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Abstract We investigated current diets of the six most

abundant benthic fish in the northern Bering Sea. Our

objective was to explore feeding strategies and potential

competition with other top predators as ecosystem changes

occur in the northern Bering Sea ecosystem. Our approach

used stomach content data collected from field sampling

during spring 2006 and 2007. Calanoid copepods and amp-

eliscid amphipods were important prey of Arctic cod

(Boreogadus saida) but in different proportions depending

upon fish size, feeding location, and local environmental

conditions. Snailfish (Liparidae) occupied a broad niche and

fed on a variety of benthic amphipods. Arctic alligatorfish

(Ulcina olrikii) and Arctic staghorn sculpin (Gymnocanthus

tricuspis) consumed ampeliscid amphipods predominantly.

Shorthorn sculpin (Myoxocephalus scorpius) had a less-

diverse diet, with snow crab (Chionoecetes opilio) most

important by weight. Finally, all Bering flounder (Hippo-

glossoides robustus) sampled had empty stomachs. Our

results indicate that ampeliscid amphipods, which have high

biomass in the central region of the northern Bering Sea, are

the most important prey for the dominant groundfish in the

Chirikov Basin. Generally, all dominant benthic fish in the

northern Bering Sea had narrow feeding niches, except

snailfish. High diet overlap was found among many of the

fish species, including Arctic cod and snailfish, snailfish and

Arctic alligatorfish, and Arctic alligatorfish and Arctic

staghorn sculpin. These findings are consistent with a rela-

tively short food chain for benthic fish that are for the most

part specialized feeders with narrow preferences for food and

may be affected by changes in benthic prey distributions.
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Introduction

The Bering Sea is one of the most productive marginal seas

in the sub-Arctic. It includes commercial fisheries in the

southeastern Bering Sea, and it is also an important for-

aging area for seabirds and mammals (Loughlin et al. 1999;

Aydin and Mueter 2007). The northern portion of the

Bering Sea shelf is seasonally covered by ice and is rich in

benthic infauna supporting marine mammal, seabird, and

fish predators. For example, gray whales (Eschrichtius

robustus) are seasonally found in the Chirikov Basin (north

of St. Lawrence Island, hereafter SLI), which they use as an

important feeding ground (Moore et al. 2003). The entire

world population of spectacled eiders (Somateria fischeri)

also winters among leads in the pack ice south of SLI

(Lovvorn et al. 2003) consuming clams on the sea floor.

However, the Bering Sea is also undergoing a northward

biogeographical shift that may be climate related (Overland

and Stabeno 2004; Grebmeier et al. 2006; Bluhm and

Gradinger 2008; Grebmeier 2012). Better knowledge of the

fish community, including general trophic relationships in

this area, is therefore important for understanding the

potential ecological impact of climate change. This infor-

mation may also inform future decision making about

possible commercial exploitation of fish resources.
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Near-freezing (\0 �C) bottom water that forms in the

winter as a result of sea ice formation in the seasonal

polynya south of SLI, hereafter referred to as cold pool

water, is present throughout the year and limits the number

of benthic fish (Wyllie-Echeverria and Wooster 1998;

Sigler et al. 2011). Although cold bottom water tempera-

tures limit the northward migration of fish populations,

some fish species, such as Arctic cod (B. saida), Bering

flounder (H. robustus), and snailfish (Liparidae) forage in

this area and are an essential link in the food web (Cui et al.

2009). With the retreat of seasonal sea ice and depending

upon the spatial extent of the cold pool south of SLI,

commercial fish and sub-Arctic species in the southeastern

Bering Sea are expected to expand northward and thus

might affect food availability for top predators, including

walrus (Odobenus rosmarus), bearded seals (Erignathus

barbatus), belugas (Delphinapterus leucas), gray whales,

and spectacled eiders (Tynan and DeMaster 1997; Grebmeier

and Dunton 2000; Grebmeier et al. 2006). With earlier

seasonal ice retreat, a more pelagic food web is expected

instead of the current system that provides a high propor-

tion of organic carbon directly to the benthos (Stabeno and

Overland 2001). During years of light sea ice, several fish

surveys have also shown an increase in the abundance of

age-0 pollock, while simultaneously a decrease in large

species of high-lipid crustacean zooplankton from the

southeastern Bering Sea middle shelf (Hunt et al. 2011). In

addition, several studies have found evidence for a

decrease in benthic productivity in the northern Bering Sea

over the last two decades (e.g., Moore et al. 2003;

Grebmeier et al. 2006; Coyle et al. 2007; Grebmeier 2012).

Reorganization of fish ranges in the Bering Sea could have

significant ecological impacts upon predator–prey rela-

tionships if the available food resources change. Since

species distributions also reflect interspecific interactions

between prey and predator populations, these potential

changes in predator–prey relationships can be relevant for

understanding species distribution shifts that may be

observed with climate change (Davis et al. 1998). We used

these considerations in our study design with the intent of

improving understanding of the trophic linkages among

different organisms in the community and evaluation of

foraging.

