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ABSTRACT: Stable carbon and nitrogen isotope measurements of benthlc fauna were used to identify 
an isotopic grahent in plankton along the subarctic and arctic coast of Alaska, and to study food web 
relationships in 3 geographically distinct arctic environments: the southeast Bering, the Chukchi and 
the eastern Beaufort Seas. Isotope measurements were also made of selected fauna from the western 
Beaufort Sea and from the East Siberian Sea. Results show a pronounced difference in the carbon 
isotope composition of suspension feeders collected in the southeastern Bering, Chukchi and western 
Beaufort Seas [6I3C = -19 to -20%) compared to the eastern Alaskan Beaufort and East Siberian Seas 
(-25 to -26 % o ) .  This geographic difference is greatest at lower trophic levels but is observed throughout 
the food web as a progressive decrease in 13c content of fauna from the southeast Bering to the eastern 
Beaufort Sea. Predatory and omnivorous gastropods were I3C-enriched relative to most organisms at 
most geographic locations, occupying a trophic level equivalent to that of demersal fishes. Trophic 
relationships among fauna from the different geographical areas were similar. In the Chukch Sea, 6I3c 
and 6 1 5 ~  values fell in a narrow range compared to other regions studied. The I3c enrichment of 
secondary consumers in the Chukchi relative to that of zooplankton was also small. This may reflect 
shorter food chains, which in the Chukchi Sea is related to a more direct coupling of benthic consumers 
to the very high pelagic primary production, little of which is grazed before reaching the sea bed. 

INTRODUCTION 

Geographic gradients in the isotopic composition of 
marine zooplankton provide natural markers valuable 
for tracing migrational patterns and feeding habits of 
their predators (Schell et al. 1989). A pronounced 
difference in zooplankton 613C values between the 
Bering and eastern Beaufort Sea is reflected in the 
isotopic composition of the migratory bowhead whale 
(Saupe et al. in press). Analysis of these isotopic varia- 
tions have contributed significantly to understanding 
the natural history of this animal (Schell et al. in press). 

A gradient in zooplankton carbon isotope composi- 
tion along the north Alaskan arctic coast by Dunton 
(1985) was confirmed by Saupe et al. (in press). Dunton 
(1985) found that 613c values of calanoid copepods 
collected in September 1977 decreased from -23.5 to 
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-25.4%0 between the northeastern Chukchi Sea 
(158"W) and the US-Canadian border (141°W) along 
the Beaufort Sea coast. Saupe et al. (in press) found a 
similar trend in mean 6'3C values from samples col- 
lected along the same coastline in October 1986 (-22.8 
to -26.2 %o). They found that calanoid copepods were 
isotopically enriched in 13C in the southern Chukchi 
and northern Bering Seas, with mean 613C values of 
-20.7 and -21.1 %O respectively. 

The zooplankton 613C values recorded by Dunton 
(1985) and Saupe et  al. (in press) from the Chukchi and 
western Beaufort Sea agree with those reported by Rau 
et al. (1982) for western Beaufort Sea plankton (-21.5 
and -22.4 %o). Rau et al. (1982) used these results to 
compare latitudinal trends in plankton 13c: 12C ratios 
between northern and southern oceans and found that, 
although the plankton in both hemispheres showed 
depletions in I3C with increasing latitude, the deple- 
tions were significantly less progressing toward the 
Arctic (about -22 560) compared to the Antarctic (-26 to 
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-28"h). Saupe et al. (in press) found 5I3C values of 
unsorted zooplankton collected in the eastern Beaufort 
Sea to be 13C depleted by as much as -29.2 %o. 

