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Abstract Four species of pagophilic phocid seals in the
Western Arctic—bearded (Erignathus barbatus), ringed
(Phoca hispida), ribbon (Phoca fasciata), and spotted
(Phoca largha)—are particularly vulnerable to arctic
warming trends. Documenting diet composition over time
is one way in which the flexibility of a species, in the face
of broad ecosystem changes, can be measured. Because the
fatty acid (FA) composition of depot lipids has long been
known to reflect diet, we analysed the FA composition of
blubber samples collected from bearded (n = 30), ringed
(n = 15), ribbon (n = 32) and spotted seals (n = 24). All ani-
mals were taken near Little Diomede Island in May and
June 2003, providing a unique opportunity to study
interspecies differences with minimal effects of spatial and
temporal variation. Bearded seal FA composition was sig-
nificantly different from all other seals (P <0.001 in all
cases), ringed seal FA composition was significantly differ-
ent from that of both ribbon and spotted seals (P < 0.001),
but ribbon and spotted seal FA compositions could not be
distinguished from each other. Overall, the blubber FA
compositions of ribbon, ringed and spotted seals implied
diets dominated by pelagic prey. Inferences we made about
current diets of bearded and ringed seals suggest that cer-
tain prey important to them in this area in the 1970s remain
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important today, despite notable changes in the ecosystem.
We believe that blubber FA analysis will be a useful tool in
assessing the response of ice-associated pinnipeds and their
ecosystem to changes associated with arctic warming.
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Introduction

Rapid warming of the Western Arctic is resulting in signifi-
cant reductions in sea ice cover, thickness, and persistence,
due to snow and sea-ice albedo feedback processes (Serreze
et al. 2000; Comiso 2002; Rigor and Wallace 2004), as well
as broad shifts in distributions of organisms that are
important prey of numerous higher trophic level predators
(Overland and Stabeno 2004; Grebmeier et al. 2006; Mueter
and Litzow 2008). Among these predators are four species
of pagophilic (“ice-loving”) phocid seals—bearded (Erig-
nathus barbatus), ringed (Phoca hispida), ribbon (Phoca
fasciata), and spotted (Phoca largha) seals—that depend
on sea ice for reproduction, molting, and foraging for much
or all of the year (Fay 1974). Thus, ice-associated seals are
particularly vulnerable to warming trends because of the
direct effect of a reduction in sea-ice habitat, as well as the
generalized effect of ecosystem changes that alter the spa-
tial and temporal patterns of prey availability.

Both sea ice habitat and foraging strategies vary among
these seals (Burns 1981a; Lowry etal. 2000; Simpkins
et al. 2003). Bearded seals are restricted to waters of about
130 m depth or less because they are primarily benthic for-
agers. They feed mainly on crabs, clams, shrimps and fish
such as eelpouts and sculpins, but demersal and pelagic
cods and capelin (Mallotus villosus) also can be important
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prey (Lowry etal. 1980a; Burns 1981b; Antonelis et al.
1994; Dehn et al. 2007). For much of the year, the main
prey of ringed seals appears to be Arctic cod (Boreogadus
saida) but during spring and summer, invertebrates or other
fish species can constitute the majority of the diet (Lowry
et al. 1980b; Dehn et al. 2007). Diets of ribbon and spotted
seals are similar—Arctic cod is considered the primary
prey of both species, with ribbon seals also having been
found to consume walleye pollock (Theragra chalco-
gramma) and spotted seals having been found to consume
several species of fishes such as pollock, Pacific herring
(Clupea pallasii) and capelin, as well as octopus in spring
(Frost and Lowry 1980; Bukhtiyarov et al. 1984; Lowry
et al. 2000). Precise information on prey resource overlap
or partitioning between these ice seals has been difficult to
obtain, however, because samples have been taken in vari-
ous seasons, years and locations.

Differences between the species in prey and habitat
selection will likely cause them to be uniquely affected by
Arctic warming, the loss of sea ice and any resultant eco-
system shifts. One way to assess their flexibility to accom-
modate broad ecosystem changes is by studying diet
composition over time. Previous studies of ice seal diets in
Alaska have been based on stomach content analysis; how-
ever this method has several biases (Jobling and Breiby
1986; Dellinger and Trillmich 1988). An alternative
method for estimating diets is through the use of dietary
fatty acids (FA), which have long been known to influence
the FA composition of the depot lipids of consumers
(Fraser et al. 1989; Raclot et al. 1998; Kirsch et al. 2000),
and the analysis of blubber FA composition provides an
alternative method of studying pinniped diet (Iverson 1993;
Iverson et al. 2004). A primary advantage of that approach,
which we employed in this study, is that it provides longer-
term information about the diet than the traditional stomach
or scat analyses, which only provide information about an
animal’s most recent meals. This is particularly relevant to
ice seals sampled in spring, a time of reduced feeding when
stomachs often contain few prey remains (e.g., Shustov
1965; Frost and Lowry 1980; Burns 1981a).

