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Abstract This study represents the first demersal trawl
survey of marine fishes and invertebrates in offshore waters
of the Beaufort Sea since 1977. Species composition, dis-
tribution, and abundance of demersal fish and benthic
invertebrates were assessed with standard methods and
demersal trawl gear by the Alaska Fisheries Science Cen-
ter. Fishes made up 6% of the total catch weight, and
invertebrates made up the remaining 94% of the catch
weight. A total of 32 species of fish were identified, two
taxa were identified to genus and one to family, and 174
taxa of invertebrates were identified. The most abundant
demersal fishes were polar cod (Boreogadus saida), eelp-
outs (Lycodes spp.), Bering flounder (Hippoglossoides
robustus), and walleye pollock (Theragra chalcogramma).
The most abundant invertebrates were notched brittle stars
(Ophiura sarsi), snow crab (Chionoecetes opilio), mussels
(Musculus spp.), and the mudstar (Ctenodiscus crispatus).
We documented or confirmed extension to the known
ranges of four species of fishes: walleye pollock, Pacific
cod (Gadus macrocephalus), festive snailfish (Liparis
marmoratus), and eyeshade sculpin (Nautichthys pribilo-
vius). We also documented the presence of commercial-
sized snow crab (Chionoecetes opilio), which has not
previously been recorded in the North American Arctic.
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Introduction

Trends of ocean warming and declines in Arctic sea ice
increase the potential for the northward migration of fish
and invertebrate species from the North Pacific ecosystem
to subarctic and Arctic ecosystems (IASC 2004; Grebmeier
et al. 2006a, b; Mueter and Litzow 2008; Mueter et al.
2009). A change from Arctic to subarctic conditions in the
northern Bering Sea is taking place, with a shift from
benthic communities to communities dominated by pelagic
fish species (Grebmeier et al. 2006a, b). Similar changes
have already been documented in many Atlantic and North
Sea fish communities, which has shown a northward trend
in distributions over the last several decades (Beare et al.
2004; Perry et al. 2005). The effects of recent record-
breaking ice recessions in the Arctic (Stroeve et al. 2007,
2008; Greene et al. 2008; Boe et al. 2009) on marine fish
communities are unknown because data are limited or
nonexistent. In addition to ocean warming, Arctic shelves
are likely to be impacted by exploration and development
of oil and gas resources (MMS 2008; Gautier et al. 2009).
Currently, several million acres have been leased for oil
and gas exploration in the Chukchi and Beaufort seas
(MMS 2008). There are several potential impacts on
marine organisms as a result of oil and gas exploration,
such as seismic exploration (Engés et al. 1996; Slotte et al.
2004), and building and operating subsea pipelines or oil
spills (Boesch and Rabalais 1987). In the context of climate
change and the shifting of marine ecosystems, increases in
anthropogenic activities such as oil and gas development,
and potential fisheries development, we conducted a survey
of the Beaufort Sea shelf in 2008. Our aim was to con-
tribute to a baseline for future monitoring of offshore
marine fish and invertebrate communities in this Arctic
ecosystem.
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The first survey of Beaufort Sea offshore marine fishes
was conducted opportunistically from a US Coast Guard
cutter during 1977 (Frost and Lowry 1983). The survey
focused on fish and benthic invertebrates in the offshore
from west of Point Barrow to the Canadian Beaufort Sea
border (Frost and Lowry 1983). In 1977, polar cod
(Boreogadus saida) was the dominant fish species cap-
tured, followed by the Canadian eelpout (Lycodes polaris)
and twohorn sculpin (Icelus bicornis). The majority of
subsequent fish studies in the Beaufort Sea focused on
anadromous fishes in estuaries, inlets, river deltas, or
lagoons (Bond and Erickson 1997; Gallaway et al. 1997,
Jarvela and Thorsteinson 1997; Underwood et al. 1997,
Moulton and Tarbox 1987). A few studies have examined
the occurrence of marine fishes in nearshore waters (<20 m
deep), often in the transition zone between marine and
brackish waters (Craig et al. 1982; Craig 1984; Moulton
and Tarbox 1987; Jarvela and Thorsteinson 1999).

The 2008 Beaufort Sea survey was the first dedicated
survey of offshore marine fishes and invertebrates using
demersal trawl gear and standard survey methods as con-
ducted by the National Marine Fisheries Service (NMFS),
Alaska Fisheries Science Center (AFSC). This technique
allowed the density of demersal fishes and benthic inver-
tebrates to be quantified in a way that is comparable to
contemporary standardized surveys of the Bering and
Chukchi seas. The 2008 survey was designed to document
the distribution and abundance of key ecological species,
particularly polar cod (Boreogadus saida). Polar cod are
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important prey for seabirds and marine mammals and are in
turn important consumers of secondary production (Frost
and Lowry 1981, 1983; Bradstreet et al. 1986; Jarvela and
Thorsteinson 1999). To assess differences and similarities
between Arctic and North Pacific ecosystems, we compare
this survey’s results with the 2008 NMFS-AFSC demersal
survey of the Bering Sea (Lauth and Acuna 2009) and the
most recent NMFS demersal survey in the Chukchi Sea
(Barber et al. 1997). To identify possible changes in the
Beaufort Sea over the last 30 years, we compare our results
to those of the 1977 Beaufort Sea survey (Frost and Lowry
1983). We also examine our results in the context of known
species ranges and document northerly range extensions for
some species.

Materials and methods
Survey area

The survey was conducted between August 6 and 22, 2008,
aboard the F/V Pacific Explorer. The survey area started at
approximately 71°N and 155°W and extended out to 72°N
and 152°W in the Beaufort Sea, Alaska (Fig. 1). There
were 26 demersal trawls of which 22 were successful
(Table 1). Bottom depths of successful trawls ranged from
40 to 470 m. Distance fished for each bottom trawl ranged
from 0.4 km to 3.6 km (Table 1). An attempt was made to
evenly distribute trawl station locations along transect lines
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Table 1 Demersal trawls conducted during the 2008 Beaufort Sea survey

