the Chukchi Sea for warmer seas with open water. In contrast,
most fish species do not migrate out of the Chukchi Sea in winter,
despite the very low water temperatures, perhaps because migrating
against the strong currents in the Bering Strait and northern Bering
Sea would be energetically too expensive. Thus, at present, only fish
with the physiological mechanisms that allow existence in sub-zero
waters are able to overwinter in the Chukchi Sea (Sigler et al.,
2011). Temperate and boreal fish species in the southern Barents
Sea do not need to migrate out of the Barents to escape freezing, as
the southern Barents remains at 2 °C or above year round (Fig. 10)
(Drinkwater, 2005).

3.3. Water inputs and their sources

The influence of water inputs to the Chukchi and southern Barents
Seas on fish productivity depends on conditions to the south (Ottersen
et al, 2010; Sundby, 2000). Importantly, there are significant differ-
ences in the properties of the water masses entering the seas from the
south and in the amount of water that is advected south from the north-
ern edges of these seas. We hypothesize that the differences in the
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Fig. 8. Schematics of fish movements in the Barents Sea.
Figure from Stiansen et al. (2009), with permission, J.E Stiansen, Institute of Marine Research, Bergen, Norway.

timing and amounts of heat and plankton advected in the inflows of
water from the south of the Barents and Chukchi Seas play critical
roles in determining the differences in the upper trophic levels of
these two seas, and in the differences between their northern and
southern portions.

3.3.1. Advection of heat

The water entering the southern Barents Sea originates in the
North Atlantic Ocean and in particular, the Norwegian Sea. This
water supplies heat to the southern Barents Sea throughout the
year (Smedsrud et al, 2010). A long time-series from the Kola
Section, north of Murmansk, Russia, shows that monthly mean
temperatures in the southwestern Barents Sea remain above 2 °C all
year, as do temperatures at depth throughout much of the Barents
Sea (Fig. 9). These temperatures are well within the tolerance
ranges of numerous species of groundfish including Atlantic cod
(Drinkwater, 2005), haddock, and saithe among others (Bogstad et
al., 1998; Rose, 2007; Sonina, 1969; Stiansen et al., 2009). These
comparatively “warm” temperatures also promote higher feeding
and growth rates of zooplankton and fish than would be expected
in waters with sub-zero temperatures.

In the Chukchi Sea, and in the waters passing through the Bering
Strait, there is a pronounced seasonal signal in heat content (Fig. 10)
(Woodgate et al., 2005b, 2010). In most years, water temperatures in
the Chukchi Sea dip below 0 °C in October or November and remain
below 0 °C until May or June. Thus, like the northern Barents Sea
(Fig. 11), the Chukchi Sea remains mostly ice-covered through much
of May (Fig. 12), which results in a delay in the onset and expansion
of the spring bloom there (Fig. 13). The spring melting of Chukchi Sea
ice generally occurs when warmer (>0 °C) waters appear in Bering
Strait (Woodgate et al., 2010) and the open water bloom is delayed
until May or June (Fig. 13).

The temperature of the waters advected into the southern por-
tions of the Barents and Chukchi Seas (Figs. 10, 11) have a major

influence not only on water temperature within the seas, but also
on the timing of ice retreat (Figs. 11, 12) and thus the length of
the productive season. In most years, the warm Atlantic Water in
the southwestern Barents Sea causes the area to remain ice-free
throughout the year. In exceptionally cold years, or in years with
strong prevailing northerly winds, ice extends into the southern
Barents Sea. The comparatively warm Atlantic Water then melts
this ice, leading to a stratified water column, which in turn
promotes an early spring bloom (Olsen et al., 2003) (Fig. 13). The
spring bloom in the Barents Sea starts in April, and continues into
June, and even July in the northern regions (Fig. 13), but due to
heterogeneous ice conditions, blooms and high primary
production can be observed in the Barents Sea also in July (Hodal
and Kristiansen, 2008).

