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Abstract We relate the spatial variability in the distribu-
tion of benthic taxa of the Beaufort Sea to oceanographic
characteristics of their habitat with the goal of illustrating
potential mechanisms linking climate change to Arctic
marine communities. Offshore fish of the Beaufort Sea have
not been surveyed since 1977 and no synchronous mea-
sures of fish distribution and the oceanographic characteris-
tics of their habitat have been made previously. A survey
was conducted during August 2008 in the western Beaufort
Sea, Alaska. The distribution and abundance of benthic fish
and invertebrates were assessed with standard bottom trawl
survey methods. Oceanographic data were collected at each
trawl station and at several locations between stations. The
dominant benthic taxa, Polar cod (Boreogadus saida), eelp-
outs (Lycodes sp.), and snow crab (Chionoecetes opilio)
were associated with cold (<—1.5°C), high salinity (>33)
water found offshore of the shelf break, derived from the
Chukchi Sea. These waters are expected to be high in sec-
ondary productivity, such that we hypothesize that the dis-
tribution of fish and crab was driven by conditions
favorable for successful foraging. Predictions of the
impacts of climate change require an understanding of the
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mechanisms linking the distribution and abundance of
marine organisms to their oceanographic habitat. Our study
documents the association of dominant benthic fish and
invertebrates of the Beaufort Sea with specific water mass
types and is thus a step toward this understanding.
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Introduction

The impact of climate change appears to be particularly
dramatic in Arctic ecosystems. Ocean warming, loss of sea
ice, and ocean acidification are some of the stressors Arctic
marine communities are expected to face in the future
(IASC 2005). Most predictions of the effect of climate
change on marine populations are based on correlations
between climate indices and time series of variables such as
recruitment or catch (Beamish and Bouillon 1995;
Hollowed and Wooster 1995; Mantua et al. 1997). Explicit
mechanisms linking climate variability and fish survival or
growth remain largely unknown. By relating spatial vari-
ability in the distribution of benthic taxa of the Beaufort
Sea to oceanographic characteristics of their habitat, we
attempt to illustrate potential mechanisms linking climate
change to Arctic marine communities and to formulate
hypotheses to guide future research.

Arctic marine communities tend to be dominated by ben-
thic fauna. Grebmeier et al. (2006) hypothesize that zoo-
plankton do not extensively graze the primary production
associated with sea ice in relatively cold waters and thus
more organic carbon settles to the seafloor where it sup-
ports a rich benthic food web (Grebmeier et al. 2006). The
high benthic standing stock of Arctic continental shelves
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supports key benthic-feeding apex predators such as Pacific
walrus (Odobenus rosmarus), gray whales (Eschrichtius
robustus), bearded seals (Erignathus barbatus), and specta-
cled eiders (Somateria fischeri); some of these species are
locally used for human subsistence (Grebmeier et al. 2006).
Thus, understanding the processes impacting benthic fish
and invertebrates is important for understanding the
dynamics of Arctic ecosystems.

Alaskan Beaufort Sea water properties are known to be
controlled by the annual freeze—thaw cycle and inflows
from the oceanic and coastal boundaries (Mountain et al.
1976; Weingartner et al. 2005). Cross-shelf differences in
water column properties are probably quite large. In sum-
mer and fall, these gradients are established by river runoff,
ice melt, and shelfbreak processes, while in winter, the
shelfbreak processes and the landfast/pack ice boundary
likely lead to spatial heterogeneity (Pickart 2004; Wien-
gartner, unpublished data). How these gradients affect bio-
logical production patterns remains unknown.

Compared with other Arctic and North Pacific regions
(i.e., the Chukchi Sea and Bering Sea), information on the
distribution and abundance of fish taxa in offshore marine
waters of the Beaufort Sea (>20 m deep) is scarce. The
most recent previous survey of Beaufort Sea offshore
marine fish was conducted opportunistically from a US
Coast Guard cutter during 1976-1977 (Frost and Lowry
1983). The majority of other previous fish studies have
focused on anadromous fish in estuaries, inlets, river deltas,
or lagoons (Bond and Erickson 1997; Gallaway et al. 1997,
Jarvela and Thorsteinson 1997; Moulton etal. 1997;
Underwood et al. 1997). A few studies have examined the
occurrence of marine fish in nearshore waters (<20 m
deep), in the transition zone between marine and brackish
waters (Craig et al. 1982; Craig 1984; Moulton and Tarbox
1987; Jarvela and Thorsteinson 1999). The distribution and
abundance of benthic invertebrates in the Beaufort Sea
have only been documented in a few previous publications,
the most recent was published over 20 years ago (Wacasey
1975; Frost and Lowry 1983; Carey et al. 1984). The physi-
cal and biological oceanography of the Beaufort Sea shelf
has been investigated more thoroughly and more recently
(Matthews 1981; Aagaard 1984; Pickart 2004; Pickart et al.
2005; Weingartner etal. 2005; Ashjian etal. 2006;
Okkonen 2008; Ashjian et al. 2009).