West et al. (1979) presented blubber FA compositions of
these ice seals, but interpretations of the data were severely
limited due to their small sample size (n = 8), a 7-month sam-
ple collection period, and collection locations at several
oceanographically distinct areas ranging from the Bering Sea
to the Beaufort Sea. In our study, much larger numbers of
animals were sampled in a small geographic area near Little
Diomede Island in the Bering Strait region of Alaska and over
a short time period in May and June 2003, providing a unique
opportunity to assess interspecies differences and similarities
with minimal interference from spatial and temporal variation.

A primary objective of this project was to assess changes
in the diets of these four species over time. This required the
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comparison of past diet estimates based on stomach contents
and very limited FA data with current qualitative diet analy-
ses using only FA data. Because diet estimation using FA is a
relatively new technique, comparison of our results to those
from previous studies using stomach content analysis was
necessary to determine whether diet changes have occurred
over the time that has elapsed between studies (i.e., sufficient
FA data were not collected in the past to rely exclusively on
that source for diet information). In the future, we anticipate
the use of FA data for diet estimation as a long-term monitor-
ing method to study the influence of climate change on these
mammals. Thus, another objective of this work was to estab-
lish a FA data set for future comparisons.

Materials and methods
Sample source and extraction

Blubber samples from 101 ice seals (bearded n = 30; ringed
n = 15; ribbon n = 32; spotted n = 24) were collected from
the Native subsistence harvest near Little Diomede Island,
AK (65.75 N, 168.95 W) during May and June 2003. Each
sample was full thickness (from skin to muscle, approxi-
mately 2-3 cm in depth), ~100-300 g each, and was col-
lected within 24 h of death. Samples from all four species
included both sexes and adult and sub-adult age classes, but
this information was not known for approximately 25% of
the samples. Samples were frozen at —20°C until analyzed.
A longitudinal slice (1-2 g) of blubber was sub-sampled,
and skin and muscle were removed. Lipids were quantita-
tively extracted with chloroform and methanol and FA
methyl esters (FAME) were prepared from the extracted
lipid using H,SO, in methanol (Budge et al. 2006).

Chromatography

FAME were analyzed in duplicate using temperature-pro-
grammed gas chromatography on a Perkin Elmer Autosys-
tem II Capillary gas chromatograph (GC) with a flame
ionization detector using a polar column (Agilent Technol-
ogies, DB-23; 30 m x 0.25 mm ID) according to Budge
etal. (2006). Up to 66 FAME were routinely identified
according to Iverson etal. (1997) and are reported as
weight percent of total FA identified. Unusual non-methy-
lene-interrupted (NMI) FA were identified using silver
nitrate chromatography and GC-mass spectrometry as
described in Budge et al. (2007).

Statistics

To investigate the variation in blubber FA composition
among and within species by age and sex, Bray—Curtis



Polar Biol (2009) 32:1137-1145

1139

similarity matrices (Bray and Curtis 1957) were calculated
on all FA present at proportions >0.1%. Differences were
visualized through ordination of samples using non-metric
multidimensional scaling (MDS). The adequacy of the
MDS ordination was verified using the results of a cluster
analysis. An analysis of similarity (ANOSIM, Clarke 1993)
was performed and significant differences in FA profiles
were identified using R values. A similarity percentages
routine (SIMPER) was then used to determine the FA con-
tributing to the differences. The above analyses were per-
formed using the PRIMER 6 statistical package (Primer-E
Ltd; Clarke and Warwick 2001; Clarke and Gorley 2006).
Species mean values for total n-3 FA concentration were
compared using a one-way ANOVA in SPSS 10. FA data
were transformed using an arcsine square root function
prior to statistical analysis.

Results

The FA composition of blubber lipids from all seals are
presented in Table 1. ANOSIM, using sex and age as
factors, did not indicate any significant intraspecific differ-
ences among FA profiles; thus for each species FA data
were treated as a single group in subsequent analyses.
ANOSIM also indicated an overall difference in FA
composition between the four seal species (R=0.71,
P =0.001). Pair-wise ANOSIM indicated that bearded seal
FA composition was significantly different from all other
seals (P < 0.001 in all cases). Ringed seal FA composition
was also significantly different from that of both ribbon
and spotted seals (P < 0.001), but ribbon and spotted seal
FA compositions could not be distinguished from each
other.