The existence of a gradient in plankton 13C: 12C 
ratios between the Benng and eastern Beaufort Sea 
might be questioned on the basis that (1) the isotopic 
measurements are of short-lived zooplankters, and (2) 
zooplankton biomass and species composition differ 
spatially and temporally across this range. The object 
of this research was to further define this isotopic gra- 
dient through I3C. 12C analyses of benthic and epiben- 
thic consumers that are relatively long-lived, possess a 
variety of feeding strategies, and which are common 
between the southeast Benng and eastern Beaufort 
Sea. The coIlection of similar species from Chauna Bay, 
East Siberian Sea, 1000 km west of Alaska, provided a 
benchmark from which to compare bI3c values from an 
arctic region not likely influenced by the intrusion of 
Bering Sea and Alaskan coastal water (Walsh et al. in 
press). Measurement of both 6I3C and 615N values of 
fauna from several arctic and sub-arctic areas also 
provided a unique opportunity to compare food webs in 
areas having substantially different rates of annual 
primary production, from less than 50g  C m-2yr-' 
(Beaufort Sea; Horner 1984) to 300 g C m-2 yr-' (Bering 
Sea; Walsh et al. in press). 

MATERIALS AND METHODS 

Study area. Samples were collected from stations 
located at each of the 5 major geographic areas shown 
in Fig. 1. Nearly all fauna were collected within 20 km 
of the coastline in water depths ranging between 5 and 
50m. The letters in Fig. 1 correspond to animals col- 
lected from: (A) the north Aleutian Shelf, southeast 
Bering Sea, mostly between May and July 1985 from 
trawls deployed along 5 transects at 10 stations; (B) the 
eastern Chukchi Sea, in September 1983, from trawls 
deployed along 3 transects between Cape Lisburne 
and Wainright at 15 stations; (C) the western Alaskan 
Beaufort Sea, in February 1983, by diving at 2 sites 
near Cape Halkett; (D) the eastern Alaskan Beaufort 
Sea, mostly in August 1986 and August 1987, by diving 
at  6 locations between Prudhoe Bay and the US-Cana- 
dian border; and (E) in the East Siberian Sea, in August 
1987, by diving at 1 site in Chauna Bay. 

Isotopic analyses. White muscle tissue samples were 
dissected from fish that generally ranged between 10 
and 30cm long. Muscle tissue was also taken from 
adult shrimp, gastropods, bivalves and decapods. 
Other invertebrates were washed of debris and ana- 
lyzed whole. Polychaetes, small crustaceans and asci- 
dians were held alive for several hours to allow gut 
clearance prior to analysis. All animals were dried in 

EAST SIBERIAN SEA BEAUFORT SEA 

Alaska 

BERING SEA 

, . ALEUTIAN ISLANDS , / D  . . A-- I 

Fig. 1. Locations of collection sites. A: Southeast Bering Sea 
(north Aleutian Shelf); B: Chukchi Sea; C. western Alaskan 
Beaufort Sea; D: eastern Alaskan Beaufort Sea; E: East Sibe- 

rian Sea 

aluminurn dishes at 50°C. In many instances, small 
individuals of the same species collected at the same 
time were pooled to obtain sufficient material for 
isotopic analysis. These composites (which included 
several polychaete and crustacean species) consisted of 
at least 3 individuals. 

Samples containing inorganic carbonates were 
soaked in 1 N HCl for 4 to 6 h (or until bubbling stop- 
ped) to remove carbonates, rinsed in distilled water, 
and then dried at 50°C. Subsamples of each organism 
or composite (8 to 10 mg) were manually ground in the 
presence of copper oxide and treated to yleld pure CO2 
and N2 for isotopic determination as described by Dun- 
ton & Schell (1987) for carbon and Minagawa et al. 
(1984) for nitrogen. Results are expressed as conven- 
tional 613C or 615N values, where the ratio of the sample 
is compared to that of a standard, where 

and standards are PDB (b13c) and nitrogen in air (bI5N). 
Replicate isotope analyses generally differed by 
< 0.3 %. 