Despite the importance of potential ecological changes,

studies of predator–prey relationships in groundfish are

limited in the northern Bering Sea. In order to fill this gap

and to better understand trophic relationships in this area,

we undertook this study with the following objectives: (1)

to examine the diet of dominant fish communities in the

northern Bering Sea, (2) to identify prey strategies, find

important prey and characterize niche width of these

dominant fish species, and (3) to explore the potential

competition for food resources.

Materials and methods

Fish sampling

Fish were collected in the northern Bering Sea around SLI

(Fig. 1) during two cruises on the USCGC Healy from May

7 to June 5, 2006 (hereafter referred to as HLY0601) and

May 16 to June 18, 2007 (hereafter referred to as HLY0702).

We sampled groundfish using both an otter trawl (4.3-m-

long, 1.9-cm-stretched mesh, opening 3.43 m wide) and a

beam trawl (4.3-m-long, 1.9-cm-stretched mesh, opening

4 m wide). Fish samples were caught at 43 stations (60

hauls) by otter trawl in 2006 and at total 52 stations (77

hauls) by both otter and beam trawls in 2007. We added a

beam trawl in the second year for better quantitative

analysis (for details see Cui et al. 2009). Depths of the

sampled stations ranged from 35 to 96 m.

Diet analysis

Fish samples were returned to the shore-based laboratory

frozen and were sorted and identified to species or to the

lowest possible taxonomic level using published keys

(Mecklenburg et al. 2002) and measured for total length

(TL, ±1 mm). Prey found in fish stomachs were identified

to the lowest possible taxonomic level, which varied with

the digestion stage, using a dissecting microscope in the

laboratory. In addition, the abundance and total wet mass

of each recognizable organism was determined for each

stomach. For further analysis, prey items were pooled into

major prey categories based on taxonomic similarity. The

abundance of the different prey items in the diet of the

dominant demersal fish species was expressed as a numeric

frequency (Ni: percentage of the number of individuals of

prey i in relation to the sum of all prey individuals in all

the stomachs), frequency of occurrence (Fi: percentage of

stomachs which contained a particular prey i), weight

frequency (Wi: percentage of weight of prey i in total

stomach content weight), and the index of relative impor-

tance adjusted to 100 % (% IRI = Fi 9 (Ni ? Wi)) (Cortés

1997).

We used the graphical approach of Amundsen et al.

(1996) to explore feeding strategy, prey importance, and

niche width for each fish species. This representational

method is based on a two-dimensional plot of the prey-

specific abundance (Pi, which is the number of individuals

of prey i divided by the total number of prey individuals

within the stomachs containing prey i) against Fi (Fig. 2).

The new parameter, Pi, is used instead of prey abundance

since the abundance of prey in each stomach is standard-

ized (i.e., to 100 %) in this methodology (Amundsen et al.

1996). Therefore, the average abundance of the stomach

content is independent of the prey items consumed. We
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used the graphical representations of feeding strategies,

prey importance, and niche width that were defined by

Amundsen et al. (1996; Fig. 2). Prey in the upper part of

the graph are consumed by specialized predators, while

those located in the lower portion of the plot are consumed

on a more general basis (generalists). The diagonal line

from the lower left to upper right indicates prey importance

for the whole population, prey plotting to the upper right

are considered dominant prey, and if there are only a few

data points (or even just one), it indicates a predator pop-

ulation with a narrow niche width. In contrast, if prey

points are only located along or below the diagonal from

the upper left to the lower right, the predator population is

classified as having a broad niche width. Prey points

occurring to the upper left of the diagram indicate indi-

vidual predators that specialize on different prey items,

while prey points occurring in the lower right region reflect

those prey that are only been eaten occasionally (i.e., not

dominant prey) by the majority of individuals.

In order to document the abundance of benthic inverte-

brates in relation to the prey collected in the fish stomachs,

benthic invertebrate samples were collected throughout the

study area by van Veen grab (0.1 m2) in 2006 (number of

stations, n = 82). Four replicate samples were taken at each

station, and the samples were washed over a 1-mm sieve,

with retained animals preserved in 10 % buffered formalin,

Fig. 1 Groundfish sampling locations for stomach content analysis in the northern Bering Sea

Fig. 2 Explanatory diagram for interpretation of feeding strategy,

niche width contribution, and prey importance from prey information.

BPC between-phenotype component; WPC within-phenotype com-

ponent (from Amundsen et al. 1996)
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and later sorted and identified to family level in the

laboratory.

Diet overlap (Ro) between size classes and species was

evaluated using Schoener’s index: Ro ¼ 1� 1
2

P
piA � piBj j

(Linton et al. 1981), where PiA and PiB are the abundance

of prey i in the diet of species A and B, respectively. Both

Ni (numeric frequency) and Wi (weight frequency) were

used to compute this index. The overlap index, Ro, varies

between 0 (no overlap) and 1 (complete overlap). Index

values C0.6 are considered biologically significant (Zaret

and Rand 1971; Warburton and Blaber 1992; Dolbeth et al.