Trawl  Start latitude  Start longitude  Bottom Distance  Bottom Tow time  Lined or Total catch  Comments
no. (DD) (DD) depth fished temperature  (min) unlined net  weight (kg)
(m) (km) °C
1 71.88 —154.97 428 3.60 0.5 30 Lined No catch Lost codend
2 71.89 —154.95 470 1.12 0.5 10 Lined 694.93
3 71.74 —154.99 198 1.35 —0.1 15 Lined 751.34 Net tore, replaced
4 71.90 —153.91 347 1.28 0.6 15 Lined 1881.89
5 71.81 —153.92 143 1.26 —-1.2 15 Lined 1846.51
6 71.81 —154.46 158 1.45 —-14 15 Lined 9502.65
7 71.98 —154.41 322 1.64 0.5 15 Lined 2028.50
8 71.72 —152.84 318 1.39 0.5 15 Lined 1382.47
9 71.66 —152.49 302 1.51 0.6 15 Lined 1984.08
10 71.52 —152.25 175 1.52 -0.8 15 Lined 2359.84
11 71.75 —153.94 66 1.39 -0.7 15 Lined 419.10
12 71.69 —154.52 50 1.51 1.8 15 Lined 251.08
13 71.48 —153.96 49 1.34 1.5 15 Lined 339.30
14 71.39 —153.99 41 1.36 1.8 15 Unlined No catch Lost whole net
15 71.25 —153.13 41 1.42 1.0 15 Unlined No catch Lost codend
16 71.25 —153.11 41 0.39 1.0 5 Unlined 19.45
17 71.37 —153.07 75 0.45 0.3 5 Unlined 256.35
18 71.46 —153.04 64 0.56 0.7 5 Unlined 87.81
19 71.16 —152.23 30 0.42 1.3 5 Unlined No catch Large net tear
20 71.28 —152.31 50 0.57 —-04 5 Unlined 38.74
21 71.35 —151.99 83 0.62 —-14 5 Unlined 27.45
22 71.51 —152.20 178 0.70 —-0.4 5 Unlined 77.74
23 71.58 —155.05 44 0.62 —0.1 5 Unlined 43.05
24 71.68 —154.48 50 0.57 -0.9 5 Unlined 52.78
25 71.53 —152.89 59 0.61 -0.9 5 Unlined 35.52
26 71.55 —153.48 52 0.48 1.2 5 Unlined 10.59

Latitude and longitude in decimal degrees, bottom depth (m), distance fished (km), bottom temperature (°C), tow time (minutes from trawl brake
set to haul back), net type (lined or unlined), and total catch weight (kg) for all demersal trawls conducted. “No catch” in the “Total catch

weight” column indicates the gear was lost or damaged resulting in no catch sample

(Fig. 1). However, due to the presence of sea ice during the
first 6 days of the survey along with areas of untrawlable
habitat (e.g. boulders, high relief), demersal trawls were
limited to areas that would minimize gear loss or damage.

Survey design

To obtain abundance estimates of demersal fishes and
benthic invertebrates, all trawls were conducted in con-
cordance with standards set by the AFSC’s Resource
Assessment and Conservation Engineering (RACE) Divi-
sion (Stauffer, 2004). The net was an 83—112 Eastern otter
trawl built to standards detailed in Stauffer (2004), with a
25.3-m (83 ft) headrope and a 34.1-m (112 ft) footrope. In
addition, a small-mesh liner was used for trawls 1-13 in
order to catch relatively small Arctic fishes. The mesh liner
was 3.8 cm and covered the entire bottom body of the net,

the wings, the top and bottom of the intermediate (i.e.,
mesh between the trawl doors and codend), and the codend.
The original field plan was to conduct the entire survey
with the lined nets. However, the nets were irreparably
damaged during the first half of the survey, so trawls 14-26
were conducted with unlined nets. To address the change in
gear, we returned to two stations previously sampled with
the lined net and repeated the trawl with the unlined net.
We refer to these two sets of trawls as “paired trawls”
because they occurred at the same location, but they were
sampled 4 days apart. The results from the paired trawls
are presented below, but statistical analyses of fish diver-
sity and abundance were not made within each pair of
trawls, because only one observation with each gear type
was made. A comparison between the paired trawls was not
reasonable due to depth differences among the two stations
(Table 1).
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All analyses are presented by lined and unlined net
types. With the exception of one station, all the stations
between 100 and 500 m bottom depth were sampled with
the lined net and tows were 15 min. Twelve stations in the
40- to 100-m depth range were sampled with the unlined
net and tows were 5 min. This confounding of net type and
depth was not intentional but resulted from the fact that ice
covered the shallow depths early in the survey when the
lined nets were in use. Tow time was reduced later in the
survey to minimize damage to the remaining nets.

Net height and width were measured with Netmind
acoustic net mensuration equipment during trawling oper-
ations (Northstar Technical Inc., St. John’s, Newfound-
land). Trawl footrope contact with the seafloor was
monitored at 1-s intervals using a calibrated bottom contact
sensor (BCS). The BCS consisted of a tilt sensor inside a
stainless-steel pipe attached at the center of the footrope.
Bottom contact data were used to estimate distance fished.

Survey sampling

The entire catch for each trawl (with the exception of trawl
6, see below) was weighed on a motion-compensated
marine Marel scale. When the total catch weight was
<200 kg, the entire catch (fish and invertebrates) was
sorted to the lowest possible taxonomic level, counted, and
weighed (trawls 16, 18, and 20-26). However, due to large
catch sizes and the high number of taxa, the most common
method of sampling the trawl catch was sub sampling
(trawls 2-13 and 17). A random subsample of the entire
catch was weighed, and fishes were sorted to the lowest
taxonomic level possible. In the case of invertebrates, a
sub-subsample (i.e. a sample of the subsample) was taken
due to the high taxa diversity and quantity of invertebrates
caught. Within the sub-subsample of invertebrates, taxa
were sorted to the lowest taxonomic level, counted, and
weighed. Trawl 6 was estimated to be between 9 and 10
metric tons, too large to weigh the catch in its entirety. The
volume of the codend was estimated using the formula for
the frustum of a cone where # is the height of the cone, R is
the radius at the lower base of the cone, and r is the radius
at the upper base of the cone:

V:%h(R2+Rr+r2). (1)

Using this formula and a catch density estimate, the
weight of the entire catch was calculated. A subsample was
then removed and processed as above.

Net width and distance fished were used to calculate
area swept, which was then used to determine catch per
unit effort (CPUE). Mean CPUE was estimated for all fish
taxa and the top 24 invertebrate taxa for both lined and
unlined net types. Catch per unit effort (CPUE) was
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calculated as both kilograms and numbers per hectare from
the weight or number of each species or taxon divided by
the area swept for each trawl. Because the net liner likely
increased the catch density of fish, the CPUE (kg/ha or No./
ha) for each trawl was averaged separately for each net
type (lined and unlined). Zero catches were included in the
CPUE calculations.

All fish taxa found in the subsamples were collected for
confirmation of field identification in the AFSC’s taxo-
nomic laboratory (J. Orr and D. Stevenson, AFSC, pers.
comm.). All specimens were photographed with the trawl
number for proper assignment when species identification
was verified or changed. Specimens were counted,
weighed, and preserved in a 10% formaldehyde and sea-
water solution buffered with sodium bicarbonate.

Biological sampling

Biological information was collected from polar cod
(Boreogadus saida) and walleye pollock (Theragra chal-
cogramma). For each trawl, up to 150 polar cod were
randomly collected from the catch subsample, and the sex
and fork length (nearest 1.0 cm) were recorded. In addi-
tion, for each trawl, a subset of 25 of the 150 polar cod
were weighed to the nearest gram, and the otoliths were
excised and preserved in a 95% solution of ethyl alcohol.
Also, the stomachs and ovaries were removed for future
analysis. All walleye pollock in the trawl subsamples were
sexed, the fork length measured, weighed, and the otoliths
were removed for aging.