Animals were grouped by feeding type into 9 
categories based on the results of earlier work with 
these species (Dunton & Schell 1987) and known feed- 
ing behavior: (1) NSB, non-selective benthic suspen- 
sion feeders (bivalves and ascidians), (2) SBS, selective 
benthic suspension feeders (sponges, hydrozoans, soft 
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corals, and bryozoans); (3) BOC, benthic omnivorous 
crustaceans (crabs and isopods); (4) EOC, epibenthic 
omnivorous crustaceans (amphipods and shrimp); (5) 
PF, pelagic fish (Pacific and Arctic cod); (6) PO, 
polychaete omnivores; (7) MO, molluscan omnivores 
(mostly Buccinum, Neptunea and Plicifusus); (8) MP, 
molluscan predators (mostly Natica); and (9) BF, 
demersal fish (sole, sculpins and snailfishes). 

RESULTS 

13c: lZC ratios of fauna 

13c content generally increased at ascending trophic 
levels in the Bering, Chukchi and eastern Beaufort 
Seas (Fig. 2). The mean 613C values of animal species 

l Bering Sea 
OChukchi Sea 
A Eastern Beaufort Sea 

NSB SBS BOC EOC PF PO MO MP BF 

Fig. 2. 613C values (X + SE, n 2 4 for all points) of Alaska 
fauna from the southeast Bering, Chukchi and eastern 
Beaufort Seas. Animals are grouped according to feeding 

strategy. For abbreviations see 'Materials and methods' 

collected at all 5 locations are shown in Table 1. 13C 
content of the food webs generally decreased pro- 
gressing from the southeast Bering to the eastern 
Beaufort seas, with consistent differences in mean 
feeding group 613C values between geographic areas. 
Animals were 13C-enriched in the Bering Sea and 13C- 
depleted in the eastern Beaufort Sea, with the Chukchi 
Sea fauna intermediate between the 2 extremes (Fig. 
2). The differences in 613C between regions were great- 
est at the lower trophic levels. In the eastern Beaufort 
Sea, the mean 613c values of non-selective (-25.8%0) 
and selective (-24.0 %o) benthic suspension feeders, 
benthic omnivorous crustaceans (-21.6 %o), poly- 
chaetes (-21.4 %o) and molluscan omnivores (-19.6 %o) 

were significantly lower (p  < 0.05, l-way ANOVA) 
than for the same species from either the Chukchi or 
Bering Seas. At higher trophic levels, the difference in 
bl"C values between the eastern Beaufort and Chukchi 
Seas remained below 2.5 %o, considerably less than the 
initial 6.4%0 difference found in non-selective sus- 
pension feeders. The range of all feeding group mean 
b13C values were lowest in the Chukchi Sea (-18.2 to 
-20.5 %o), highest in the eastern Beaufort Sea ( -  19.6 to 
25.8%o), and intermediate in the southeast Bering Sea 
( -  16.4 to -20.4 %so). 

Comparisons of the geographic trends in the carbon 
isotope ratios of filter feeders and secondary consumers 
common to the eastern and western Beaufort, Chukchi 
and southeast Bering Seas are shown in Fig.3. The 
613c values of filter feeders in the eastern Beaufort 
were significantly lower (p < 0.05, l-way ANOVA) 
than those from all other areas. Geographic differences 
among secondary consumers were not as pronounced, 
although a trend of increasing 13C depletion is appa- 
rent from the southeast Bering to the eastern Beaufort 
Sea. Filter feeders and secondary consumers in the 
western Beaufort Sea were closer in isotopic composi- 

FILTER FEEDERS l Zooplankton (-S spp.) 