2008). We used this overlap index as an indication of

competition (Lawlor 1980), since a direct measurement of

competition was outside the scope of this field study.

Statistical analyses

Differences in dietary composition among groups, such as

fish species, sizes, locations, and years were analyzed using

one-way analysis of similarity (ANOSIM). The analysis

was conducted using a Bray–Curtis similarity matrix of

biomasses with 999 permutations of standardized (100 %)

stomach contents data that were square-root transformed.

These pre-treatments are applied to decrease the influence

of highly dominant prey in stomachs so that similarity

calculations will be more sensitive to the occurrence of less

common prey species. Among groups with significant

differences in diet, a similarity percentages (SIMPER)

analysis was conducted to further identify those prey items

that contributed most of the dissimilarity. ANOSIM and

SIMPER analysis were both performed with PRIMER

software (v. 6, Plymouth Routines In Multivariate Eco-

logical Research, Clarke and Warwick 2001).

Results

Dominant fish type and diet composition

Arctic cod, Bering flounder, snailfish, Arctic staghorn

sculpin (G. tricuspis), shorthorn sculpin (M. scorpius), and

Arctic alligatorfish (U. olrikii) were dominant groundfish

sampled in the bottom trawl survey (Cui et al. 2009). Of the

297 Bering flounder stomachs examined, all of them were

empty in both 2006 and 2007. All other fish species con-

tained prey in their stomachs.

Arctic cod

In 2006, the total lengths (TL) of Arctic cod ranged

between 80 and 90 mm (n = 4) and 100–220 mm

(n = 180). All of the fish were treated as one group without

respect to size. The dominant prey by weight were calanoid

copepods (95.0 % Ni, 42.5 % Wi, 74.5 % Fi, 74.0 % IRI)

and amphipods (1.8 % Ni, 42.9 % Wi, 76.6 % Fi, 24.7 %

IRI), composed predominantly of benthic amphipods and

some planktonic hyperiid amphipods (1.3 % Wi) (Table 1;

Fig. 3). The most common amphipods were from the

benthic family Ampeliscidae (12.5 % Wi). There were

geographical differences in prey. Arctic cod from south of

SLI (n = 147) preyed mainly on calanoid copepods

(57.1 % Wi) followed by benthic amphipods (24.7 % Wi)

and euphausiids (7.3 % Wi), while those from north of SLI

(n = 23) consumed almost exclusively benthic amphipods

(93.0 % Wi), which were primarily from the family

Ampeliscidae in 2006 (Fig. 4). Sixty-five percent of Arctic

cod caught from south of SLI consumed both amphipods

and copepods, with only 25 % feeding on copepods but no

amphipods. By comparison, 86 % of Arctic cod collected

from north of SLI consumed amphipods but no copepods.

In 2007, we grouped Arctic cod into two groups based

upon size (small: TL = 70–110 mm, n = 20 and large:

TL = 140–220 mm, n = 13) rather than geographically as

in 2006 (south and north of SLI) because of sample size

constraints. Small Arctic cod mainly consumed calanoid

copepods (94.2 % Ni, 42.3 % Wi, 55.0 % Fi, 75.4 % IRI),

followed by euphausiids (40.2 % Wi) and oedicerotid

amphipods (15.7 % Wi, Fig. 4). Large Arctic cod consumed

amphipods (53.3 % Wi) mainly including Ampeliscidae

(15.3 % Wi, benthic), Hyperiidae (9.2 % Wi, pelagic), and

Lysianassidae (6.4 % Wi, benthic). Large Arctic cod also

consumed fish (30.2 % Wi) which was only 2 % of total

number of prey, tended to bias results based on prey weight.

By weight, euphausiids were also secondarily important

(12.7 % Wi) behind amphipods and fish.

Using ANOSIM, the diet composition by biomass in

Arctic cod was significantly different between years (2006

vs. 2007, R = 0.268, p = 0.001), between regions (south

vs. north of SLI for two groups in 2006, R = 0.512,

p = 0.001), and by fish size (small vs. large within the two

size class groups in 2007, R = 0.35, p = 0.001). SIMPER

analysis showed that differences in the biomass of cope-

pods (29, 33, and 23 % dissimilarity, respectively) explain

most of the differences. Euphausiids (19 and 21 % of

dissimilarity, respectively) contributed differences sec-

ondarily between 2006 and 2007, and between the two size

class groups of Arctic cod. Ampeliscid amphipods con-

tributed secondarily to the difference between groupings

south and north of SLI with 21 % dissimilarity.