In August 2008, researchers from National Oceanic and
Atmospheric Administration-National Marine Fisheries
Service (NOAA-NMFS) Alaska Fisheries Science Center
(AFSC), University of Washington (UW), and University
of Alaska Fairbanks (UAF) conducted a survey of offshore
marine fish, invertebrates, and physical oceanography of
the western Beaufort Sea in the vicinity of Cape Simpson to
Cape Halkett (Rand and Logerwell 2010). Detailed results
regarding the catch numbers and biomass of all the benthic
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fish and invertebrate taxa surveyed are found in Rand and
Logerwell (2010). The results of the concurrent hydroacou-
stic survey of pelagic fish are reported in Parker-Stetter
et al. (in press). In this present paper, we focus on the rela-
tionship between the most abundant benthic taxa (polar
cod, eelpouts, walleye pollock, sculpin, and snow crab) and
the oceanographic characteristics of their habitat.

Materials and methods
Field methods

The survey was conducted during August 6-22, 2008, and
in the area from approximately 155°W to 152°W in the
Beaufort Sea, Alaska (Fig. 1). The 155-foot fishing vessel
Ocean Explorer was chartered for the survey. Benthic fish
and invertebrates were surveyed using bottom trawls
deployed in concordance with standards set by the AFSC’s
Resource Assessment and Conservation Engineering
(RACE) Division (Stauffer 2004). The net used for the bot-
tom trawls was an 83-112 Eastern otter trawl built to stan-
dards 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 on several trawls to catch rela-
tively small Arctic fishes. The net was deployed and
retrieved as rapidly as possible to minimize the catch of fish
in the water column. The original field plan was to conduct
the entire survey with the lined 83—112 nets. Unfortunately,
all three lined nets were irreparably damaged during the
first half of the cruise and trawls during the latter half of the
survey were conducted with 83—-112 nets with no liner
(Fig. 1). A total of 22 bottom trawl tows were conducted.
Net height, width, and bottom contact were measured so
that area swept by the net and thus catch-per-unit-effort
(CPUE) could be calculated. Each trawl catch was sorted to
the lowest taxonomic level possible and individual taxa
were counted and weighed. See Rand and Logerwell (2010)
for details of bottom trawl field methods. An attempt was
made to evenly distribute trawl station locations along tran-
sect lines from 20 to 500 m bottom depth (Fig. 1). How-
ever, due to the presence of sea ice during the first six days
of the survey and several areas of untrawlable habitat (e.g.,
boulders, high relief), bottom trawls were limited to areas
that would minimize potential gear loss or damage. In addi-
tion, we were not able to deploy bottom trawls in water less
than 40 m, also due to untrawlable habitat.

A conductivity-temperature-depth (CTD) instrument
was deployed at all bottom trawl locations immediately fol-
lowing the trawl. Additional intensive sampling occurred
along Transects 1 and 5 to characterize cross-shelf variabil-
ity in the western and eastern portions of the study
area (Fig. 1). CTDs were deployed at a total of 56 stations.
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The instrument was a calibrated SBE 19plus CTD profiler
(Seabird Electronics Inc., Bellevue, WA, USA) deployed
with a portable winch installed on the vessel for this survey.
The CTD was deployed to depths of 1-2 m off bottom at a
rate of not more than 30 m/min. In addition, a micro-bathy-
thermograph, or MBT (SBE-39 Seabird Electronics Inc.,
Bellevue, WA, USA), was attached to the headrope of the
trawl net. Temperature and depth were recorded at 3-s
intervals from the time of net deployment from the vessel to
net retrieval and instrument removal.

Data analysis

As part of the exploratory data analysis, we mapped the dis-
tribution of fish and invertebrate CPUE using ArcMap (ver-
sion 9.3, 2008, ESRI, Inc.). We also compared the
distribution of fish and invertebrates to vertical sections of
temperature, salinity, density, and geostrophic flow (calcu-
lated from pressure gradients as estimated from horizontal
density gradients) along transects with a sufficient density
of CTD stations for adequate oceanographic profiles (Tran-
sects 1, 2, 3, and 5; Fig. 1). We then examined the relation-
ships between several environmental variables and fish
distributions using linear regression. Statistical analyses
were carried out in S-PLUS 7.0 2005 (Insightful Corp.,
Seattle, WA, USA). Due to low sample sizes, we chose a
P value of 0.10 as our significance threshold for all statisti-
cal analyses; this reduces the risk of making a Type II error.