Snow crabs (Chionoecetes opilio) were randomly
selected from three of the trawls to obtain measurements.
Carapace length, width (mm), weight (g), and sex were
recorded. Also, average individual crab weight for all
trawls was calculated from the total crab catch weight and
numbers found in the subsample.

Ecosystems comparisons and historical observations

To assess the differences and similarities between Arctic
ecosystems (e.g., Chukchi and Beaufort seas) and North
Pacific ecosystems (e.g., Bering Sea), we compare our
results with those from recent surveys of the Chukchi and
Bering seas. Demersal trawl surveys of the Bering Sea are
conducted annually by the AFSC. The most recent com-
parable demersal trawl survey of the Chukchi Sea was
conducted in 1990 (Barber et al. 1997). All three surveys
used the same gear and standardized methods. Only sta-
tions that employed the unlined nets are shown for the 2008
Beaufort Sea survey. Sample sizes between the surveys
were highly unbalanced (n = 10 in the Beaufort Sea vs.
n = 375 in the Bering Sea), so 95% confidence intervals
for mean CPUE from the Bering Sea survey are shown for
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comparison to point estimates of CPUE for both the
Beaufort and Chukchi sea surveys in lieu of a formal sta-
tistical comparison (i.e., ANOVA). The data necessary to
compute confidence intervals for the Chukchi survey
CPUE were not presented in Barber et al. (1997).

Finally, we compare our results with those of the 1977
Beaufort Sea survey (Frost and Lowry 1983). The 1977
survey extended from 164°W to 141°W. Only seven of the
33 stations visited in August—September 1977 occurred in
the 2008 Beaufort Sea survey area. However, we compare
the 2008 survey results with those reported from all 33
stations sampled in 1977. A statistical comparison between
the survey in 1977 and 2008 was not possible due to the
confounding effects of gear type, and area surveyed, so we
examined the differences in fish catch between the two
surveys qualitatively.

Results
Abundance and distribution of marine fishes

Fishes were 6% of the total weight captured in the trawls
and 34 taxa of fishes were identified (Table 2). Polar cod
(Boreogadus saida) was 92% of the total number of fish
captured and 80% of the total weight. The second most
abundant taxon were eelpouts (Lycodes spp.) that made up
3.5% of the total number of fishes captured and 13% of the
total weight (Table 2). Approximately six species of scul-
pins were identified, but collectively their total CPUE was
less than 0.1 kg/ha. Together, Bering flounder (Hippo-
glossoides robustus) and Greenland halibut (Reinhardtius
hippoglossoides) made up only 0.3% of the total numbers
of fish captured in the trawls. The leatherfin lumpsucker
(Eumicrotremus derjugini) and fish doctor (Gymnelus vir-
idis) each had a CPUE of 0.01 kg/ha or less and only
occurred in the 40- to 100-m depth range (Table 2, unlined
net).

Polar cod was the only fish species that occurred at all
trawl stations. The highest CPUE (kg/ha) for polar cod was
on the shelf between 100 and 500 m deep, in the west-
ernmost half of the survey area. Polar cod CPUE was
consistent from west to east (25.8-58.6 kg/ha) along the
deepest part of the survey area (between the 300 and 500 m
depth contours). Walleye pollock distribution was similar
to that of polar cod, but pollock CPUE values were an
order of magnitude smaller (0-6.4 kg/ha). The highest
pollock CPUE was found in the western part of the survey
area, primarily in the 100- to 500-m depth range.

The CPUE (No./ha) for fish found in the paired trawls is
summarized in Table 3. For all taxa of fishes, the CPUE
was generally larger in the lined net catch than the unlined
net catch. In addition, 11 of the 15 taxa that were captured

in trawl 12 with the lined net were missing in the corre-
sponding “paired” trawl (trawl 24) using the unlined net.

Polar cod and pollock biological characteristics

In total, 1,494 polar cod were sexed and lengths measured
(701 males and 793 females). In addition, a subset of 730
polar cod were individually weighed and their otoliths were
collected (331 males and 399 females). Of these 730 polar
cod that were aged, 59% were age-1, 33% were age-2, 7%
were age-3, and 1% were age-4. The mean length for polar
cod for both sexes and all trawls combined was 113 mm (428
SD) (Fig. 2). The mean length for males was 108 mm (£23
SD) and for females 120 mm (431 SD) (Fig. 2). The mean
length for polar cod captured in the lined nets was 118 mm
(£30 SD). The mean length for polar cod captured in the
unlined nets was 104 mm (320 SD). The mean individual
weight for polar cod in all trawls combined was 12 g (both
sexes combined; +10 SD). The mean individual weight for
males was 10 g (6 SD) and for females was 15 g (£11 SD).
A length-weight relationship for polar cod (males and
females combined) was determined using Ricker’s (1973)
model: weight (g) = 1.47 x 107> x length (mm) %3,
Mean weight (and lengths) for polar cod exhibited spatial
variation. Larger cod, with a mean weight between 12 and
30 g (mean length of 118 cm), were primarily distributed in
the 100- to 500-m depth range. Smaller cod, with a mean
weight less than 12 g (mean length of 104 cm), were pri-
marily distributed in the 40- to 100-m depth range (Fig. 3).

A total of 99 walleye pollock were collected from the
trawl subsamples (51 males, 44 females, 4 unsexed). Mean
fork length for walleye pollock was 145 mm (both sexes
combined; +32 SD) (Fig. 4). The mean length for male
pollock was 155 mm (443 SD) and for females, 170 mm
(£45 SD) (Fig. 4). There were nine pollock age-1, 71
pollock age-2, 11 pollock age-3, and two pollock age-4
(6 specimens could not be aged) (Fig. 5). Length-at-age is
shown in Fig. 5, along with Bering Sea walleye pollock
collected in 2008. The length for age-2 pollock in the
Beaufort Sea survey ranged from 110 to 203 mm, whereas
the length for age-2 pollock in the Bering Sea ranged from
160 to 300 mm.

Invertebrates

Invertebrates made up 94% of the total weight captured
and 174 taxa were identified. The top 24 taxa that
comprised 99% of the total invertebrate catch weight are
summarized in Table 4. Of the invertebrates, the notched
brittle star (Ophiura sarsi) made up 41%, and snow crab
(Chionoecetes opilio) made up 10% of the total catch
weight for all trawls combined. The highest CPUE for
snow crab was found in the 100- to 500-m depth range.
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Table 3 Mean catch per unit effort, CPUE (No./ha) of fish caught in the paired demersal trawls during the 2008 Beaufort Sea survey

Scientific name

Common name

CPUE (No./ha) CPUE (No./ha) CPUE (No./ha) CPUE (No./ha)
lined net, 10

unlined net, 22 lined net, 12 unlined net, 24

Boreogadus saida

Lycodes raridens

Lycodes polaris
Hippoglossoides robustus
Theragra chalcogramma
Reinhardtius hippoglossoides
Lycodes mucosus

Lycodes sp.