Snailfish

In snailfish stomachs examined in 2006 (n = 44), benthic

amphipods were the most important food (88.8 % Ni,

75.0 % Wi, 100.0 % Fi, 91.6 % IRI) (Table 1; Fig. 3);

most common by weight were the families Ampeliscidae
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(24.4 % Wi), followed by Lysianassidae (16.2 % Wi) and

Melitidae (10.8 % Wi). In the 144 stomachs sampled in

2007, benthic amphipods again were dominant (87.9 % Ni,

86.6 % Wi, 94.4 % Fi, 98.5 % IRI). Families Lysianassidae

(40.5 % Wi), Melitidae (13.2 % Wi), and Ampeliscidae

(11.1 % Wi) were most common by weight (Table 2;

Fig. 3). There was no significant difference in prey com-

position by biomass (R = 0.064, p = 0.052) between the

2 years using ANOSIM.

Arctic staghorn sculpin

In Arctic staghorn sculpin stomachs examined in 2006

(n = 76), benthic amphipods were the most important prey

(22.0 % Ni, 92.5 % Wi, 100 % Fi, 91.5 % IRI), and the

family Ampeliscidae (51.6 % Wi) was most common by

weight (Table 1; Fig. 3). Polychaetes (31.3 % Wi) were

secondarily important prey by biomass, followed by

significant numbers of bivalve siphons (12.8 % Ni). Small

sample sizes either in 2006 or 2007 precluded a similar

analysis of food preferences for some fish species.

Shorthorn sculpin

In shorthorn sculpin stomachs examined in 2007 (n = 42),

crabs (14.3 % Ni, 69.1 % Wi, 81.0 % Fi, 41.0 % IRI),

benthic amphipods (46.5 % Ni, 28.4 % Wi, 83.3 % Fi,

37.8 % IRI), and polychaetes (21.0 % Ni, 24.0 % Wi,

71.4 % Fi, 19.5 % IRI) were the most common prey cat-

egories (Table 2; Fig. 3). Snow crab (C. opilio) (61.5 %

Wi) was the dominant prey species within the crab cate-

gory; Melitidae (3.7 % Wi) was the most common prey

within the amphipod families; Ampharetidae (23.9 % Wi)

was the most common polychaete family consumed by

weight and in some specimens was consumed in large

numbers (Fig. 5).

Table 1 Diet composition of Arctic cod, snailfish, and Arctic staghorn sculpin in the northern Bering Sea in 2006

Prey Arctic cod (n = 184) Snailfish (n = 44) Arctic staghorn sculpin (n = 76)

% Ni % Wi % Fi % IRI % Ni % Wi % Fi % IRI % Ni % Wi % Fi % IRI

Polychaeta 0.0 1.6 9.8 0.1 4.9 15.0 70.5 7.8 3.5 31.3 27.6 9.5

Ampharetidae 3.1 24.8 9.2 2.5

Polynoidae 0.0 1.6 9.8 0.1 4.4 2.1 22.7 0.8 0.3 1.3 1.3 0.0

Amphipoda 1.8 42.9 76.6 24.7 88.8 75.0 100 91.6 22.0 67.8 100 88.6

Ampeliscidae 1.2 12.5 23.4 2.3 37.4 24.4 59.1 20.4 5.4 51.6 80.3 45.2

Aoridae 0.1 0.3 4.9 0.0 4.4 1.2 13.6 0.4 3.5 3.5 13.2 0.9

Cedicerotidae 0.0 0.0 0.5 0.0

Hyperiidae 0.1 1.3 6.0 0.1 6.2 0.3 7.9 0.5

Isaeidae 0.0 0.0 1.1 0.0 4.4 0.6 15.9 0.4 2.8 0 3.9 0.1

Ischyroceridae 0.0 0.0 2.2 0.0 15.5 0.6 31.8 2.9 1.0 0.1 3.9 0.0

Lysianassidae 0.0 0.4 2.2 0.0 12.6 16.2 25.0 4.0

Melitidae 0.1 8.3 7.1 0.4 6.3 10.8 18.2 1.7 0.7 0.3 1.3 0.0

Oedicerotidae 0.1 0.1 4.3 0.0 3.4 0.3 6.8 0.1

Phoxocephalidae 0.0 0.0 0.5 0.0

Calanoid copepods 95.0 42.5 74.5 74.0 0.5 0.0 2.3 0.0

Euphausiids 0.7 6.8 19.0 1.0 0.5 2.4 22.7 0.4 0.0 0.4 1.3 0.0

Decapods (Shrimp) 0.0 1.2 1.6 0.0 1.0 0.2 2.3 0.0

Mysidae 0.5 0.8 2.3 0.0

Cumacea 0.1 0.1 10.3 0.0 1.9 0.3 11.3 0.1

Nuculana radiata 0.0 0.0 0.5 0.0 0.5 0.0 2.3 0.0

Mollusk siphons 12.8 0.2 14.5 1.9

Ostracods 0.5 0.0 2.3 0.0

Hermit crabs 0.0 0.1 0.5 0.0

Fish 0.0 3.3 2.2 0.1 0.5 4.3 2.3 0.1

Unidentified 0.0 0.5 1.6 0.0 0.5 0.0 2.3 0.0 0.0 0.4 2.6 0.0

Prey items are tabulated when % Ni or % Wi was[3 % in any of fish species. Fragments of or unidentifiable Polychaeta and Amphipoda are not

included in the table

Ni numeric frequency, Wi weight frequency, Fi frequency of occurrence, IRI proportional index of relative importance
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Arctic alligatorfish