I 0 Bryozoon (Eucrotea loricata) 
A Ascidians 

Eastern :$l 
Beaufort -0- 

Eastern 
Beoufort t 

Western 
Beoufort t - m - o -  

SECONDARY CONSUMERS m Omnivorous gastropods 

I 0 Cod (B~re~nadus/Gadus) 

Chukchi  
Sea 

Southeost  
Bering 

Western 
Beaufort 

• A 
-0- 

- -m+ A 

Chukchi  
seo 1 

Southeost 
Bering l 

-0- ----- 0- 

Fig. 3. 613c values (R + 95"/0 confidence limits) for filter 
feeders and secondary consumers common to 4 geographic 
areas in Alaska. Omnivorous gastropods include only Buc- 
cjnum and Neptunea spp. Zooplankton data from Saupe 

(1989) and Saupe et al. (in press) 
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Eastern 
Siberia 

I *& 

Eastern I A 0 
Beaufort 

Western 
Beaufort 

Chukchi 
Sea 

Southeast 
Bering 

Isopod (Sodurio entomon) 
0 Omnivorous gastropods 
AAscidions 
0 Bivalves 

. [ l )  OV) 

Fig. 4. b I 3 c  values (a 5 SE, n 2 3 except where noted) for 
species common to Slberian and Alaskan coastal waters. 
Omnivorous gastropods include Buccinum and Neptunea spp. 

Compositions of remaining groups are listed in Table 1 

tion to those from the Chukchi and southeast Bering 
Seas than to the same species in the geographically 
closer eastern Beaufort Sea. In contrast, East Siberian 
Sea species were noticeably depleted in 13c (Table 1; 
Fig. 4) compared to the same organisms from the west- 
ern Beaufort, Chukchi and southeast Bering Seas. The 
613c values of eastern Siberian species most closely 
resembled those from the eastern Beaufort Sea (Fig. 4). 

"N: 1 4 ~  ratios of fauna 

Analysis of nitrogen stable isotope ratios showed 
general trends of increasing 615N with trophic level but 
failed to show large or distinct geographic differences 
except for zooplankton (Table 2). The mean 6 1 5 ~  value 
of calanoid copepods from the eastern Beaufort Sea 
(9.4 %o) was significantly lower (p < 0.05, t-test) than 
the mean value for copepods from the western Beaufort 
Sea (11.4 %o). Chukchi and southeast Bering Sea 
copepods were also I5N enriched relative to Beaufort 
Sea copepods with b15N values that averaged 11.2%0 
for 3 samples (Table 2) .  615N data generally agreed 
with bI3c results on the relative trophic positions of 
organisms among the various food webs. The omnivor- 
ous gastropod Buccinum and benthic fishes were usu- 
ally most enriched in 13C and 1 5 ~ ,  while omnivorous 
demersal crustaceans displayed the least I3C and 15N 
enrichments (Fig. 5). The range in 615N values was 
smallest in the Chukchi Sea (11.1 to 15.2%), highest in 
the eastern Beaufort Sea (9.4 to 15.2'!m), and intermedi- 
ate in the southeast Bering Sea (11.2 to 16.2%0). 

DISCUSSION 

Geographic trends in carbon isotope ratios 

These results confirm the presence of the longitudi- 
nal gradient in zooplankton 13c: ' . 2 ~  ratios reported by 
Dunton (1985) across the Naskan Beaufort Sea, and 
the 13C depletion of eastern Beaufort Sea zooplankton 
relative to zooplankton from the Chukchi or Bering Sea 
(Saupe et al. in press). This geographic difference is 
most pronounced at lower trophic levels among sessile 
perennial benthic suspension feeders which directly 
consume phytoplankton or small zooplankters. The 
mean bL3c values of other feeding groups are also 
lowest in the eastern Beaufort Sea compared with the 
Chukchi or southeastern Bering Sea, but these differ- 
ences are not as large. This may reflect trophic struc- 
ture and energy transfer differences or indicate that 
another source of 13C ennched carbon is utilized by 
higher consumers, which is either not available or 
consumed by benthic suspension feeders. 