All regressions were done with a single independent var-
iable, and separate analyses were conducted for each gear

72°0'N

71°40'N

71°20'N

71°0'N

155°0'W 154°0'W 153°0'W 152°0'W

type (lined and unlined net). Due to the low sample size and
increasing variance with increasing means, CPUE data
were log transformed. In cases where there was a zero
observation, 0.5 was added to all data points before log
transformation. Due to the high number of zero catches for
sculpins at lined net stations and eelpouts at unlined net sta-
tions, it was not appropriate to do a linear regression.
Instead, a generalized linear model (GLM) was formulated
assuming a binomial distribution with a logit link and first-
order terms only. If the model showed a significant
decrease from the null to residual deviance, then that inde-
pendent variable was considered significant in explaining
the variance in the data (Chambers and Hastie 1992). The

independent variables were as follows:

Longitude

Bottom water temperature (°C)

Bottom depth (m)

Bottom water salinity (unitless, practical salinity scale)
Bottom water density (sigma-t)

Density difference (sigma-t) (difference between water
density at the seafloor bottom and water density 1 m
below the surface)

AN o

Bottom temperature and bottom depth were obtained from
the MBT attached to the survey net because the CTD was
not deployed all the way to the bottom. Salinity and density
data were obtained from the CTD casts because the MBT
does not measure salinity. The difference between bottom
and near surface density is an indicator of the amount of
water column stratification (a lesser difference indicates
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greater vertical mixing). Longitude was included as an
environmental variable because the exploratory maps sug-
gested a longitudinal trend in the distribution of some spe-
cies. For stations sampled with the unlined net, bottom
depth was not included in the regression analyses, due to
the limited range of depths (i.e., there was only one obser-
vation in the 100-500 m depth range, see Fig. 1).

Results

Fish made up 6% of the bottom trawl catch by weight and a
total of 34 taxa were identified (Rand and Logerwell 2010).
Polar cod (Boreogadus saida), eelpouts (predominantly
Lycodes raridens and Lycodes polaris), walleye pollock
(Theragra chalcogramma), and sculpin (predominantly
Myoxocephalus verrucosus, Triglops pingeli, and T. nybe-
lini) were the most abundant benthic fish (Fig. 2a), so the
analyses below focused on these taxa. Invertebrates made up
94% of the bottom trawl catch by weight and a total of 174
taxa were identified (Rand and Logerwell 2010). Brittle
stars (Ophiura sarsi), snow crab (Chionoecetes opilio), mus-
sels (Musculus spp.), mud stars (Ctenodiscus crispatus), sea
cucumbers (Psolus fabricii and P. phantapus), and sea
urchin (Strongylocentrotus sp.) were the most abundant
invertebrate taxa (Fig. 2b) Given their potential commercial
value (Food and Agriculture Organization 2010), we
focused our analyses of the invertebrate catch on snow crab.

Physical oceanography

Transect 1 extended across the eastern wall of Barrow Can-
yon and terminated at the mouth of the canyon in about
400 m water depth. Vertical sections of water mass proper-
ties along this transect show that seaward of the 30 m iso-
bath the surface waters were separated from cold (<2°C)
sub-surface waters by a strong halocline at ~30 m water
depth in which salinities increased rapidly from 30 to 32
(Fig. 3). Below 30 m, salinities increased more gradually
and reached a maximum of ~33.5 at 140 m. Temperatures
at depths below 30 m were colder than 0°C, and tempera-
tures at depths greater than 40 m were all below —1°C. The
geostrophic velocity relative to the bottom indicated a
strong eastward jet over the eastern side of the canyon, at
10-20 m water depth, with weaker westward flow to either
side of the jet. There was a thermohaline front trapped to
the bottom between the 30 and 40 m isobaths, in which
salinity increased and temperature decreased seaward.
Although this front included strong salinity and tempera-
ture gradients, the density contrast was primarily associated
with the salinity change.

Although the stations along Transects 2 and 3 had
coarser horizontal station spacing, the water property distri-
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Fig. 2 Relative catch (by weight) of benthic fish (a) and invertebrates
(b)

butions along both had several features in common with
those along Transect 1 (Fig. 3). In particular, cold, salty
water occupied the outermost stations below 50-m depth
along both transects. Bottom-trapped thermohaline fronts
spanning the 30.5-32 isohalines was also evident on both
transects but these were more diffuse than the subsurface
front on Transect 1.