In winter and spring, water entering the Chukchi Sea from the
south is cold, having crossed the shallow, ice-covered, northern
Bering Sea. These cold waters do nothing to warm the cold, well-
mixed waters of the winter ice-covered Chukchi Sea. Water
temperatures less than 0 °C are below the tolerance of fish species
that do not have antifreeze in their blood. Thus, most temperate fish
species are excluded from the Chukchi Sea and northern Bering Sea
in winter and spring (Sigler et al., 2011). It is possible that some
sub-arctic fish species entering the Arctic Ocean may develop
mechanisms to cope with extreme cold. For example, in the Atlantic
Ocean, Atlantic cod generally migrate offshore in winter to avoid
freezing temperatures. However, some populations are able to
remain inshore in sub-zero waters because they have developed
glycoprotein antifreeze (Fletcher et al., 1987; Goddard et al., 1999;
Ruzzante et al., 1996).

3.3.2. Advection of plankton

Nutrients and phytoplankton are advected into the southern
Barents Sea in the warm Atlantic Water and result in the Atlantic-
influenced portion of the Barents Sea being its most productive
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Fig. 9. Winter (February-April) (top) and summer (August-October) (middle) mean
temperatures at 100 m in the Barents Sea, 1977-1996. Bottom: Seasonal changes in
the 0-200 m averaged temperature for the Kola Line. Data courtesy of PINRO (“Polar
Research Institute of Marine Fisheries and Oceanography”, http://www.pinro.ru/
index_e.htm).

region on an annual basis (Figs. 7, 13) (Sakshaug et al., 2009;
Wassmann et al., 2010). Phytoplankton blooms there are often
dominated by taxa of Atlantic affinity, emphasizing the importance
not only of the nutrients but also the biomass of phytoplankton that
is advected from the south (Sakshaug et al., 2009).

The available data suggest that all of the water masses in the Ba-
rents Sea have greater standing stocks of zooplankton biomass than
those in the Chukchi Sea (Table 5). As discussed above, in the Barents
Sea, the richest source of zooplankton is the Atlantic Water, which
transports the copepod C. finmarchicus from the Norwegian Sea to

the Barents Sea. The Barents Sea also receives zooplankton from the
north. Arctic Water from the shelf regions farther east may be an im-
portant source of large lipid-rich C. glacialis as well as ice-associated
amphipods (Hyperiidae and Gammaridae) that support large
seabird colonies on Svalbard (Karnovsky et al., 2003; Kovacs and
Lydersen, 2006), and are important for maintenance of capelin
throughout the Barents Sea (Orlova et al., 2010).

As discussed above, in the Chukchi Sea, Bering Sea Water (Bering
Shelf Water plus Anadyr Water) is relatively rich in large, lipid-rich
copepods (Calanus spp. and Neocalanus spp.), whereas the Alaskan
Coastal Water is depauperate in zooplankton (Hopcroft et al,
2010; Piatt and Springer, 2003). Neocalanus spp. overwinter at
depth in the basin of the Bering Sea, and re-enter the upper water
column in the southeastern Bering Sea in early spring, with peak
numbers occurring in April or May (Smith and Vidal, 1986). If
these copepods are not present in waters over the outer portion of
the northern shelf until May, it is likely that they will not reach
peak numbers in the Chukchi Sea until August. The lack of
large-bodied species in plankton samples from the southern
Chukchi Sea in early summer (Hopcroft et al., 2010) may indicate
reduced foraging opportunities for planktivorous fish, seabirds,
and marine mammals there in spring (Hopcroft et al., 2010; Piatt
and Springer, 2003). This may be too late in the season to support
juvenile fish, breeding of planktivorous auklets or early season
foraging by planktivorous cetaceans in the Chukchi Sea. It is
telling that planktivorous seabirds nest primarily to the south of
Bering Strait, whereas in the Barents Sea planktivorous seabirds
are abundant nesters on the shores of Svalbard, in the northern
Barents Sea, as well as in the southern Barents Sea on mainland
Norway and coastal islands.

The importance of the advection of nutrients and zooplankton, e.g. C.
marshallae/glacialis, Neocalanus spp. (Hopcroft et al., 2010) and
euphausiids (Eisner et al., in review), for late-season production in the
Bering Sea Water areas of the Chukchi is evidenced by late summer/
early fall concentrations of bowhead whales along the western
Chukchi (Chukotka) coast (Quakenbush et al., 2010a,b). The western
Chukchi Sea also has a rich benthic fauna that is supported by high
primary production and the advection of plankton in the Bering Sea
Water that dominates the western Chukchi. Concentrations of gray
whales (Miller et al.,, 1985; Nerini, 1984) forage there, and most of the
walruses in the Chukchi Sea are located on Wrangel Island and the
northern Chukotka coast (Gilbert et al., 1992). The Chukchi Sea was
also a historically important foraging ground for large, planktivorous
cetaceans, which were hunted in the Chukchi Sea in August and
September, when zooplankton advected in the Bering Sea Water would
have been plentiful (Mizroch et al., 2009). Thus, the western Chukchi,
due to the advection of both nutrients and zooplankton in Bering Sea
Water, supports a considerable number of both pelagic and benthic
foragers.