Liparis gibbus

Lycodes rossi

Liparis fabricii
Mpyoxocephalus verrucosus
Triglops pingeli

Gadus macrocephalus

Careproctus sp. cf. rastrinus (Orr et al.)

Mallotus villosus
Gymnocanthus tricuspis
Artediellus scaber
Lumpenus medius
Liparis sp.
Aspidophoroides olriki
Cottidae

Lumpenus maculatus
Triglops nybelini
Lumpenus fabricii
Lumpenus sp.

Icelus spatula
Eumesogrammus praecisus
Eleginus gracilis
Liparis marmoratus
Nautichthys pribilovius
Eumicrotremus derjugini
Gymnelus viridis

Enophrys diceraus

Polar cod

Marbled eelpout
Canadian eelpout
Bering flounder
Walleye pollock
Greenland halibut
Saddled eelpout
Unid. eelpout
Variegated snailfish
Threespot eelpout
Gelatinous seasnail
Warty sculpin
Ribbed sculpin
Pacific cod

Salmon snailfish
Capelin

Arctic staghorn sculpin
Hamecon

Stout eelblenny
Unid. snailfish
Arctic alligatorfish
Sculpin family
Daubed shanny
Bigeye sculpin
Slender eelblenny
Unid. eelblenny
Spatulate sculpin
Fourline snakeblenny
Saffron cod

Festive snailfish
Eyeshade sculpin
Leatherfin lumpsucker
Fish doctor

Antlered sculpin

825 234 556 8
0 0 0 0
58 1 4 0
14 3 1 0
0 0 84 41
43 0 0 0
0 0 1 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
14 0 1 0
0 0 78 0
0 0 1 0
0 3 0 0
0 0 1 0
0 0 13 1
0 0 44 1
0 0 0 0
0 0 0.04 0
29 0 1 0
0 0 36 0
14 0 0 0
29 0 0 0
0 0 0 0
0 0 9 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 1 0 0
0 0 0 0
0 0 0 0

The two pairs were trawls 10 and 22; and trawls 12 and 24. The trawl number is listed after net type

The largest catches (168-325 kg/ha) occurred in the
western portion of the study area at those depths. In
contrast, CPUE varied little by longitude in the 40- to
100-m depth range (0.01-14.8 kg/ha). Eighty-six snow
crabs from three random trawls (2, 4, and 7) were
weighed, measured, and preserved. Female snow crab
carapace width ranged from 58 to 78 mm (n = 16), and
male carapace width ranged from 55 to 119 mm
(n = 70). The carapace width (mm) versus weight (kg)

of snow crab (male and female combined) is shown in
Fig. 6. The average weight of an individual crab was
estimated for each trawl. Most crabs with a weight above
0.15 kg had a carapace width greater than 78 mm, the
legal size limit for male snow crab commercially fished
in the Bering Sea (Fig. 6). These crabs were found only
in the 100- to 500-m depth range, specifically between
306 and 478 m. In the 40- to 100-m depth range,
average crab weight ranged between 0.02 and 0.10 kg.
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Fig. 2 Length frequencies for male and female polar cod (Boreog-
adus saida) captured during the 2008 Beaufort Sea survey. Data from
lined and unlined nets are combined
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Fig. 3 Length frequencies for polar cod (Boreogadus saida) captured
during the 2008 Beaufort Sea survey. Data are shown for lined and
unlined nets separately
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Fig. 4 Length frequencies of male and female walleye pollock
(Theragra chalcogramma) captured in the 2008 Beaufort Sea survey.
Data from lined and unlined nets are combined

Discussion

Marine fishes

Polar cod (Boreogadus saida) were the most abundant fish
caught during this survey, both numerically and by weight.

Polar cod are known to be a major component of the
Beaufort Sea fish community and important prey for higher
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Fig. 5 Length-at-age for walleye pollock (Theragra chalcogramma)
captured in the 2008 Beaufort Sea survey and 2008 Bering Sea survey

trophic levels such as seabirds (Hobson 1993) and marine
mammals (Bradstreet and Cross 1982; Bradstreet et al.
1986; Welch et al. 1992). They are also the dominant
consumer of zooplankton (Atkinson and Percy 1992) and
are thus an important conduit for secondary production
(Welch et al. 1992). One of the earliest documented records
of polar cod in the Alaskan Beaufort Sea is from 1951
(unpublished data, University of British Columbia, N. J.
Wilimovsky, H. A. Fehlmann). Previous studies in near-
shore, often brackish waters, have also documented the
distribution of polar cod (Craig et al. 1982; Craig 1984;
Moulton and Tarbox 1987; Jarvela and Thorsteinson 1999),
but this study is the first to quantify the abundance of polar
cod in offshore marine waters of the Beaufort Sea.

The polar cod caught in this survey were primarily sub-
adults, ages 1 and 2, although some age-3 and -4 fish were
found. Large polar cod were distributed primarily in the
deeper depths (100-500 m) while small cod were found
primarily in the shallower depths (40-100 m). This dif-
ference in size by depth is likely not driven by net type,
because the larger cod in the deeper depths were caught
with the lined net, and the smaller cod in shallower depths
were caught with the unlined net. Frost and Lowry (1983)
documented a similar distribution pattern from their 1977
survey. They report that polar cod were larger in water
deeper than 100 m, whereas cod in water less than 100 m
were on average, smaller. Similarly, in the northeast
Chukchi Sea, polar cod greater than age 3 found offshore
were significantly larger than the same age fish found
inshore (Gillispie et al. 1997).

We documented or confirmed extensions to the known
ranges of four species of fishes: walleye pollock (Theragra
chalcogramma), Pacific cod (Gadus macrocephalus), fes-
tive snailfish (Liparis marmoratus), and eyeshade sculpin
(Nautichthys pribilovius). The Chukchi Sea survey in 1990
(Barber et al. 1997) reported Pacific cod at three stations
located between 68°N and 69°N. Festive snailfish are a
relatively rare species; only one specimen has been recor-
ded in the northeast Bering Sea near St. Lawrence Island at
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Table 4 Mean CPUE by numbers and weight for the top 24 invertebrate taxa caught in lined versus unlined nets during the 2008 Beaufort Sea