Most of the stations used in constructing Transect 5 were
occupied following an August 13—15 upwelling wind event
and the effects of this event were readily apparent. For
example, note the upward bowing of the isohalines and iso-
therms beginning within 30 km of the 20 m isobath which
had brought cold (2°C), salty (31) water inshore and to
within 10 m of the surface at the innermost station (Fig. 3).
The salinities of the water masses comprising the shelf-
break front along Transect 5 were identical to those along
the front in Transect 1. The temperatures within the shelf-
break front along Transect 1 were, however, colder than
those along Transect 5 (—1°C vs. 2°C) suggesting that
these water masses had different mixing histories as they
flowed along the shelfbreak.

The spatial distribution of water masses can be summa-
rized in separate potential temperature-salinity (0-S) plots
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Fig. 3 Vertical sections of temperature, salinity, sigma-t (density), and velocity (positive = eastward flow, negative = westward flow) for Tran-

sects 1 (a), 2 (b), 3 (¢), and 5 (d)

composited for each transect (Fig. 4). Potential tempera-
ture is the temperature that a parcel of water would
acquire if brought to a standard reference pressure,
1,000 millibars. These show that the coldest water (near
the freezing point and with salinities of between 30 and
33.1) was found along Transects 1 and 2. Some of this
water flowed eastward along the slope and apparently
warmed since the temperatures in this salinity range had
increased slightly as evident in the 0-S panels for Tran-
sects 3, 5, and 6. The heat must have been introduced
through vertical mixing, either with warmer and fresher
water at shallower depths or with saltier and warmer
water from deeper depths. These figures also show
that water types in the 30-32 salinity range span a broad
temperature range. The coldest waters in this salinity
range occur over and seaward of the shelf break, while the
warmer waters are inshore of the shelfbreak. Neverthe-
less, these water types have similar densities so that they
can mix laterally along isopycnal (constant density)
surfaces.

Fish and crab distribution

The highest CPUE for polar cod was found where water
depths ranged from 100 to 500 m in the western portion of
the study area (Fig. 5a). Similar to polar cod, the highest
CPUE of eelpouts occurred in 100-500 m depths and in the
western portion of the study area (Fig. 5b). Walleye pollock
were caught for the first time in the offshore marine waters
of the Beaufort Sea (Rand and Logerwell 2010) and also
were relatively abundant offshore of the 100 m isobath and
to the west (Fig. 5c). Sculpins (Cottidae) showed a different
distribution from polar cod, eelpouts, and walleye pollock.
CPUE of sculpins was generally higher inshore of the
100 m depth contour (Fig. 5d). With the exception of one
station, catches of sculpin were zero offshore of 100 m.
Snow crab (Chionoecetes opilio) were one of the most
abundant benthic invertebrate species caught, second only
to brittle stars, Ophiura sarsi (Rand and Logerwell 2010).
Similar to the benthic fish species described above, snow
crab were most abundant where water depths ranged from
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100 to 500 m and in the western portion of the survey area
(Fig. 5¢). In addition, commercially legal-sized crab
(>0.22 kg individual weight; Rand and Logerwell 2010)
were found only at the deepest stations, greater than 300 m
depth (Fig. 5f).

Fish and crab distribution relative to water mass properties

Polar cod along Transects 1 and 2 were relatively abundant
in water offshore of the bottom-trapped thermohaline front
where bottom temperature dropped to less than —1.5°C and
bottom salinity increased to greater than 33 (Fig. 6). There
is some indication that polar cod were more abundant in
relatively cold and high salinity water along Transect 3.
However, compared with Transects 1 and 2, the abundance
of polar cod along Transects 3 and 5 was lower overall and
the very cold (<—1.5°C) and high salinity (>33) waters
observed toward the west were only observed at the outer-
most stations, if at all. Eelpouts showed similar associations
with water mass properties as polar cod (Fig. 6). Eelpout
density along Transects 1 and 2 was highest offshore of the
bottom-trapped thermohaline front in cold (<—1.5°C), high
salinity (>33) water. The pattern continued toward the east,
with eelpout density being relatively high in cold, high
salinity water at the offshore ends of Transects 3 and 5. The
greatest density of walleye pollock was observed along
Transect 1, particularly in cold high salinity water offshore
of the bottom-trapped front (Fig. 6). Walleye pollock densi-
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ties were lower overall along the transects to the east, but
there appeared to be an increase in walleye pollock density
with decreasing temperature and increasing salinity, partic-
ularly along Transects 3 and 5. Sculpins showed a very
different distribution than the other fish taxa. Sculpin den-
sity was relatively high inshore of the bottom-trapped ther-
mohaline front along Transects 1 and 2 (Fig. 6). The
association between sculpins and relatively warm, low
salinity water was consistent along all four transects. Simi-
lar to polar cod and eelpouts, snow crab showed a strong
association with cold, high salinity bottom water along all
four transects examined (Fig. 6).