Most of the stomachs examined were either empty or filled

with small amounts of sand in 2006 and 2007. In six

stomachs examined in 2007, benthic amphipods (82.8 %

Ni, 83.3 % Wi, 100 % Fi, 95.4 % IRI) were the most

important prey, with Ampeliscidae (44.1 % Wi) the most

common amphipod family (Table 2; Fig. 3). Arctic alli-

gatorfish also consumed large numbers of bivalve siphons

(13.8 % Ni), and crabs (16.6 %) by weight.

Feeding strategies

Prey importance and feeding strategy (e.g., generalists vs.

specialists) were obtained by evaluating diagrams of prey-

specific abundance (Pi) against the frequency of occurrence

(Fi) (Fig. 6). All of the fish species studied generally had

narrow niche widths, except snailfish and large Arctic cod.

These evaluations indicated that calanoid copepods were

important prey for Arctic cod south of SLI. All prey types

of Arctic cod north of SLI plotted in the upper part of the

diagram, which indicates that Arctic cod in this area are

specialized feeders, with one prey point (ampeliscid

amphipods) located toward the upper right corner, indi-

cating a narrow feeding niche. Where size differentiation

was possible in 2007, small Arctic cod show dominant prey

points associated with calanoid copepods positioned

toward the upper right of the plot, although a few indi-

vidual Arctic cods occasionally consumed small amounts

of other prey. The large Arctic cod class specialized on

relatively few prey items such as Lysianassid amphipods,

ampeliscid amphipods, and calanoid copepods at the indi-

vidual level. Prey points of snailfish were skewed toward

the lower half of the plot, and only two prey species were

above 50 % prey-specific abundance in 2006 and 2007.

Snailfish are generalists and do not have any specific

dominant prey, implying a wide niche width. On the other

hand, Arctic alligatorfish and Arctic staghorn sculpin spe-

cialized on a single dominant prey—ampeliscid amphi-

pods. Shorthorn sculpin specialized on melitid amphipods

in some individuals and ampharetid polychaetes more

generally, with opportunistic feeding on snow crabs. The

prey point representing snow crabs is located in the lower

right part of the diagram because the relatively high mass

of crabs were low in abundance in the diet (see Table 2;

Fig. 6). Thus, any evaluation that considers biomass

instead of abundance would move this conceptual prey

point upwards, and from this standpoint, snow crabs were

dominant prey for shorthorn sculpin.

Diet overlap

Diet overlap for all combinations of fish species are presented

in Table 3. The prey of Arctic cod (grouped together) in 2006

significantly overlapped with prey of small-sized Arctic cod

in 2007 by both abundance (Ro = 1.0) and biomass

(Ro = 0.6). It should be pointed out that smaller prey, such as

copepods that contribute relatively little to overall food bio-

mass, bias the overlap index by abundance, in contrast to

larger prey items such as crabs or fish. Snailfish showed low

overlap with other species by abundance in both years, but

snailfish in 2006 had high dietary overlap by biomass with

Fig. 3 Percentage by weight

(Wi) of major prey in the diet of

dominant groundfish in the

northern Bering Sea in 2006 and

2007. Key 06 = 2006;

07 = 2007
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Arctic cod in 2006, large Arctic cod in 2007, snailfish in 2007,

and Arctic alligatorfish in 2007 (all C0.6). Arctic staghorn

sculpin had high dietary overlap with Arctic alligatorfish in

both prey abundance and biomass (both C0.6). Shorthorn

sculpin did not demonstrate biologically significant dietary

overlap with the other species studied.

Discussion

Arctic cod

We observed that benthic amphipods, especially benthic

ampeliscid amphipods and pelagic calanoid copepods were

the most common prey of Arctic cod but in different pro-

portions depending upon fish size, geographical occurrence,

and local environmental conditions. Lowry and Frost

(1981) reported that Arctic cod fed predominantly on the

benthos in the northern Bering Sea including ampeliscid

amphipods, shrimps, and mysids (sampled 27 May–10 June

1978). By comparison, calanoid copepods and pelagic

amphipods are the predominant prey of Arctic cod sampled

in offshore waters of the Beaufort and Chukchi Seas both

near the surface and underneath the ice in winter (mean size

*92 mm, Craig et al. 1982) and from the bottom waters in

summer (Lowry and Frost 1981; Coyle et al. 1997). In our

study in the northern Bering Sea, small Arctic cod mainly

fed on calanoid copepods, and large Arctic cod primarily

Fig. 4 Prey content of Arctic

cod by location (south and

north) in 2006 and size (small
and large) in 2007 in the

northern Bering Sea. Ni numeric

frequency, Wi weight frequency,

Fi frequency of occurrence,

IRI proportional index of

relative importance
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fed on benthic amphipods in ice-free areas or under