survey
Species name Common name Mean CPUE Mean CPUE Mean CPUE Mean CPUE
(No./ha) (No./ha) (kg/ha) (kg/ha)
lined net unlined net lined net unlined net
Ophiura sarsi Notched brittle star 286,277 61 337.61 0.16
Chionoecetes opilio Snow crab 996 8 86.54 0.47
Musculus spp. Mussel 8,718 <1 50.12 <0.01
Ctenodiscus crispatus Mud star 4,122 454 34.73 2.7
Actiniaria Sea anemones 112 0 15.76 0
Strongylocentrotus sp. Sea urchin 281 122 12.23 4.95
Psolus fabricii Sea cucumber 526 118 11.97 4.0
Buccinum polare Polar whelk 872 6 7.36 0.06
Pyrulofusus spp. Whelk 144 2 6.28 0.07
Neptunea spp. Whelk 178 9 5.32 0.40
Gorgonocephalus arcticus Basket starfish 26 <1 5.28 <0.01
Golfingia margaritacea Worm 3,706 <1 4.78 <0.01
Gersemia rubiformis Soft coral * * 4.66 0.04
Psolus phantapus Sea cucumber 69 0 3.88 0
Stomphia sp. Anemone 125 26 3.25 1.13
Pagurus rathbuni Hermit crab 800 8 2.92 0.07
Naticidae Moon snails 432 1 2.50 0.01
Margarites spp. Snails 1,254 <1 2.36 <0.01
Buccinum glaciale Glacial whelk 115 3 2.20 0.06
Buccinum spp. Whelk 241 <1 2.08 <0.01
Brada spp. Polychaete 699 <1 1.83 <0.01
Hyas coarctatus Lyre crab 155 37 1.69 1.52
Pagurus trigonocheirus Hermit crab 255 83 1.32 1.57
Halocynthia aurantium Ascidian * * 0.56 10.69

An asterisk indicates species not enumerated
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Fig. 6 Snow crab (Chionoecetes opilio) weight (kg) versus carapace
width (mm). Legal crab size is 78 mm (solid line)

63°00'N, 169°20'W (Busby and Chernova 2001). Previous
to this record, the species had only been documented in the
Sea of Okhotsk. The northernmost record of the eyeshade

sculpin previous to our survey was in the northern Chukchi
Sea, west of Point Barrow (Barber et al. 1997). In addition
to the range extensions of pollock and Pacific cod, Bering
flounder (Hippoglossoides robustus) were caught in the
present 2008 survey, but not in the 1977 survey (Frost and
Lowry 1983). All three of these species are abundant in the
Bering Sea and are commercially valuable.

We caught walleye pollock as far north as 71°59’N
(154°25'W). The domestic groundfish fishery off Alaska is
the largest US fishery by volume and walleye pollock make
up the dominant portion of that catch (Hiatt et al. 2008).
Pollock were recorded as far north as 71°23'N during a
2004 survey of the Chukchi Sea (Mecklenburg et al. 2007),
and a specimen was collected at 69°26'N, during a 1990
survey of the Chukchi Sea on the Ocean Hope III
(unpublished data; NMFS-AFSC-Resource Assessment
and Conservation Engineering (RACE) Division, cruise
90-2). Two specimens were collected in the Beaufort Sea
near the mouth of Elson Lagoon, east of Point Barrow at
approximately 71°31’'N, 156°32'W in 1951 and 1954
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(unpublished data, University of British Columbia: N.
J. Wilimovsky, J. E. Bohlke; D. Wohlschlag, and W.
C. Freihofer). However, the specimens are missing and
identification as walleye pollock is uncertain (K. Meckl-
enburg, pers. comm.). We found pollock in moderate
densities throughout the survey area, so if the Elson
Lagoon samples collected in 1954 were correctly identified
as pollock, our results confirm the range extension and
document that the species may be widespread in the
Beaufort Sea.

Analysis of pollock otoliths showed that most of the fish
caught in the present 2008 survey were sub-adults (age-2).
In 1990, an ichthyoplankton survey in the Chukchi Sea
(Echeverria 1995) found juvenile walleye pollock north-
west of Point Barrow. During the Russian-American Long-
Term Census of the Arctic (RUSALCA) survey of the
Chukchi Sea in 2004, Mecklenburg et al. (2007) recorded
pollock ranging from 102 to 168 mm total length, indi-
cating that these fish were likely sub-adults. So, although
pollock are occurring in Arctic seas, fish of spawning age
or size have not yet been documented, and the origins of
the juvenile fish are not known. The fact that the pollock
we caught in the Beaufort Sea were smaller at age than
pollock in the Bering Sea may provide evidence that the
fish were spawned in cold Arctic waters or were trans-
ported into such waters shortly after spawning. The size
difference is manifested first at age-2; age-1 pollock from
the Bering and Beaufort seas were similar in size. This
lends support to the latter hypothesis that fish were
spawned in north Pacific waters and transported into the
Arctic sometime during their first year of life. Despite the
potential northward shift in the distribution of some spe-
cies, the fish communities of the Beaufort and Chukchi seas
are still distinct from the Bering Sea. Polar cod are a
dominant component of the Beaufort and Chukchi Sea fish
communities, whereas pollock, Pacific cod, and flatfish
dominate the Bering Sea. Although we document the
presence of pollock and commercial-sized snow crab in
the Beaufort Sea, their densities are far lower than in the
Bering Sea and Chukchi seas.

Benthic invertebrates

Invertebrates dominated the demersal trawl catches both in
terms of abundance and species diversity. The notched
brittle star (Ophiura sarsi) dominated all of the trawls in
the present 2008 survey. The 1977 survey reported that
notched brittle stars were also the most abundant inverte-
brate captured and dominated the catch west of longitude
154°W (Frost and Lowry 1983). Several studies have
documented the prevalence of notched brittle stars in the
North Pacific and Arctic ecosystems. Dense carpets of
notched brittle star were reported off the coast of Japan
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(Fujita and Ohta 1989) and were also reported as one of the
most dominant epibenthic invertebrates in many parts of
the Chukchi Sea (Grebmeier et al. 2006a, b). Both the
notched brittle star and snow crab (Chionoecetes opilio)
were the most abundant epibenthic invertebrates encoun-
tered in the Chuckchi sea during the RUSLCA cruises in
2004, 2007, and 2008 (Bluhm et al. 2009). The size and
depth distribution of snow crab during the 2008 survey
were unexpected based on previous studies in the Bering
and Chukchi Seas. In 1990 and 1991, 48 stations were
sampled in the northeast Chukchi Sea to examine the dis-
tribution and abundance of snow crab (Paul et al. 1997).
Snow crabs were found at all stations, with the highest
abundance and mean crab weight occurring in the stations
directly west of Point Barrow (Paul et al. 1997). However,
carapace width of the male crabs ranged from 20 to 74 mm
(Paul et al. 1997), compared with the measured snow crab
in the present Beaufort survey that ranged from 55 to
119 mm. In the 1977 Beaufort Sea survey, the maximum
carapace width for a male snow crab was 75 mm (Frost and
Lowry 1983).