Linear models

Correlations between environmental variables were exam-
ined in order to determine which independent variables
were correlated with each other. At the stations sampled
with the lined net, bottom depth was correlated with all of
the salinity and density variables (Table 1). Predictably,
salinity, and density were highly correlated. At the stations
sampled with the unlined net, longitude was significantly
correlated with density difference (Table 2). Similar to the
results for the lined net stations, salinity, and density vari-
ables were correlated.

There was a significant correlation between polar cod
lined net CPUE and bottom temperature, and the correlation
was negative (Table 3). There were no significant relationships
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between polar cod unlined net CPUE and any of the envi-

ronmental variables (Table 4).

There was a significant negative relationship between
eelpout lined net CPUE and bottom temperature (Table 3).
The unlined net GLM showed that none of the independent
variables alone were significantly related to the presence/

absence of eelpouts.

There was a significant negative relationship between
walleye pollock lined net CPUE and longitude, with CPUE

T1"200°N T1"40'0°N T200N

T1°00°N

T2'OUN

T1"O'N

T2°0N

T1°40'N

T1°20N

T1°ON

d sculpins, e snow crab, f snow crab individual weight. Depth contours

are in meters

decreasing from west to east (Table 3). There was also a
significant negative relationship between walleye pollock

unlined net CPUE and longitude (Table 4).

The lined net GLM for sculpins showed that bottom
depth and density difference (correlated environmental
variables) were significantly related to sculpin presence/
absence at the P < 0.05 level (Table 5). There were no sig-
nificant relationships between sculpin unlined net CPUE

and any of the environmental variables (Table 3).
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Table 1 Correlation matrix of all the environmental variables at the stations sampled with the lined net

Density difference Bottom density Bottom Bottom Bottom Longitude
(sigma-t) (sigma-t) salinity depth (m) temperature (°C) (decimal degrees)
Longitude (decimal degrees)
R? 0.02 0.05 0.05 <0.01 <0.01
P value 0.63 0.50 0.50 0.98 0.97
Bottom temperature (°C)
R? 0.09 0.01 <0.01 <0.01
P value 0.37 0.76 0.86 0.82
Bottom depth (m)
R? 0.67 0.73 0.74
P value <0.01 <0.01 <0.01
Bottom salinity (psu)
R? 0.67 1.0
P value <0.01 <0.01
Bottom density (sigma-t)
R?
P value

Density difference (sigma-t)
R?

P value

Values in bold indicate significant relationships (P < 0.10). The variable name, R?, and P values are shown. Correlations between density difference
and bottom density are not reported because the variables are derived from the same data

There were significant relationships between snow crab
lined net CPUE and bottom depth and the suite of corre-
lated salinity and density variables (Table 3). There were
significant positive relationships between crab unlined net
CPUE and bottom salinity and bottom density (Table 4).

In summary, high CPUEs of polar cod, eelpout, and snow
crab were statistically associated with colder bottom temper-
atures and increasing bottom depth. High snow crab CPUE
was also associated with increased bottom salinity and west-
erly longitude, as evidenced from the catches with the
unlined net only. Walleye pollock CPUE was correlated
with longitude, being more abundant toward the west. GLM
showed that sculpin distribution was positively influenced
by shallow bottom depths and lesser density differences.

Discussion

Our 2008 survey was the only offshore marine fish survey
of the US Beaufort Sea since 1977 and the first Beaufort
Sea survey to use benthic trawl gear and methods standard
for NOAA-NMFS AFSC demersal surveys. Our study thus
provides the first quantitative estimates of demersal fish and
benthic invertebrate density in this area, and contributes to
a baseline for future monitoring (Rand and Logerwell
2010). The concurrent hydroacoustic study provides quanti-
tative estimates of pelagic fish distribution (Parker-Stetter

et al., in press). These studies are also the first to illlustrate
relationships between the distribution and the abundance of
offshore benthic and pelagic taxa of the Beaufort Sea and
oceanographic habitat characteristics. The occurrence of
cold, high salinity water from the Chukchi Sea appears to
be a factor in driving the distribution of benthic fish and
snow crab in our study area.