low-ice conditions. This finding may be related to size

limitations of younger Arctic cod preying on benthic

amphipods relative to small copepods, or a lower capa-

bility for younger Arctic cod to migrate vertically as adult

predators can. From our graphical analyses, small Arctic

cod were identified as specialized feeders occupying a

narrow niche, while large Arctic cod occupied a broader

niche. This finding is consistent with those of Woodward

and Hildrew (2002), who pointed out that small predators

tend to have narrower diets since they are limited to

feeding on a sub-set of the total prey size spectrum of

larger predators. Many other studies have also reported

that small Arctic cod (\100 mm) eat mainly copepods,

with pelagic amphipods increasing in importance as prey

for large Arctic cod ([100 mm, Bohn and McElroy 1976;

Bain and Sekerak 1978; Hop et al. 1997). Arctic cod are

thought to be associated with ice for protection from

predators and for feeding habitat (Crawford and Jorgenson

1993; Hop et al. 1997; Gradinger and Bluhm 2004). This

species also obtains significant energy from primary con-

sumers that feed on ice algal blooms (Lonne and Gulliksen

1989). In our sampling, under heavier ice observed in

2006 (Cui et al. 2009), Arctic cod consumed more cala-

noid copepods compared with those sampled in 2007

under reduced sea ice conditions. Arctic cod also fed

Table 2 Diet composition of Arctic cod, snailfish, shorthorn sculpin, and Arctic alligatorfish in the northern Bering Sea in 2007

Prey Arctic cod (n = 33) Snailfish (n = 144) Shorthorn sculpin (n = 42) Arctic alligatorfish (n = 6)

% Ni % Wi % Fi % IRI % Ni % Wi % Fi % IRI % Ni % Wi % Fi % IRI % Ni % Wi % Fi % IRI

Polychaeta 0.0 3.2 6.1 0.3 0.3 3.9 23.6 0.6 32.1 24.0 71.4 22.6

Ampharetidae 32.1 23.9 66.7 21.1

Polynoidae 0.0 3.2 6.1 0.3 0.3 3.7 22.2 0.5

Amphipoda 6.5 49.2 36.4 31.1 87.9 86.6 94.4 98.5 71.2 4.3 83.3 35.5 82.8 83.3 100 95.4

Ampeliscidae 1.8 13.6 15.2 3.6 11.6 11.1 31.3 4.2 3.6 0.2 2.4 0.1 65.5 44.1 100 63.0

Aoridae 0.1 0.1 3 0.0 1.2 0.6 3.5 0.0 10.3 3.6 16.7 1.3

Eusiridae 0.4 0.0 2.4 0.0

Hyperiidae 2.1 8.2 9.1 1.4 0.2 0.0 0.7 0.0

Isaeidae 0.3 0 6.1 0.0 12.9 1.2 19.4 1.6 0.2 0.0 2.4 0.0 3.4 0.1 16.7 0.3

Ischyroceridae 9.9 1.3 8.3 0.6

Lysianassidae 0.9 5.6 3 0.3 35.4 40.5 42.4 19.2 1.9 0.5 19.0 0.3

Melitidae 3.2 13.2 11.1 1.1 36.6 3.7 16.7 3.8

Oedicerotidae 1.3 1.8 6.1 0.3 3.2 0.4 7.6 0.2

Phoxocephalidae 0.9 0.1 1.4 0.0

Stenothoidae 6.5 0.5 7.6 0.3

Synoppidae 0.7 0.1 2.1 0.0

Calanoid copepods 84.0 4.9 36.4 49.7 0.9 0.0 2.8 0.0

Euphausiids 5.7 15.8 45.5 15.0 2.2 8.5 9.7 0.6 0.6 0.5 11.9 0.1

Decapods (Shrimp) 0.7 1.1 4.8 0.0

Cumacea 0.9 0.1 9.1 0.1 2.4 0.2 6.9 0.1 0 0.0 2.4 0.0

N. radiata 0.2 0.0 0.7 0.0

Mollusk siphons 0.2 0.0 2.4 0.0 13.8 0.1 33.3 2.7

Cylichnidae 0.3 0.0 1.4 0.0

Crabs 21.9 69.1 81.0 41.6 3.4 16.6 16.7 1.9

C. opilio 9.5 61.5 69.0 27.7

Hyas coarctatus 0.9 5.4 9.5 0.3

Hermit crabs 11.2 1.8 4.8 0.4

Isopods 4.3 0.0 5.6 0.1

Fish 0.3 26.8 9.1 3.8 0.2 0.7 0.7 0.0

Prey items are tabulated when % Ni or % Wi was[3 % in any of fish species. Fragments of or unidentifiable Polychaeta, Amphipoda and crabs are not