Advection of zooplankton from the Arctic occurs in both the
Barents and the Chukchi Seas. In the northern Barents Sea, Arctic zoo-
plankton are available to support Arctic cod, capelin and other
planktivorous fish (Gjgsater, 1998; Orlova et al.,, 2010) and seabirds
(Hunt et al.,, 1996; Mehlum and Gabrielsen, 1993; Mehlum et al.,
1996, 1998) and some marine mammals (e.g., Falk-Petersen et al.,
2004; Nilssen et al., 1995). They support particularly large colonies
of little auks in Storfjorden and on the west coast of Svalbard
(Karnovsky et al., 2003; Kovacs and Lydersen, 2006). In contrast, in
the Chukchi Sea, Arctic zooplankton are primarily concentrated
along the shelf edges and in canyons where they are upwelled onto
the shelf. They are too far from breeding colonies to be important to
nesting seabirds, and they are not accessible until late summer
when the ice has melted back to the Arctic Basin.

To summarize this section, the advection of heat in Atlantic
Water plays a pivotal role in allowing boreal species of fish to
exist in the Barents Sea. Additionally, the advection of large, lipid-rich
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Fig. 10. Top: Bering Strait and Chukchi Sea surface temperature on 26 August 2004. (MODIS/Aqua level 1 image courtesy of Ocean Color Data Processing Archive, NASA/Goddard
Space Flight Center, courtesy of M. Schmidt) indicating sites (A1, A2, A3, A3’) of year-round moorings in the Bering and Chukchi (see e.g., Woodgate et al., 2005b). Middle: Tem-
peratures at 9 m above the bottom at mooring A3. Colors indicate different years. Gray region with stars represents monthly climatology from Woodgate et al. (2005b). Bottom:
Temperatures at 9 m above the bottom at four moorings in Bering Strait and the Chukchi Sea. Colors indicate mooring as per the top panel.

All from Woodgate, Aagaard and Weingartner, 2005b, 2005c. Monthly temperature, salinity, and transport variability of the Bering Strait throughflow. Geophysical Research Letters,
32: 104601, doi:10.1029/2004GL021880 Copyright 2005 American Geophysical Union. Reproduced/modified by permission of American Geophysical Union.
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Fig. 11. Monthly climatology of ice edge position in the Barents Sea 1940 to 1975 using AARI (Murmansk Branch) data published in 1980.
From Titov and Ozhigin (2005), with permission.
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Fig. 12. Ice cover (%) in the Chukchi Sea 17 April 2007 to 30 June 2007. The Chukchi Sea is to the right of each cell, and the gray areas are the land masses. AMSR-E data are from the
National Snow and Ice Data Center (Cavalieri et al., 2004). Figure by Ron Lindsay (see also Woodgate et al., 2010).

C. finmarchicus into the Barents Sea in spring provides an important
source of prey that supplements the locally-reproducing stocks of
C. finmarchicus. Finally, the migratory habits of several of the Barents
Sea fish species allow them to utilize the high food concentrations
available in the north after the main bloom in the south, as well as to
escape harsh winter conditions and a late start to spring production by
spawning well to the south along the coast of Norway. In contrast, the
Chukchi Sea is cold and well mixed from fall through spring, and the
water entering from the Bering Sea is also cold and inhospitable to
boreal fish species. Out migration through the Bering Strait of juvenile
fishes is challenged by the strong northward currents present
throughout spring, summer and fall. Although zooplankton are advected
to the Chukchi from the Bering Sea in great abundance, their arrival in
July and August may be too late for them to support seabirds and
cetaceans, except for late-season migrants.