Our isotopic measurements were primarily directed 
at benthic invertebrates, many of which are long-lived 
perennial species of restricted mobility. Our results 

Benthic fishes (B0 
0 Gastropod (Buccinum app.Xu0) 
A Pelagic fishes (P0 
A Epibenthic crustaceans (EOc) 

Benthic crustaceans (sac) 

SOUTHEAST CHUKCHI EASTERN 
BERING S EA BEAUFORT 

SEA SEA 

Fig. 5. Trophlc I3C and 15N enrichments of secondary consum- 
ers versus zooplankton (Calanus spp.) from the southeast 

Bering, Chukchi and eastern Alaskan Beaufort Seas 
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Sea shelf, which include the intrusion of warm Bering 
Sea and Alaskan coastal water into the Beaufort Sea 
(Mountain 1974) and an upwelling in the eastern 
Beaufort Sea (Hufford 1974, Mountain 1974). Less is 
known about the East Siberian Sea where 613C values 
are similar to those of the eastern Beaufort. 

Our data show that long-lived sessile benthic fauna 
of the same species can possess large isotopic differ- 
ences within 2" latitude along a longitudinal gradient of 
only 300 km (western to eastern Beaufort Sea). Rau et 
al. (1982) analyzed 'arctic' zooplankton samples from 
the western Beaufort Sea to compare with antarctic 
species, and concluded that antarctic zooplankton had 
significantly more negative 613C values. Our results 
show that 613C values of calanoid copepods collected 
from the eastern Beaufort Sea range from -25 to 
-27 %o, close to the range for unsorted zooplankton in 
south polar seas (Sackett et al. 1965, Eadie & Jeffrey 
1973). Thus, the difference in the trends of plankton 13c 

depletion with increasing latitude between both hemi- 
spheres may not be as significant as Rau et al. (1982) 
previously reported. 

Geographic differences in food web structure 

Carbon and nitrogen isotopic analyses revealed that 
trophic relationships among fauna were basically simi- 
lar between the eastern Beaufort, Chukchi and Bering 
Seas. Isotope enrichment occurred with increasing 
trophic level, and there was general agreement in the 

might be questioned on the basis that all samples were 
not collected in the same year and in the same season 
at all geographic locations. However, companson of 
available carbon isotope data of species collected 
between seasons within the same year (southeast Be- 
ring Sea) or in same seasons between years (eastern 
Beaufort Sea) seldom revealed mean values that dif- 
fered more than 1 ",:U,. Seasonal and annual differences 
were usually less than 0.4 %o. Comparison of the 613C 
values of Bering Sea species analyzed in this study to 
the same species collected by McConnaughey & 

McRoy (1979) a decade earlier in the same region also 
revealed differences that averaged less than l in 
most cases. In addition, the food web relations 
described by McConnaughey & McRoy (1979) were 
nearly identical to those reported here; the most 13C- 
enriched benthic invertebrates include predatory gas- 
tropods, the most 13c-depleted, ascidians. Finally, the 
mean 613C values reported here are characterized by 
similar coefficients of variation as reported in other 
field studies of this type (Mills et al. 1984, Fry 1988). 

The cause of the distinct geographical gradient in 
zooplankton and benthic fauna isotopic composition, 
which originates in the phytoplankton, is not under- 
stood. Mechanisms that may account for 13C depletion 
in eastern Beaufort Sea phytoplankton have been dis- 
cussed in relation to differential isotopic fractionation 
caused by temperature gradients andlor the variation 
in the isotopic composition of the inorganic carbon 
source (Dunton 1985). Both mechanisms are based on 
known oceanographic features of the Alaskan Beaufort 

Table 2. 6 " ~  values (%) of fauna collected at 4 locations in Alaskan coast. Values are n 5 SE (n) for n > 1 

Organism Bering Sea Chukchi Sea W. Beaufort Sea E. Beaufort Sea 

MOLLUSCA 
Gastropoda 
Buccinum spp. 

ARTHROPODA 
Crustacea-Copepoda 
Calanus spp. 