MDS ordination of samples clearly showed that bearded
and ringed seals were separated from all other species, but
that ribbon and spotted seals were too similar to be sepa-
rated from each other (Fig. 1). The groupings superimposed
on the ordination plot represent 90% similarity based on
cluster analysis and show an excellent agreement between
the two techniques. The small number of obvious outliers
present in Fig. 1 could have possibly resulted from misla-
beling or misidentification in the field.

SIMPER analysis identified the FA that were contribut-
ing most strongly to the above differences, and Fig. 2 pre-
sents the blubber composition of these important FA. The
much higher level of n-7 FA in the bearded seal, specifi-
cally 18:1n-7 and 20:1n-7, compared to the other seals, was
central to its differentiation. In addition, bearded seals had
greater proportions of 20:4n-6 as well as all NMI FA
(Table 1). The low proportions of n-9 and n-11 monounsat-
urated FA (MUFA) in bearded seals further differentiated
them from the ribbon and spotted seals. Differences

Table 1 Proportions of FA (mean & SE, expressed as mass percent of
total FA) in blubber of four species of ice-associated seals

Bearded Seals Ringed Seals Ribbon Seals Spotted Seals

n=30 n=15 n=32 n=24
Saturated
14:0 2.93 £0.07 380+£0.19 4344+0.12 428+0.13
15:0 0.39 £ 0.01 025+£0.02 025+0.01 0.26=£0.01
16:0 9.30 +£0.32 639+033 691+034 851+034
i-17:0 0.30 £ 0.01 0.13£0.02 0.11+0.00 0.13 £0.00
17:0 0.29 £ 0.02 0.10£0.02 0.09+0.00 0.11£0.01
18:0 1.30 £ 0.07 0.71 £0.08 0.87+0.05 0.98 £ 0.06
Subtotal 1451 £0.39 11.39+0.50 12.57 £0.43 14.27 +0.46
Monounsaturated
14:1n-5 0.77 £ 0.07 124 £0.07 126+0.06 0.86=+0.06
16:1n-11 0.47 £ 0.02 058 £0.03 0.524+0.02 0.49+0.02
16:1n-9 0.33 £0.01 047 £0.03 033+0.01 041=£0.02
16:1n-7 20.10 £ 043 18.87 £1.06 14.33 £0.57 14.21 +0.56
17:1 0.61 £ 0.02 032+£0.05 0324+0.01 0.32+£0.01
18:1n-11 0.49 £+ 0.07 232+£034 196+0.16 1.83+0.16
18:1n-9 16.03 £0.51 1594 +1.05 2294 +£0.81 2193 +0.49
18:1n-7 9.28 £ 0.31 515+£036 447+0.13 495+0.16
18:1n-5 0.57 £ 0.01 059+£0.02 0534+0.01 0.56=+0.02
20:1n-11 2.16 £0.21 231+£036 691+047 4.70£035
20:1n-9 2.04 £0.19 4.724+0.54 564+£031 6854043
20:1n-7 243 £0.14 049+£0.12 034+0.02 044£0.03
22:1n-11 0.39 £+ 0.08 1.04 £024 3394036 227+035
22:1n-9 0.22 £ 0.02 026 +£0.05 048+£0.04 0.35£0.04
Subtotal ~ 5590 £0.81 5429 +1.16 63.41 £0.65 60.16 +0.79
Polyunsaturated
16:2n-4 0.16 £ 0.01 0.14£0.01 0224+0.01 0.16£0.01
16:3n-6 0.42 £0.01 0.58£0.03 049+0.02 0.50=£0.02
16:3n-4 0.22 £ 0.01 028 £0.02 0.234+0.02 0.26£0.01
16:4n-1 0.32 £ 0.02 0.34£0.04 033+0.03 0.32£0.02
18:2n-6 0.89 £ 0.03 0.82£0.04 1.134+0.03 0.94£0.02
18:2n-4 0.27 £ 0.01 0.15£0.01 0.124+0.00 0.13 £0.00
18:3n-4 0.23 £0.01 0.12+£0.01 0.114+£0.01 0.10 £ 0.00
18:3n-3 0.24 £+ 0.02 037+£0.02 0484+0.02 0.36=+0.01
18:4n-3 0.63 £ 0.03 0.89+£0.04 093+£0.05 0.81£0.03
18:4n-1 0.27 £ 0.01 0.18£0.01 0.194+0.01 0.14 £0.01
20:2n-6 0.36 £ 0.01 0.18£0.02 0.18+0.01 0.18£0.01
20:4n-6 1.19 £0.05 0.57£0.08 036+0.02 047 £0.03
20:4n-3 0.41 £0.02 0.38+£0.01 0.54+0.01 0.32£0.01
20:5n-3 8.76 £0.29 9.07£050 5124025 538+0.38
21:5n-3 0.54 £ 0.02 044 £0.02 0414+0.01 0.38=£0.01
22:4n-6 0.25 £ 0.01 0.10£0.02 0.05+0.01 0.09£0.01
22:5n-6 0.26 £+ 0.01 0.11£0.01 0.09+0.01 0.12£0.01
22:5n-3 420£0.13 6.0l £042 343+0.18 448=£0.18
22:6n-3 633 £0.14 11.00+0.60 7.04£023 7.8440.25
Subtotal 2594 £ 047 31.72+1.39 21.46 £0.63 2297 +£0.79
Non-methylene interrupted
20:2A5,11  0.16 £0.01 0.02+0.01 0.01 £0.00 0.03 £0.00
20:2A5,13  0.10 £ 0.01 0.02+£0.01 0.024+0.00 0.03 £ 0.00
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Table 1 continued