included in the table

Ni numeric frequency, Wi weight frequency, Fi frequency of occurrence, IRI proportional index of relative importance
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differently south (pelagic feeding) and north (primarily

benthic feeding) of SLI. This finding likely occurred

because the dominant prey of Arctic cod, such as, benthic

ampeliscid amphipods have high values of biomass at

some locations north of SLI ([200 g wet wt m-2, n = 4,

Fig. 7; also see ampeliscid data presented in Fig. 1 and

Table 4 in Heide-Jørgensen et al. 2012), while the total

biomass of all benthic amphipods is much lower to the

south of SLI (\20 g wet wt m-2, Fig. 7). Similarly,

bivalves and polychaetes that are not typical prey for

Arctic cod are the predominant benthic invertebrates in the

area offshore south of SLI as well as the Chukchi Sea (see

Grebmeier 2012). As pointed out earlier, these regions in

the Pacific Arctic are where Arctic cod are considered

primarily to be pelagic feeders. Our study indicates that

there are continental shelf locations when large Arctic cod

prefer benthic amphipods rather than copepods, perhaps

due to a prey preference for high-lipid content ampeliscid

amphipods (Highsmith and Coyle 1990) when available.

Other species

In our study, the main prey of Arctic staghorn sculpin

where they primarily occur north of SLI (Cui et al. 2009)

were ampeliscid amphipods (Fig. 7), which again are the

most abundant benthic invertebrates in that area. By

comparison, in the northeastern Chukchi Sea in summer

(August–September), these fish have been observed to

consume polychaetes observed in our study area (Ampha-

retidae, Flabelligeridae, Nephtys sp., Opheliidae and Pec-

tinaria sp.) or euphausiids (Thysanoessa sp.) (Coyle et al.

1997).

Although Bering flounder in our study were not found to

have any food in their stomachs, fish caught in summer in

the northeastern Chukchi Sea contained fish (mainly

Lumpenus sp.) and crustaceans (Byblis spp. shrimps, crabs)

(Coyle et al. 1997). In that same study, stomach emptiness

was more prevalent in Bering flounder (25 %) than in other

demersal fish (0–7 %). Another factor influencing our

findings may be the presence of the persistent cold pool

(-1.8 to -1.4 �C) of bottom water south of SLI where the

Bering flounder were primarily collected during our sam-

pling (Cui et al. 2009). These near-freezing temperatures

on the bottom might seasonally depress feeding for species

such as Bering flounder, although the other species we

collected were feeding. Other work has found fish consume

less prey or have more empty stomachs in winter than

summer (e.g., Woodward and Hildrew 2002), thereby

potentially supporting the hypothesis that low temperatures

suppressed feeding in Bering flounder. Starving fish are

usually associated with larval stages (O’Connell 1980), but

the Bering flounder in our study were mainly over 200 mm

in size with a few juveniles (\50 mm). The reasons for the

number of Bering flounder without stomach food contents

are not clear although starvation can cause significant

mortality in juveniles and recruits during overwintering

(review by Sogard 1997).

Potential competition for food resources

Arctic cod and snailfish share the same habitat southwest of

SLI (Cui et al. 2009). These fish had high prey overlap by

biomass in both years of sampling on their most common

prey, benthic amphipods, such as Ampeliscidae and

Melitidae. This finding suggests potential competition

between those two fishes for similar food resources (Fig. 7).

Snailfish, which usually have a sucking disk modified from

pelvic fins, are morphologically adapted to live on the

bottom and are strict obligate benthic feeders. Snailfish in

our study area prey upon a diverse set of benthic amphipods

and have no particularly important food category. Based

upon the assessment of feeding strategy using the modified

Fig. 5 Photos of shorthorn sculpin prey in two stomachs. Above:

Total length (TL) of sculpin = 352 mm, station: RUS2, Trawl: beam,

included 50 ampharetid polychaetes, one shrimp; Below: TL of

sculpin = 352 mm, station: KIV3, trawl: beam, included two C.
opilio, one Hyas coarctatus, and four ampharetid polychaetes
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Costello method (Amundsen et al. 1996), snailfish are

opportunistic feeders that will consume any prey of an

appropriate size that is encountered. Arctic cod, in contrast,

forage in the water column and feed predominantly on

pelagic copepods south of SLI, where those two fish species

co-occur. Thus, even with a high degree of similar potential

prey, Arctic cod and snailfish are not likely to directly

compete for prey.