4. Future changes
4.1. Climate warming

Climate warming has already had a marked impact on the Arctic,
with increasing areas of ice-free waters in the summer and fall, a
later freeze-up in the fall and earlier retreat of the seasonal sea-ice
cover in spring (Markus et al., 2009). There has also been a marked
decline in ice thickness and in the amount of multi-year sea ice, a
factor contributing to an earlier beginning of the ice-melt season

(Kwok, 2007; Kwok and Rothrock, 2009; Nghiem et al., 2007).
Effects of the changing ice conditions are already being documented
throughout the ecosystem, from the distributions and abundances
of benthic organisms to marine mammals (e.g. Grebmeier, 2012;
Kovacs et al., 2011). In this brief section, we try to identify some of
the major ways that climate warming might affect the ecosystems
of the Barents and Chukchi Seas.

4.1.1. Mechanisms suggesting increases in productivity

A warming of the global climate (including the Arctic) and a re-
duction in Arctic sea ice will result in a warming of the Barents and
the Chukchi Seas and a reduction in the length of the ice-covered
season. This in turn will produce longer growing seasons, increased
primary production, and warming of surface waters (e.g., Ellingsen
et al,, 2008; Slagstad and Wassmann, 1997). As Arrigo et al. (2012)
have shown, thinning ice with melt ponds may permit large
under-ice phytoplankton blooms. The timing and intensity of these
blooms may be such that more of the annual primary production
may sink to the benthos than at present. This will most likely
benefit the benthos at the expense of the pelagic food web in those
areas that retain sea ice.

Climate warming may allow northward expansion of boreal spe-
cies, as has recently been observed in the North Atlantic and the
Barents Sea (Berge et al., 2005) and as was documented following
the warming period in the 1930s and 1940s (reviewed in Drinkwater,
2005). Recent evidence suggests that some fish species, including
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Fig. 13. Two columns on the left: Monthly maps of chlorophyll concentration in April, May, and June, 1998, an “average year” and 2001, a “warm year” in the Chukchi Sea (mg
Chl-a m~3) (see scale to the left) (from Wang et al., 2005), with permission. The white areas are ice covered, and the gray areas are land masses. Column on the right: Monthly
average gross primary production in the Barents Sea for the period 1995-2007 in April (a), May (b) and June (c) (g C m~2 month™!), see scale in lower left of each panel.
From Wassmann et al., 2010, with permission. Note differences in timing of the bloom in the Barents and Chukchi Seas.

Atlantic mackerel (Scomber scomber) and blue whiting, are increasing in
abundance in the Barents Sea during the current warming period
(Anon, 2004, 2005). In the Barents Sea, it is also possible that warming
will lead to increased biomasses of zooplankton and upper trophic level
fish, seabirds and marine mammals that are not ice-associated species
(Drinkwater, 2005; Stenevik and Sundby, 2007; Satersdal and Loeng,
1987). Estimates of future mesozooplankton production in the Barents
Sea, given increased air temperatures, suggest an increased secondary
production at moderate warming, but a decrease if the temperature in
the northern Barents Sea reduces the dominance of the larger Arctic
copepods (Slagstad et al,, 2011).

Likewise, in the Chukchi Sea warming could lead to range expan-
sions of fish species presently confined to waters considerably farther
south. Although cold winter temperatures and coverage by sea ice will
continue in the northern Bering Sea and Chukchi Sea (Wang et al.,
2012), temperatures in the future may become sufficiently high that
temperate and boreal fish species could overwinter in the intermediate
layers in the Canada Basin should these become sufficiently warm
(Fig. 3) (Jackson et al., 2011; Mclaughlin et al., 2011). At present, Bering
flounder in the northeastern Chukchi Sea are thought to be maintained
there by the northward advection of larvae in Alaskan Coastal Water
(Wyllie-Echeverria et al., 1997). Summer ichthyoplankton assemblages
connect through the Bering Strait, indicative of a northward flow in the
eastern Chukchi Sea (Norcross et al., 2010). Temperate species like
walleye pollock (Theragra chalcogramma) and yellowfin sole
(Limanda aspera) may move northward in summer, particularly in
warm surface waters, even though at present, the Chukchi Sea is
not an important feeding area for these species (Barber et al., 1997;
Norcross et al., 2010). Likewise, juvenile pollock have been captured
in trawls north of Barrow, Alaska, suggesting that they may have a
mechanism for overwintering there (NPFMC, 2009; Rand and
Logerwell, 2011). Changes in distributions of demersal fish species
will result in restructuring of fish assemblages and possibly impact
benthic invertebrate communities (Norcross et al., 2010).