Crustacea-Malacostraca 
Isopoda 
Saduria entomon 

Amphipoda 
Anonyx sarsi/nugax 

Decapoda 
Crangon dalli 
Pagurus tn.gonocheirus 

VERTEBRATA 
Osteichthyes 
Boreogadus saida 
Gadus macrocephalus 
Limanda aspera 
Liparis spp. 
Myoxocephalus quadricornis 
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hierarchical order of the feeding groups as defined by 
both 6 I3c  and 615N data (Figs. 2 and 5). Because of the 
diversity and complexity of these systems, assigning 
trophic levels to various species is impractical, but it is 
apparent that omnivorous and predaceous gastropod 
invertebrates can occupy trophic levels equivalent to 
those possessed by demersal fishes. An analysis of food 
web structure in the southeast Bering Sea by 
McConnaughey & McRoy (1979) revealed a similar 
relationship in which predatory gastropods were the 
most 13C-enriched invertebrate animals collected 
(including mammals and birds). Few offshore isotopic 
studies have included gastropods in food web analyses, 
and as a result, their role as one of the top benthic 
predators is often overlooked (Mills et al. 1984, 
Minagawa & Wada 1984). 

Although the trophic relations among fauna from the 
different geographic areas were similar, the range of 
613C values recorded in each system varied consider- 
ably. For example, the range in mean carbon isotope 
ratios among the 9 feeding groups (Fig. 2) was greatest 
in the eastern Beaufort (6%0), least in the Chukchi 
( 2 % 0 ) ,  and intermediate in the southeast Bering Sea 
(4 %o). In addition, secondary consumers in the Chukchi 
Sea showed the least enrichment of 13c relative to 
zooplankton, compared to Bering and Beaufort Sea 
fauna, which were nearly equal (Fig. 5). 

These data suggest that Chukchi Sea benthic fauna 
are more closely coupled to primary production. There 
is some biological evidence to support this hypothesis. 
First, the northwestern Bering and Chukchi Seas are 
characterized by an extremely rich benthos (Grebmeier 
et  al. 1988). This benthos is supported by primary 
production rates that average 250 to 300 g C m-' yr-l 
annually (Walsh et al. in press), compared to about half 
that for the southeast Bering Sea (Walsh & McRoy 1986, 
Walsh et al. in press), and 10 to 25 g C m-' yr-' for the 
Beaufort Sea (Alexander 1974, Horner 1984). Secondly, 
Coyle & Cooney (1988) found that the vast majority of 
spring carbon production in this area is ungrazed by 
zooplankton, presumably sinking directly to the sea- 
floor. Grebmeier (1987) reported that nearly 70 % of the 
primary production produced in northern Bering and 
Chukchi Sea waters escapes pelagic consumption and 
falls to the seafloor, compared to 12% for Alaskan 
coastal water which predominates in the southeast 

eastern Beaufort Sea to a low of 4 %O in the Chukchi, 
with an intermediate value of 5960 in the southeastern 
Bering Sea. No large differences were observed 
between the 15N enrichment of consumers relative to 
zooplankton as in 13C (Fig. 5), but this may reflect 
differing nitrogen fractionations during microbial 
transformations of available food. Generally, bacterial 
cells become enriched in 13C relative to their substrate, 
but nitrogen assimilation by microflora can result in 
either 15N depletion, 15N enrichment, or no change, 
depending on the chemical nature of the substrate 
(Macko 81 Estep 1984). Thus, nitrogen isotopes may not 
be reliable food web tracers (or track 13c enrichments) 
at lower trophic levels in detritus-based food webs. 

Our results show the dual utihty of stable carbon and 
nitrogen isotope ratios in food web studies. A know- 
ledge of the feeding strategies of benthic and epiben- 
thic fauna provides insight into understanding and 
interpreting isotopic variations in food webs, and the 
dynamic nature of trophic relationships among organ- 
isms. In thls study, geographic gradients of the isotope 
ratios in benthic fauna indicate relative differences of 
benthic-pelagic coupling between food webs in differ- 
ent regions. These measurements also provide circum- 
stantial evidence for transport of organic material from 
the northern Bering Sea to the Chukchi and western 
Beaufort Seas. 
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