Recently, snow crab has also been observed in the
northeast Atlantic’s Barents Sea (Alvsvag et al. 2008).
Evidence of juveniles below 50 mm carapace width con-
firms that the population is established and reproductive
with adult crabs ranging in size from 50 to 136 mm
(Alvsvag et al. 2008). The presence of female crabs with
eggs during the 2008 Beaufort Sea survey is further evi-
dence that this population is reproductive. Our survey
found the highest CPUE and the largest crabs by carapace
width and weight in water depths greater than 300 m and
temperatures around 0.6°C. This result was also unex-
pected, as surveys in the Bering and Chukchi Seas indicate
that snow crabs are found predominantly in waters less
than 200 m in depth. However, the main population of crab
found in the Barents Sea survey was located in depth
ranges from 80 to 350 m and in waters less than 2°C
(Alvsvag et al. 2008). Also, the fact that Frost and Lowry
(1983) only caught small snow crab (less than 80 mm) may
be due to the fact that only one tow was made in water
deeper than 200 m. The legal minimum carapace width for
the commercial snow crab fishery in the Bering Sea is
78 mm; therefore, the 2008 survey is the first to document
snow crab of commercial size in the North American
Arctic.

Ecosystems comparisons and historical observations

The comparisons of the Arctic ecosystems (Chukchi and
Beaufort seas) to the North Pacific ecosystem (Bering Sea)
show differences in both species presence/absence and
overall abundance. In general, the mean CPUE for species
caught in the Beaufort Sea and in the Chukchi Sea fell
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Table 5 Mean CPUE (kg/ha)
of common species found in the
Beaufort, Chukchi, and Bering

Species common
name

Beaufort Sea
2008 CPUE (kg/ha)

Chukchi Sea
1990° CPUE (kg/ha)

Bering Sea
2008° CPUE (kg/ha)

Seas, with 95% confidence
intervals shown for the Bering
sea (in parenthesis)

Polar cod

Arrowtooth flounder
Bering flounder

Cottidae (sculpin family)
Flathead sole

Greenland halibut

Rock sole

The CPUE reported for the
Beaufort Sea is from unlined
demersal trawl nets only. An
asterisk indicates that there was
no catch of that species

4 Beaufort Sea 2008 Survey

® Barber et al. (1997)

¢ Eastern Bering Sea 2008

Pacific cod
Saffron cod
Walleye pollock
Yellowfin sole

Zoarcidae (eelpout family)

6.12
*
0.11

0.03
*

*
*
*

k

0.13

0.03

3.02 1.04 (0-2.65)

* 10.7 (8.88-12.52)

0.18 0.45 (0.30-0.60)

0.76 4.22 (3.41-5.03)

* 10.81 (8.18-14.33)
<0.01 0.27 (0.15-0.39)

* 41.03 (29.13-52.93)

0.12 8.65 (7.54-9.76)

0.39 0.003 (0.001-0.005)

0.02 61.16 (47.46-74.86)

* 42.4 (32.28-52.46)

0.21 0.79 (0.59-0.99)

survey

outside the confidence intervals of CPUE for the same
species caught in the Bering Sea (Table 5). Polar cod was
the most prevalent fish species in both the present 2008
Beaufort Sea survey and the 1990 Chukchi Sea survey
(Table 5). In the Bering Sea, walleye pollock was the most
abundant fish species, at 61.2 kg/ha compared with
0.13 kg/ha in the Beaufort Sea and 0.02 kg/ha in the
Chukchi Sea (Table 5). In addition, the flatfish species that
were dominant in the Bering Sea (arrowtooth flounder
(Atheresthes stomias), Bering flounder (Hippoglossoides
robustus), flathead sole (Hippoglossoides elassodon),
Greenland halibut (Reinhardtius hippoglossoides), rock
sole (Lepidopsetta polyxystra and Lepidopsetta bilineata),
and yellowfin sole (Limanda aspera)) were absent or found
in low densities in the Chukchi and Beaufort seas
(Table 5). Saffron cod was more abundant in the Chukchi
Sea than the Bering Sea, but was absent from the present
2008 Beaufort Sea survey (Table 5).

Of the 34 taxa captured and identified from the present
2008 Beaufort Sea survey, 17 of those had also been
documented in the 1977 survey (Table 6). Although CPUE
was not calculated during the 1977 survey, the number of
fish caught was recorded at each station. Polar cod was the
most numerous fish species found in both surveys. Bering
flounder and walleye pollock were fairly abundant relative
to other species in the 2008 survey but were not observed
during the 1977 survey. Also, Pacific cod (Gadus macro-
cephalus), festive snailfish (Liparis marmoratus), eyeshade
sculpin (Nautichthys pribilovius), and bigeye sculpin
(Triglops nybelini) were caught during the 2008 survey
(albeit in relatively small numbers), but were absent from
the 1977 survey.

Eelpouts were common during both surveys, but dif-
ferent species were dominant; marbled eelpouts (Lycodes
raridens) were the most abundant eelpout in the 2008

survey, whereas Canadian eelpouts (Lycodes polaris) and
fish doctors (Gymnelus viridis) were most abundant in the
1977 survey. Snailfish were fairly common during both
surveys. Variegated snailfish (Liparis gibbus) and gelati-
nous seasnail (Liparis fabricii) were the most abundant
snailfish species in the 2008 survey, but snailfish were not
identified to species in the 1977 survey. Sculpins were
caught during both surveys, but they ranked higher in
abundance during the 1977 survey. In addition, different
species were caught: warty (Myoxocephalus verrucosus)
and ribbed sculpin (7Triglops pingeli) were most common
during the 2008 survey while spatulate (Icelus spatula) and
twohorn sculpin (Icelus bicornis) were the dominant spe-
cies during the 1977 survey. The twohorn sculpin was the
third most prevalent species in the 1977 survey and did not
occur in the 2008 survey. These differences in the fish
species composition between 1977 and 2008 are suggestive
of changes in the marine fish community of the Beaufort
Sea since the late 1970s. Nonetheless, without more
extensive surveys, it is difficult to conclude that changes in
species communities have occurred.

Future monitoring

Assessment of the impacts of climate change, northerly
expansion of marine species, future offshore oil and gas
exploitation, and potential fisheries development will
require monitoring of the distribution and abundance of
marine offshore fishes. Net mensuration and gear stan-
dardization are recommended for future monitoring studies
and would provide quantitative estimates to compare with
the present 2008 survey, and with future fishery surveys.
Standardized, comparable surveys can serve as an index of
change without bias due to changes in gear type and survey
methods.
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Table 6 Fish species from the
2008 Beaufort Sea survey (data
from all demersal trawls
combined) compared with the