Arctic staghorn sculpin and Arctic alligatorfish, both

coexist north of SLI (Cui et al. 2009) and have significantly

high prey overlap by both prey biomass and abundance

(R0 [ 0.6). The two fish species share the same dominant

Fig. 6 Prey-specific index (Pi)

versus frequency of occurrence

(Fi) for dominant groundfish in

the northern Bering Sea. Key
06 = 2006; 07 = 2007;

south = south of SLI;

north = north of SLI

Table 3 Prey overlap (Shoener’s index, R0) based on numeric frequency Ni (below –) and on weight frequency Wi (above –); C0.6 are in bold

AC06 SN06 ASS06 AC07S AC07L SN07 SS07 AA07

AC06 – 0.6 0.3 0.6 0.5 0.5 0.2 0.5

SN06 0.1 – 0.5 0.2 0.6 0.7 0.2 0.7

ASS06 0.3 0.5 – 0.1 0.3 0.3 0.3 0.8

AC07S 1.0 0.1 0.3 – 0.3 0.2 0 0.3

AC07L 0.3 0.4 0.5 0.3 – 0.5 0.2 0.5

SN07 0.1 0.5 0.5 0.1 0.4 – 0.1 0.5

SS07 0.2 0.3 0.5 0.1 0.3 0.2 – 0.3

AA07 0.1 0.5 0.6 0.0 0.3 0.2 0.2 –

AC arctic cod, SN snailfish, ASS arctic staghorn sculpin, SS shorthorn sculpin, AA arctic alligatorfish, 06 2006, 07 2007, S small size, L large size
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prey, ampeliscid amphipods, and both occupy narrow

niches. However, the relatively high biomass of ampeliscid

amphipods (50–200 g wet wt m-2, Fig. 7, Heide-Jørgen-

sen et al. 2012) in the same area where these two fish

species are most common indicates that food limitation may

not be an issue.

Similarly, Arctic staghorn sculpin and shorthorn sculpin

generally occur north of SLI (Cui et al. 2009) with high

overlap of prey by abundance. The most common shared

prey item for these fishes, ampharetid polychaetes (almost

25 % of prey by weight), are also very high in biomass

(538 g wet wt m-2) at station, RUS2 north of SLI (Fig. 7).

Thus, competition between those two predators on

common resources may actually be low. Wiens (1993)

postulated that such high feeding overlap may just reflect

opportunistic use of resources in areas of high prey

abundance.

North of SLI, gray whales also feed on ampeliscid

amphipods (Moore et al. 2003 and references cited

therein). Moreover, ampeliscid amphipods in the Chirikov

Basin have been decreasing in abundance and biomass

(Moore et al. 2003; Coyle et al. 2007), as well as in spatial

extent in recent years (Grebmeier Unpublished data, see

figure DBO2 at http://www.arctic.noaa.gov/dbo/related_

ts.html). One hypothesis that has been advanced is that top-

down control by foraging whales is the primary reason for

Fig. 7 Spatial pattern of selected prey items biomass in the northern Bering Sea (unit: g wet weight m-2)
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the observed amphipods decline, as these marine mammals

consume the larger size fractions (e.g., 20–30 mm) (Coyle

et al. 2007). By comparison, the dominant benthic fish in

this area consume ampeliscid amphipods from the size of

larvae (*1 mm) to 40 mm in length (mostly \25 mm).

These findings indicate that there is some overlap in prey

size between benthic fish and gray whales. Densely packed

ampeliscid amphipods build and live in mucous tubes that

penetrate several cm in the sediment (Highsmith and Coyle

1992). Although ampeliscid amphipods leave their burrows

under some circumstances when disturbed (personal

observation), those amphipods are probably not very sus-

ceptible to fish predators except when extending out of

their tubes to feed. However, benthic fish could feed on

ampeliscid amphipods made accessible by gray whales

feeding activity, which remobilizes bottom sediments and

brings some prey to the surface. Other studies also found

that seabirds feed on benthic amphipods associated with

gray whales feeding activity (Obst and Hunt 1990;

Grebmeier and Harrison 1992). So while there is potential

competition for food between benthic fish and gray whales,

it is also possible that gray whale foraging could mobilize

food resources for fish.

South of SLI, other predators are also present, such

as the entire world population of spectacled eiders in

the winter, which consume clams (Lovvorn et al. 2003,

2009). Our study indicates that a few benthic fish species,

for example, Arctic staghorn sculpin and Arctic alliga-

torfish, also consumed clams, although only siphons were

observed in the stomachs analyzed. However, those two

fish species were primarily found north of SLI. Therefore,

there is no evidence yet indicating that the dominant

groundfish in the area compete for prey with these sea

ducks.

Our study documents that ampeliscid amphipods are an

important food resource for the dominant groundfish in the

northern Bering Sea north of SLI. The indications that

ampeliscid amphipods are declining in abundance in the

northern Bering Sea (Moore et al. 2003; Coyle et al. 2007)

suggests potential implications for fish feeding patterns as

the benthic biological system changes (Grebmeier et al.

2012). Moreover, most of the fish species studied can be

classified as specialist feeders and adaptations may be

clearly necessary if changes to benthic biological com-

munity continue in the north Bering Sea. Some of these fish

species share the same habitat and food prey resources, but

there is no strong evidence of interspecific competition

among benthic fish for food in this study. Further research

is required to evaluate seasonal changes and trends in prey

composition. Given rapid changes that have been observed

in the ecosystem structure over recent decades, additional

changes may impact the availability of prey to fish

populations.
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