4.1.2. Mechanisms suggesting decreases in productivity

In the Barents Sea, a decrease in the amount of multi-year ice at its
northern boundary may impact the availability of ice-associated
(sympagic) organisms (Hop et al, 2000), thereby affecting those
fish, seabirds and marine mammals that forage on this community
(e.g., Falk-Petersen et al., 2000). The ice-edge blooms and associated
zooplankton are important for capelin, and if the ice edge retreats
sufficiently far north, it has been hypothesized that capelin might
switch their spawning grounds from the north coast of Norway to
areas farther north and east (Huse and Ellingsen, 2008). Capelin
serve as both a bottom-up and a top-down control in the
“wasp-waist” structure of the Barents Sea (Ottersen et al., 2010),
and any impact of climatic change on capelin will affect both lower
and upper trophic level species that interact with capelin.

Recent investigations in the Barents Sea indicate a marked
decrease in the area of Arctic waters in the last decade, as well as a
decline in the abundance of the Arctic amphipod, T. libellula (Dalpadado
et al,, 20123, 2012b). Additionally, Ottersen et al. (2010) discuss the po-
tential for impacts on interactions among species resulting from species'
adaptations to climate change. Thus, changes in community composition
that accompany these potential changes in biomass must also be consid-
ered. For example, climate impacts on cod and herring are observed as
bottom-up, with lower trophic levels a major influence on higher levels
(Skern-Mauritzen et al.,, 2011). The climate impacts on capelin, however,
show indirect effects with a delayed bottom-up effect (Hjermann et al.,
2007). Although fish may be able to acclimatize to warming tempera-
tures, such adaptation comes with a cost in lost metabolic performance
and growth (Drinkwater et al.,, 2010; Pértner, 2010; Pértner and Knust,
2007).

In the Chukchi Sea, climate warming may result in a reduction of
the input of large crustacean zooplankton, because the large Calanus
copepods in the Bering Sea Water are vulnerable to warming sea
temperatures and the loss of sea ice (Baier and Napp, 2003). During
the warm period in the Bering Sea from 2001 to 2005, ice retreat
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came early and the production of C. marshallae/glacialis was limited
(Hunt et al., 2011). If these copepods, and the euphausiid Thysanoessa
raschii are, as is believed, dependent on sea ice or at least a bloom in
cold water (Baier and Napp, 2003; Drobysheva, 1994; Ressler et al.,
2012), then warming of the northern Bering Sea sufficient to remove
seasonal ice cover might result in failure of pollock recruitment, as
happened in the southeastern Bering Sea during the warm period of
2001-2005 (Coyle et al.,, 2011; Hunt et al.,, 2011).

Water temperature variations and possible changes in fluxes of
primary production to the bottom will be primary influences of
climate warming on the benthos in the Chukchi Sea. Macrobenthic
assemblages are responsive to climate variations and spatial distributions
of organisms will change due to differential survival and recruitment of
pelagic larval stages with varying water temperatures (Blanchard et al.,
2010; Grebmeier, 2012; Sirenko and Kolutin, 1992). Hence, climate
warming will contribute to changes in the spatial distributions of species
(Grebmeier et al., 2006b; Sirenko and Kolutin, 1992).

4.2. Effects of climate change on seabirds and marine mammals

All ice-associated Arctic seals, whales, and polar bears are likely to
be heavily negatively impacted by climate change (e.g., Cameron et
al., 2010; Kovacs et al.,, 2011, 2012). The severity of the impacts will
depend largely on the breadth of their range and whether they
are generalist or specialist feeders (Laidre et al., 2008; Moore and
Huntington, 2008), but ultimately also on the degree to which
plastic responses to new environmental conditions will be possible
for individual species (e.g., Bradbury et al., 2010; Ruzzante et al.,
2005). In contrast, decreased ice cover will allow cetacean species
now concentrated in boreal regions to penetrate farther into the
Arctic and to remain there longer, thereby competing with (or
consuming) Arctic species heretofore free of their presence (Kovacs
et al., 2012; Moore and Huntington, 2008). Impacts on seabirds are
somewhat more difficult to predict, but again, ice-associated feeders
such as ivory gulls (Pagophila eburnea) may find the commutes
between their nest sites and where they find food for their young
too long for successful nesting (Kovacs et al., 2012).