The cold, high salinity water observed off the shelf
break, particularly toward the western portion of the study
area, was most likely formed on the Chukchi Sea shelf
in the previous winter during the formation of sea ice
(Weingartner et al. 2005). Winds were generally southwest-
erly during the survey, which favored outflow of this Chuk-
chi Sea water northeast through Barrow Canyon and into
our study area in the Beaufort Sea. The occurrence of
Pacific Ocean-derived waters (modified on the Bering and
Chukchi shelves) that exit the Chukchi shelf through Bar-
row Canyon and into the Beaufort Sea has been docu-
mented previously (Mountain etal. 1976; Aagaard and
Roach 1990; Weingartner et al. 1998; Pickart et al. 2005;
Weingartner et al. 2005; Woodgate et al. 2005). Some of
this outflow continues eastward (in the surface layer in
summer) and/or as a subsurface current along the Beaufort
shelfbreak and slope and contributes to the upper halocline
of the Canada Basin (Mountain et al. 1976; Aagaard 1984;
Pickart 2004; Pickart et al. 2005) and some appears to
spread westward and/or offshore in the polar mixed layer
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Table 2 Correlation matrix of all the environmental variables at the stations sampled with the unlined net

Density difference  Salinity difference  Bottom density =~ Bottom Temperature Bottom Longitude
(sigma-t) (psu) (sigma-t) salinity difference (°C) temperature (°C)  (decimal degrees)

Longitude (decimal degrees)

R? 0.46 0.49 0.19 0.18 0.04 0.02
P value 0.03 0.03 0.21 0.21 0.56 0.69
Bottom temperature (°C)
R? 0.04 0.03 0.2 0.17 0.36
P value 0.56 0.61 0.2 0.23 0.07
Temperature difference (°C)
R? 0.32 0.28 0.26 0.23
P value 0.09 0.12 0.13 0.16
Bottom salinity (psu)
R? 0.67 1.0
Pvalue <0.01 <0.01
Bottom density (sigma-t)
R? 0.67
P value <0.01
Salinity difference (psu)
R? 1.0

Pvalue <0.01
Density difference (sigma-t)
R?

P value

Values in bold indicate significant relationships (P < 0.10). The variable name, R, and P values are shown. Correlations between bottom density/
salinity and density/salinity difference are not reported because the variables are derived from the same data. Bottom depth was not part of this
analysis, see “Materials and methods”

Table 3 Results of linear regression between environmental variables and fish or crab CPUE (kg/ha) from the lined net stations

Longitude Bottom Bottom Bottom Bottom density Density difference
(decimal degrees) temperature (°C) depth (m) salinity (sigma-t) (sigma-t)
Polar cod
R? 0.09 0.40 (—) 0.02 0.06 0.07 0.13
P value 0.33 0.03 0.63 0.45 0.40 0.25
Eelpouts
R? 0.02 0.42 (-) 0.13 0.12 0.14 0.18
P value 0.68 0.02 0.25 0.27 0.24 0.18
Walleye pollock
R? 041 (-) <0.01 <0.01 0.02 0.02 0.05
P value 0.02 1.0 0.99 0.64 0.64 0.47
Snow crab
R? <0.01 0.12 0.70 (+) 0.73 (+) 0.75 (+) 0.74 (+)
P value 0.99 0.26 <0.01 <0.01 <0.01 <0.01

R? and P values for each regression are shown. Significant P values and the corresponding R? are in bold, positive (+) or negative (—) relationship.
Variables in italics were correlated

(Shimada et al. 2001). However, some of the canyon out- Polar cod were the most abundant benthic fish caught
flow rounds Pt. Barrow and continues onto the inner por-  during this survey, both numerically and by weight (Rand
tion of the Beaufort shelf, although the frequency and the = and Logerwell 2010). Polar cod also dominated the pelagic
extent to which this occurs are unknown. environment as evidenced by the acoustic survey conducted
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Table 4 Results of linear regression between environmental variables and fish and crab CPUE (kg/ha) from the unlined net stations

Longitude Bottom Bottom Bottom density Density difference
(decimal degrees) temperature (°C) salinity (sigma-t) (sigma-t)
Polar cod
R? 0.06 0.08 0.01 0.01 <0.01
P value 0.48 0.44 0.79 0.84 0.98
Walleye pollock
R? 0.37 (—) 0.08 0.12 0.14 0.27
P value 0.06 0.43 0.32 0.23 0.13
Sculpin
R? <0.01 0.02 0.04 0.04 0.20
P value 0.83 0.74 0.59 0.56 0.19
Snow crab
R? 0.07 <0.01 0.42 (+) 0.40 (+) 0.16
P value 0.47 0.79 0.04 0.05 0.26