Scientific name

Common name 2008 survey 1977 survey

previous Beaufort Sea survey in
1977 by Frost and Lowry (1983)

mean CPUE no. individuals
(No./ha)
Boreogadus saida Polar cod 1,303 194
Lycodes raridens Marbled eelpout 24 7
Theragra chalcogramma Walleye pollock 23 -
Lycodes polaris Canadian eelpout 12 81
Triglops pingeli Ribbed sculpin 8 2
Artediellus scaber Hamecon 6 30
Hippoglossoides robustus Bering flounder 4 -
Cottidae Sculpin family 3 -
Gymnocanthus tricuspis Arctic staghorn sculpin 3 2
Reinhardtius hippoglossoides Greenland halibut 3 -
Aspidophoroides olriki Arctic alligatorfish 2 19
Liparis fabricii Gelatinous seasnail 2 -
Liparis gibbus Variegated snailfish 2 -
Lumpenus medius Stout eelblenny 2 1
Lycodes sp. Unid. eelpout 2 -
Mpyoxocephalus verrucosus Warty sculpin 2 -
Careproctus sp. cf. rastrinus (Orr et al.) Salmon snailfish 1 -
Eleginus gracilis Saffron cod 1 -
Enophrys diceraus Antlered sculpin 1 -
Eumesogrammus praecisus Fourline snakeblenny 1 4
Eumicrotremus derjugini Leatherfin lumpsucker 1 29
Gadus macrocephalus PACIFIC cod 1 -
Gymnelus viridis Fish doctor 1 23
Icelus spatula Spatulate sculpin 1 14
Liparis marmoratus Festive snailfish 1 -
Liparis sp. Unid. snailfish 1 29
Lumpenus fabricii Slender eelblenny 1 11
Lumpenus maculatus Daubed shanny 1 1
Lumpenus sp. Unid. eelblenny 1 -
Lycodes mucosus Saddled eelpout 1 2
Lycodes rossi Threespot eelpout 1 2
Mallotus villosus Capelin 1 -
Nautichthys pribilovius Eyeshade sculpin 1 -
Icelus bicornis Twohorn sculpin - 74
Arctogadus glacialis Polar cod - 1

Triglops nybelini

Bigeye sculpin

Acknowledgments Funding for this study was provided by the
US Department of the Interior’s Mineral Management Service
(MMS), Alaska Region (Interagency Agreement MO7PG13152 and
AKC-058). We would like to thank National Marine Fisheries
Service (NMFS), Alaska Fisheries Science Center’s (AFSC)
Resource Assessment and Conservation Engineering Division
(RACE) for providing survey gear, support and expertise. We
would like to especially thank Héloise Chenelot of the University
of Alaska Fairbanks for providing species identification on the
invertebrates and Erika Acuna (RACE) for providing expertise on
fish species identification in the field. James Orr and Duane Ste-
venson (RACE) provided taxonomic verification and identification
of all fish species. The AFSC’s Age and Growth Program analyzed
otoliths for fish ages. Thanks to Sandra Parker-Stetter and Jennifer

@ Springer

Nomura who were part of the scientific crew. We would like to
thank the captain and crew of the F/V Ocean Explorer (Captain
Darin Vanderpol and Raphael Guiterrez, Tom Giacalone, Joao
DoMar, Ben Boyok and Jessica Heaven) for a productive and safe
research cruise. Finally, we thank the 3 reviewers for their thor-
oughness, time, and constructive input.

References

Alvsvag J, Agnalt AL, Jgrstad KE (2008) Evidence for a permanent
establishment of the snow crab (Chionoecetes opilio) in the
Barents Sea. Biol Invasions 11:587-595



Polar Biol

Atkinson EG, Percy JE (1992) Diet comparison among demersal
marine fish from the Canadian Arctic. Polar Biol 11:567-573

Barber WE, Smith RL, Vallarino M, Meyer RM (1997) Demersal fish
assemblages of the northeastern Chukchi Sea, Alaska. Fish Bull
95:195-209

Beare DJ, Burns F, Greig A, Jones EG, Peach K, Kienzle M,
McKenzie E, Reid DG (2004) Long-term increases in prevalence
of North Sea fishes having southern biogeographic affinities. Mar
Ecol Progr Ser 284:269-278

Bluhm BA, Iken K, Mincks Hardy S, Sirenko BI, Holladay BA (2009)
Community structure of epibenthic megafauna in the Chukchi
Sea. Aquat Biol 7:269-293

Boe J, Hall A, Qu X (2009) September sea-ice cover in the Arctic
Ocean projected to vanish by 2100. Nature Geosci Lett doi:
10.1038/ngeo467

Boesch DF, Rabalais NN (1987) Long-term environmental effects of
offshore oil and gas development. Elsevier Applied Science,
London

Bond WA, Erickson RN (1997) Coastal migration of Arctic ciscoes in
the eastern Beaufort Sea. In: Reynolds JB (ed) Fish ecology in
Arctic North America. American Fisheries Society, Bethesda,
MD, pp 155-164

Bradstreet MSW, Cross WE (1982) Trophic relationships at high
Arctic ice edges. Arctic 35:1-12

Bradstreet MSW, Finley KJ, Sekerak AD, Griffiths WB, Evans CR,
Fabijan FF, Stallard HE (1986) Aspects of the biology of Arctic
cod (Boreogadus saida) and its importance in Arctic marine food
chains. Can Tech Rep Fish Aquat Sci 1491:193

Busby MS, Chernova NV (2001) Redescription of the festive snailfish,
Liparis marmoratus (Scorpaeniformes: Liparidae), with a new
record from the northern Bering Sea. Ichthyol Res 48:187-191

Craig PC (1984) Fish use of coastal waters of the Alaska Beaufort
Sea: a review. T Am Fish Soc 113:265-282

Craig PC, Griffiths WB, Haldorson L, McElderry H (1982) Ecological
studies of Arctic cod (Boreogadus saida) in Beaufort Sea coastal
waters, Alaska. Can J Fish Aquat Sci 39:395-406

Echeverria TW (1995) Sea-ice conditions and the distribution of
walleye pollock (Theragra chalcogramma) on the Bering and
Chukchi Shelf. In: Beamish RV (ed) Climate change and
northern fish populations. Canadian Special Publication Fish
Aquatic Science, Nanaimo, pp 131-136

Engas A, Lgkkeborg S, Ona E, Soldal AV (1996) Effects of seismic
shooting on local abundance and catch rates of cod (Gadus
morhua) and haddock (Melanogrammus aeglefinus). Can J Fish
Aquat Sci 53:2249-2283

Frost KJ, Lowry LF (1981) Distribution, growth, and foods of Arctic
cod (Boreogadus saida) in the Bering, Chukchi and Beaufort
seas. Can Field Nat 95:186-191

Frost KJ, Lowry LF (1983) Demersal fishes and invertebrates trawled
in the northeastern Chukchi and western Beaufort seas
1976-1977. U.S. Department of Commerce NOAA Tech Rep
NMFS-SSRF-764

Fujita T, Ohta S (1989) Spatial structure within a dense bed of the
brittle star Ophiura sarsi (Ophiuroidea: Echinodermata) in the
bathyal zone off Otsuchi, northeastern Japan. J Oceanogr Soc
Japan 45:289-300