5. Summary and conclusions

The marine ecosystems of the Barents and Chukchi Seas are simi-
lar in a number of aspects and strikingly different in others. Both seas
are at similar latitudes, and both have remarkably similar average
annual rates of primary production (Tables 6, 7). This latter similarity
is surprising, in that nitrate concentrations in the Bering Sea Water
that enters the Chukchi Sea are almost twice those of the Atlantic
Water entering the Barents Sea (Table 6). Two factors that likely con-
tribute to the similarity of annual rates of primary production are the
longer growing season in the Barents Sea (by about a month), be-
cause of less ice, and the greater volume of water entering the
Barents Sea from the south, which provides as much or more nitrate

Table 6
Primary productivity, and nitrate availability in the Chukchi and Barents Seas.
Chukchi Barents
Sea Sea
Primary Productivity Min. 20 <20
1998-2006 Max. >400 200
(gCm2yr Y Mean 100 102
Means are from Walsh et al. (2005),
and Reigstad et al. (2011)
Nitrate® (uM) ACW 5 Atlantic water
BSW 20-25 12

2 Sakshaug, 2004; Ellingsen et al., 2008; Walsh et al., 2005; Hill et al., 2005; Lee et al.,
2007.

> ACW-—Alaskan Coastal Water; BSW—Bering Sea Water; Sakshaug, 2004; Walsh et
al., 2005.

over the growing season compared to the more nitrate-rich Bering
Sea Water in the Chukchi Sea.

Populations of various biotic components in the marine ecosys-
tems of these two seas may vary by up to a factor of two. These
include, on an area adjusted basis, the numbers of: nesting seabirds
(Barents 2x the Chukchi), all foraging seabirds (Chukchi 2x the
Barents), cetaceans (Barents 2x the Chukchi), pinnipeds (Chukchi
2x the Barents), and the wet biomass of benthic macro-invertebrates
(Chukchi 2x the Barents) (Table 7). Virtually all of these groups are
under-sampled, with the possible exception of the numbers of nesting
seabirds, and more thorough surveys may yield quite different results.
There is a need for additional surveys, not only with more extensive
spatial coverage of both seas, but also better seasonal coverage, so
that annual average days of use can calculated for the seabirds and
marine mammals. From such information, estimates of prey
consumption could be developed, based on the total biomass and age
structure of populations within each species, and their metabolic
demands. Prey consumption would be a useful measure of the relative
ability of these two seas to support seabirds and marine mammals.

The two seas differ strikingly in the fisheries that they support
(Barents 3 orders of magnitude greater than the Chukchi), the
biomass of the five most abundant fish species (Barents 1 order of
magnitude greater than the Chukchi), and in the standing stocks of
zooplankton (Barents 3x the Chukchi) (Table 7). The remarkably
higher fisheries removal rates in the Barents Sea imply that the fish
stocks of this region must be much more productive than those in
the Chukchi Sea. Likewise, zooplankton populations in the Barents
Sea must be more productive or fish must be more efficient in
converting zooplankton into fish biomass, as there is only a three-fold
difference in zooplankton standing stocks compared to the orders-of-
magnitude difference in standing stocks of fish. Additionally, there
seems to be a better match in time and space between fish and the
availability of their most important prey species for harvested fish
stocks in the Barents Sea compared to the Chukchi Sea, which allows a
longer and more efficient growing season for the migrating pelagic
fish stocks in the Barents Sea.

At least two other differences between the seas contribute to the
greater biomass of fish in the Barents Sea. Firstly, the heat content
of the Atlantic Water entering the Barents Sea is much greater than
that of the Bering Sea Water entering the Chukchi Sea and secondly,
the greater depth of the Barents Sea allows for the formation of a
deep layer of salty, warm Atlantic Water. This Atlantic Water occupies
the southern portion of the Barents Sea, and also exists as a deep layer
that extends through much of the northern Barents. This warmer
water promotes higher feeding and growth rates in both zooplankton
and fish, and permits fish to survive year-around in the Barents Sea. In
contrast, the shallow Chukchi Sea is ice covered from November
through June, with a well-mixed sub-zero water column. The water
entering the Chukchi Sea from the south has passed over the
shallow northern Bering Sea, which is also well-mixed and
ice-covered from November to May, with the result that the waters
entering the Chukchi Sea are below zero for about eight months of
the year. Thus, in both the northern Bering Sea and the Chukchi Sea,
fish lacking adaptations for sub-zero temperatures are unlikely to
thrive. The cold water temperatures of the Chukchi Sea slow the
feeding and growth of the zooplankton and fish. We suggest that
the differences in water temperatures between the southern
Barents and the Chukchi Sea are a critical factor in explaining the
differences between the fisheries and fish stocks of the two seas.