R? and P values for each regression are shown. Significant P values and the corresponding R? are in bold, positive (+) or negative (—) relationship.
Variables in italics were correlated. In addition, longitude was correlated with density difference

Table S Results of GLM of environmental variables and sculpins from the lined net stations

Longitude Bottom Bottom Bottom Bottom density Density difference
(decimal degrees) temperature (°C) depth (m) salinity (sigma-t) (sigma-t)
Residual deviance 8.547 8.013 3.293 5.833 5.807 4.886
(null deviance: 8.789)
F statistic 0.31 0.93 12.97 3.90 3.93 7.22
P value 0.59 0.36 0.005 0.08 0.08 0.02

Numbers in bold are significant. All variables in italics were correlated

concurrently with the bottom trawl survey (Parker-Stetter
et al., in press). Polar cod are known to be a major compo-
nent of the Beaufort Sea fish community and important
prey for higher 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 pro-
duction (Welch et al. 1992). One of the earliest documented
records of polar cod in the Alaskan Beaufort Sea is from
1951 (Mecklenburg et al. 2006) and they were the most
abundant fish during the 1976-1977 opportunistic trawl
survey (Frost and Lowry 1983). Previous studies in near-
shore, often brackish waters have documented the distribu-
tion of polar cod (Craig et al. 1982; Craig 1984; Moulton
and Tarbox 1987; Jarvela and Thorsteinson 1999), but our
study is the first to map the distribution of polar cod in
offshore marine waters.

Polar cod, two of the other most abundant fish taxa
(eelpouts and walleye pollock), and one of the most abun-
dant invertebrates (snow crab) were most abundant off the
shelf, where water depths exceeded 100 m. The deeper sta-
tions were all sampled with the lined net, and Rand and
Logerwell (2010) showed that lined net catches were gener-

ally greater than unlined net catches. So, it is possible that
the apparent abundance of polar cod, eelpout, walleye pol-
lock, and crab offshore was an artifact of net type. How-
ever, fish and crab CPUE were relatively low at three
stations sampled with the lined net at depths shallower than
100 m, suggesting that net type alone did not explain the
spatial pattern. In addition, separate statistical analyses of
lined and unlined catch data support associations of these
taxa with water mass properties characteristic of the
offshelf environment. The results of the concurrent hydroa-
coustic fish survey similarly showed that polar cod densi-
ties were highest where water depths exceeded 100 m
(Parker-Stetter et al., in press).

Polar cod, eelpouts, and snow crab appeared to be asso-
ciated with water from the Chukchi Sea. Comparing their
distribution with water column properties across the shelf
showed relatively high fish and crab densities in cold
(<—1.5°C), high salinity (>33) waters offshore of the ther-
mohaline front that separated these waters from relative
warm and low salinity waters inshore. Regression sup-
ported the relationship between polar cod and eelpout den-
sity and cold temperatures. Regression of snow crab density
derived from lined net catches indicated that both bottom
depth and bottom temperature were significant predictors of
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crab distribution. Analyses of snow crab density from
unlined net catches showed that bottom salinity and longi-
tude were significant.

There appears to be a biologically significant relation-
ship between polar cod and waters derived from the Chuk-
chi Sea. The results of both the benthic survey (this paper)
and the pelagic survey (Parker-Stetter et al., in press) sup-
port this hypothesis. Previous studies in the marine coastal
habitat have similarly shown that polar cod prefer waters
that are cold (—1 to 3°C) and of high salinity (27-32; Craig
1984). However, information about polar cod in this habitat
is scarce compared with information on their use of near-
shore, brackish water habitats. The distribution of polar cod
relative to water temperature and water column mixing may
reflect foraging habitat selection. The Chukchi Sea outflow
of cold, winter-formed waters is rich in dissolved and par-
ticulate organic carbon (Pickart et al. 2005; Mathis et al.
2007) and thus may be high in secondary productivity.
Differences in nearshore brackish and offshore marine habi-
tats have been shown to be reflected in polar cod diets. In
the nearshore habitat, polar cod prey on epibenthic mysids
and amphipods (Craig 1984). In offshore marine waters,
they prey on copepods and amphipods (Frost and Lowry
1983). Polar cod are also common along sea ice margins,
feeding on ice-associated invertebrates (Cobb and Fast
2008). In the Chukchi Sea polar cod densities were greatest
in Bering Shelf water compared with Alaska coastal water
and Chukchi water perhaps due to a higher abundance of
zooplankton (Gillespie et al. 1997). So there is some evi-
dence that polar cod select habitat based on prey abun-
dance.