Gallaway BJ, Felchhelm RG, Griffiths WB, Cole JG (1997)
Population dynamics of broad whitefish in the Prudhoe Bay
region, Alaska. In: Reynolds JB (ed) Fish ecology in Arctic
North America. American Fisheries Society Symposium 19,
Bethesda, MD, pp 194-207

Gautier DL, Bird KJ, Charpentier RR, Grantz A, Houseknecht DW,
Klett TR, Moore TR, Pitman JK, Schenk CJ, Schuenemeyer JH,
Sorenson K, Tennyson ME, Valin ZC, Wandrey CJ (2009)
Assessment of undiscovered oil and gas in the Arctic. Science
324:1175-1179

Gillispie JG, Smith RL, Barbour E, Barber WE (1997) Distribution,
abundance, and growth of Arctic cod in the northeastern Chukchi
Sea. In: Reynolds JB (ed) Fish ecology in Arctic North America.
American Fisheries Society Symposium 19, Bethesda, MD,
pp 81-89

Grebmeier JM, Overland JE, Moore SE, Farley EV, Carmack EC,
Cooper LW, Frey KE, Helle JH, McLaughlin FA, McNutt SL
(2006a) A major ecosystem shift in the northern Bering Sea.
Science 311:1461-1464

Grebmeier JM, Cooper LW, Feder HM, Sirenko BI (2006b)
Ecosystem dynamics of the Pacific-influenced Northern Bering
and Chukchi Seas in the Ameriasian Arctic. Prog Oceanogr
71:331-361

Greene CH, Pershing AJ, Cronin TM, Ceci N (2008) Arctic climate
change and its impacts on the ecology of the north Atlantic.
Ecology 89:S24-S38

Hiatt T, Felthoven R, Dalton M, Gaber-Yonts B, Haynie A, Lew D,
Sepez J, Seung C, Staff of Northern Economics, 1 (2008) Stock
assessment and fishery evaluation report for the groundfish
fisheries of the Gulf of Alaska and Bering Sea/Aleutian Islands
area: economic status of the groundfish fisheries off Alaska,
2007. North Pacific Fishery Management Council, Anchorage,
AK

Hobson KA (1993) Trophic relationships among high Arctic seabirds:
insights from tissue-dependent stable-isotope models. Mar Ecol
Progr Ser 95:7-18

TASC (2004) Arctic climate impact assessment. Cambridge Univer-
sity Press, Cambridge, UK

Jarvela LE, Thorsteinson LK (1997) Movements and temperature
occupancy of sonically tracked Dolly Varden and Arctic ciscoes
in Camden Bay, Alaska. In: Reynolds JB (ed) Fish ecology in
Arctic North America. American Fisheries Society Symposium
19, Bethesda, MD, pp 165-174

Jarvela LE, Thorsteinson LK (1999) The epipelagic fish community
of Beaufort Sea coastal waters, Alaska. Arctic 52:80-94

Lauth RR, Acuna E (2009) Results of the 2008 eastern Bering Sea
continental shelf bottom trawl survey of groundfish and inver-
tebrate resources, p 229. U.S. Department of Commerce NOAA
Tech Memo NMFS-AFSC-195

Mecklenburg CW, Stein DL, Sheiko BA, Chernova NV, Mecklenburg
TA, Holladay BA (2007) Russian-American long term census of
the Arctic: benthic fishes trawled in the Chukchi Sea and Bering
Strait, August 2004. Northwestern Nat 88:168—187

MMS (2008) Beaufort Sea and Chukchi Sea planning areas, oil and
gas lease sales 209, 212, 217, and 221, draft environmental
impact statement. U.S. Department of Inter Miner Management
Serv OCS EIS/EA MMS 2008-0055

Moulton LL, Tarbox KE (1987) Analysis of Arctic cod movements in
the Beaufort Sea nearshore region, 1978-1979. Arctic 40:43-49

Mueter FJ, Litzow MA (2008) Sea ice retreat alters the biogeography
of the Bering Sea continental shelf. Ecol Appl 18:309-320

Mueter FJ, Broms C, Drinkwater KF, Friedland KD, Hare JA, Hunt
GL Jr, Melle W, Taylor M (2009) Ecosystem responses to recent
oceanographic variability in high-latitude Northern Hemisphere
ecosystems. Prog Oceanogr 81:93-110

Paul JM, Paul AJ, Barber WE (1997) Reproductive biology and
distribution of the snow crab from the northeastern Chukchi Sea.
In: Reynolds JB (ed) Fish Ecology in Arctic North America.
American Fisheries Society Symposium 19, Bethesda, MD,
pp 287-294

Perry AL, Low PJ, Ellis JR, Reynolds JD (2005) Climate change and
distribution shifts in marine fishes. Science 308:1912-1915

Ricker WE (1973) Linear regressions in fishery research. J Fish Res
Board Can 30:409-434

Slotte A, Hansen K, Dalen J, Ona E (2004) Acoustic mapping of
pelagic fish distribution and abundance in relation to a seismic

@ Springer


http://dx.doi.org/10.1038/ngeo467

Polar Biol

shooting area off the Norwegian west coast. Fish Res
67:143-150

Stauffer G (2004) NOAA protocols for groundfish bottom trawl
surveys of the nation’s fishery resources, p 205. U.S. Department
of Commerce NOAA Technical Report NMFS-F/SPO-65

Stroeve J, Holland MM, Meier W, Scambos T, Serreze M (2007)
Arctic sea ice decline: faster than forecast. Geophys Res Lett
doi:10.1029/2007GL029703

Stroeve J, Serreze M, Drobot S, Gearheard S, Holland M, Maslanik
JA, Meier W, Scambos T (2008) Arctic sea ice extent plummets
in 2007. Eos Trans Am Geophys Union 89:13-14

@ Springer

Underwood TJ, Palmer DE, Thorpe LA, Osborne BM (1997) Weight-
length relationships and condition of Dolly Varden in coastal
waters of the Arctic National Wildlife Refuge, Alaska. In:
Reynolds JB (ed) Fish ecology in Arctic North America.
American Fisheries Society Symposium 19, Bethesda, MD,
pp 295-309

Welch HE, Bergmann MA, Siferd TD, Martin KA, Curtis MF,
Crawford RE, Conover RJ, Hop H (1992) Energy flow through
the marine ecosystem of the Lancaster Sound Region, Arctic
Canada. Arctic 45:343-357


http://dx.doi.org/10.1029/2007GL029703

	The first demersal trawl survey of benthic fish and invertebrates in the Beaufort Sea since the late 1970s
	Abstract
	Introduction
	Materials and methods
	Survey area
	Survey design
	Survey sampling
	Biological sampling
	Ecosystems comparisons and historical observations

	Results
	Abundance and distribution of marine fishes
	Polar cod and pollock biological characteristics
	Invertebrates

	Discussion
	Marine fishes
	Benthic invertebrates
	Ecosystems comparisons and historical observations
	Future monitoring

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