The Chukchi Sea is a fully Arctic sea, whereas only the northern
Barents Sea is Arctic in its seasonal ice cover and cold temperatures.
By contrast, the southern Barents is essentially a boreal sea. In the
Arctic Barents and Chukchi Seas, the water column becomes stratified
in spring via ice melt, and there is a strong ice-associated algal bloom
in cold water, much of which sinks to the benthos. Nutrients are
exhausted in these strongly stratified waters, and post ice-edge



G.L. Hunt Jr. et al. / Journal of Marine Systems 109-110 (2013) 43-68 63

Table 7

Summary of differences in standing stocks and productivity of the Barents and Chukchi Seas. For sources of data, see the individual sections on standing stocks and productivity.
Chukchi area adjusted estimates account for the Barents Sea being 2.5 times the size of the Chukchi Sea.

Stock or production measured Barents Sea

Chukchi Sea
area-adjusted data

Chukchi Sea raw data

Fisheries removals (2010) 1.0x10° mt yr !

Fish stocks (5 most abundant species) 5.9x10° mt
Nesting Seabirds (individuals) 8.0x10°
Total seabirds (nesting plus non-breeding individuals) 16x10°
Pinnipeds (individuals) 1.1x10°
Cetaceans (individuals) 0.14x 10

Benthos <100 m depth (Barents-no fjords)
Benthos >100 m depth
Benthos, overall mean, wet biomass
Crustacean zooplankton dry biomass
(Dalpadado et al., 2012a, 2012b; Hopcroft et al., 2010)
Primary production (Walsh et al., 2005; Reigstad et al., 2011)
Primary production (Arrigo et al., 2008)
Export to benthos
% Total annual primaryproduction
(Reigstad et al., 2008; Campbell et al., 2009)

166 g m~?2
6-7 gm~?2

102 gCm 2yr!
109 Tg Cyr—!
34-47%

671.84+212.2 g m~2 wet biomass -+ SE
61.6+7.9 g m~2 wet biomass -+ SE

0.0013x10% mt yr—"

0.25x10° mt
1.8x10° 46x10°
9.6x10° 24x10°
0.88x10° 2.2x108
0.03x10° 0.07x10°
354.7+57.4 g m~? wet biomass + SE
510.1+401.5 g m~ 2 wet biomass + SE
381 gm 2
21gCm~?
100 g Cm 2yr—!
27 Tg Cyr! 66 Tg Cyr!

56%

bloom production is weak. In contrast, in the southern Barents Sea,
stratification results from solar warming of ice-free Atlantic Water,
and the spring bloom is more prolonged due to the relatively weak
stratification that promotes nutrient availability. Following the
spring-bloom, primary production is enhanced by storms that mix
the surface waters down through the pycnocline, thereby re-infusing
the upper mixed layers with nutrients. These differences within the
Barents Sea and between the Barents Sea and the Chukchi Sea also
contribute to the higher rates of fish production in the former, much
of which occurs in the southern Atlantic portion of the Barents. The
feeding migrations of fish into the northern Barents Sea in summer
and the spawning migrations of fish out of the Barents to productive
areas along the west coast of Norway also promote the productivity of
Barents Sea fish stocks.

The Barents and Chukchi Seas are responding, and will continue to
respond, to global warming. Both seas are likely to have shorter
periods of ice cover and thinner ice. With the reductions in ice
cover, both in terms of duration and thickness, there is likely to be
an increase in the length of the productive season, though concomi-
tant increases in primary production will depend not only on the
availability of light, but also on availability of nutrients. If there is
increased storm activity or weaker pycnoclines, then there may be
more available nutrients, but there is no obvious reason to expect
changes in the amounts of nutrients advected into these seas. In the
Barents Sea, fish biomass may increase, as it has in the past. But in
winter and spring, in the Chukchi Sea and the northern Bering Sea,
the waters will likely remain cold. These cold waters are expected
to remain a barrier to the northward movement of boreal fish species
presently of commercial interest in the southeastern Bering Sea.
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