Similar to polar cod, the apparent preference of eelpouts
for offshore Chukchi Sea waters could be driven by the dis-
tribution of their prey. Eelpouts in the Bering Sea typically
consume benthic invertebrate prey such as shrimp, poly-
chaetes, and mysids (Aydin et al. 2007). Unfortunately,
food habits data for eelpouts do not exist for the Beaufort
Sea region.

Virtually nothing is known about the food habits of
snow crab in the Beaufort Sea. However, previous studies
have suggested a metabolic explanation for the distribution
of snow crab relative to temperature. Snow crab on the Sco-
tian Shelf are similarly most abundant in relatively cold
water (Tremblay 1997), and it has been suggested that this
is because at warmer temperatures metabolic costs are
greater than consumption (Foyle et al. 1989).

Walleye pollock were not recorded during the 1977 sur-
vey of the offshore waters of the Beaufort Sea (Frost and
Lowry 1983) and the most recent previous confirmed north-
erly expansion of the range of walleye pollock was docu-
mented during a 2004 survey of the Chukchi Sea
(Mecklenburg et al. 2007). During our 2008 Beaufort Sea
survey, walleye pollock were most abundant to the west
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and were associated with cold, high salinity waters
offshore, particularly on the westernmost transect. Regres-
sion supported the relationship between walleye pollock
density and longitude. The westerly distribution of walleye
pollock is consistent with a relatively recent introduction of
walleye pollock into the Beaufort Sea from the south and
west (Bering and Chukchi Seas). If this hypothesis is true,
then future surveys of the Beaufort Sea could show further
expansion of the range of walleye pollock to the east. An
alternative (and possibly complimentary) explanation for
the westerly distribution of pollock is the presence of rela-
tively productive Chukchi Sea water in the west (as
described above).

Sculpins had a very different distribution than polar cod,
eelpouts, walleye pollock, and crab. They were more likely
to be present on the shelf where the water column is less
stratified. In fact, virtually no sculpins were caught where
bottom depth exceeded 100 m. Sculpins of the Arctic bur-
row into sand and sand-mud bottoms, feeding on small ben-
thic amphipods and polychaetes (Fedorov 1986). The
nearshore distribution of sculpins may be driven by a pref-
erence for muddy substrate and small benthic prey.

An additional explanation for the high catches of benthic
fish (excluding sculpins) and snow crab offshore of 100 m
depth is that the inner shelf may suffer from ice grounding
in winter, which could reduce habitat area for benthos. The
Beaufort Sea ice cover consists of two components; drifting
pack ice over the middle and outer shelf and the virtually
immobile landfast ice on the inner shelf. Ice keels can
gouge the seafloor (Barnes et al. 1984) and form piles of
grounded ice along the seaward edge of the landfast ice
(a.k.a. stamukhi). Scouring by sea ice has been shown to
disturb the composition of benthic communities in both the
Arctic and the Antarctic (Gutt 2001). A survey of benthic
invertebrates inside and outside ice scour troughs in the
Canadian Beaufort Sea showed that species diversity was
lower within the troughs and was dominated by scavengers
and deposit feeders. The more diverse community outside
the troughs was dominated by predators and suspension
feeders (Conlan et al. 1998). Ice-scouring can also create
depressions in the sediment that are filled with hypoxic,
sulfide-rich water (a result of brine release from the ice).
These pools can cause mortality of infauna and sessile epi-
fauna and can also act as a lethal trap for motile animals
(Kvitek et al. 1998).

Arctic climate is changing at an unprecedented rate. The
summer of 2007 saw the largest recession of sea ice since
recording began (Stroeve et al. 2007, 2008 Greene et al.
2008; Boé et al. 2009). Several factors have contributed to
shifts in observed trends in Arctic ice cover over the last
few decades. Both lengthened periods of open water, and
an increase in sea surface temperatures have contributed to
delays in the Arctic autumn and winter ice growth (Stroeve
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et al. 2007). Changes in marine communities are expected
to result from ocean warming, such as northerly extensions
of fish ranges (IASC 2004; Mueter and Litzow 2008; Spencer
2008; Mueter et al. 2009). Predictions of the impacts of cli-
mate change, loss of sea ice, and any associated changes in
ocean circulation will require an understanding of the
mechanisms linking the distribution and abundance of
marine organisms to their oceanographic habitat. Our study
documents the association of dominant benthic fish and
invertebrates of the Beaufort Sea with specific water mass
types and is thus a step toward this understanding.
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