Bearded Seals Ringed Seals Ribbon Seals Spotted Seals

n=30 n=15 n=32 n=24

20:3A5,11,14 0.06 +0.00 0.02+0.01 0.01 +0.00 0.03 +0.01

22:2NMID 0.06 £0.00 0.02+0.01 0.02£0.00 0.03 £0.00
22:2A7,13 0.13+£0.01 0.01+0.01 0.01 £0.00 0.01 £ 0.00
22:2A7,15 031+£0.03 0.04+0.04 0.02+£0.00 0.02=+0.00
Subtotal 081 £0.04 0.13£0.07 0.09£0.01 0.15+£0.01
Total 97.16 £ 0.05 97.53 £0.10 97.52 £ 0.04 97.55 £ 0.04
Total n-3 21.10 £ 043 28.15£1.39 17.95 £0.58 19.57 £0.75
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Fig. 1 MDS ordination of blubber FA composition from four species
of ice-associated seals (2D Stress of 0.1). Groupings of 90% similarity
(black lines), based on cluster analysis, are superimposed to verify
adequacy of ordination results
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Fig. 2 Proportions of FA (mean £ SE, expressed as mass percent
of total FA) primarily responsible for the significant difference
(ANOSIM: R=0.71, P =0.001) in blubber FA composition of the
four species of ice-associated seals, as indicated by SIMPER analysis

between the concentrations of these FA in bearded and
ringed seals were much less marked, but ringed seals did
have higher proportions of 18:1n-11, 20:1n-9 and 22:1n-11.
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The n-3 FA were extremely important in differentiating
the ringed seals from all other species. Ringed seals had a
significantly higher proportion of total n-3 FA (28.2 £
1.4%, P < 0.001), with larger amounts of 20:5n-3, 22:5n-3
and 22:6n-3 (Fig. 2; Table 1). In addition, ringed seals had
a higher proportion of 16:1n-7, but lower proportions of
18:1n-9, 20:1n-11, 20:1n-9, and 22:1n-11 than the ribbon
and spotted seals. Ribbon and spotted seals were the most
similar in terms of blubber FA composition, yet ribbon
seals tended to have higher concentrations of 20:1n-11 and
22:1n-11.

Discussion
Intraspecific variation

Our data did not indicate any intraspecific differences in FA
composition based on sex or age class. We know that the
bulk of the samples collected was from juveniles but our
data also included adults and pups of both sexes. There
seems to be little evidence for differences in FA due to
sex in adult bearded (Budge et al. 2007) and ringed seals
(Thiemann et al. 2007); studies of foraging behavior and
diet of bearded seals (Lowry et al. 1980a; Antonelis et al.
1994; Hjelset et al. 1999), ribbon seals (Deguchi et al. 2004),
and ringed seals (Lowry et al. 1980b) also support our con-
clusion of no difference between sexes.

Differences in FA composition with age class, however,
are well known (e.g., Beck etal. 2007; Thiemann et al.
2007). It may be that our data did not show differences
between age classes because our samples were not evenly
distributed between adults and juveniles. Therefore, our
treatment of all samples from a species as a single group
may have introduced a degree of variation into our data.
Despite this, we were able to detect clear differences in FA
compositions between most of these species, suggesting
that the intraspecific variation potentially introduced by
differences in diets due to age class preferences is far less
than the interspecies variation in most cases.

Interspecific and temporal variation

The very high concentrations of n-7 FA in bearded seal
blubber were central to differentiating this species from the
others and are indicative of a diet rich in benthic molluscs
(Joseph 1982). Levels of NMI FA above trace (0.06—
0.31%) were another unique feature of bearded seal blubber
FA composition. These FA have been identified in a range
of benthic invertebrates and appear to be common in bivalves
and carnivorous gastropods (Paradis and Ackman 1977;
Joseph 1982). In the Bering and Chukchi seas, clams are an
important prey item of bearded seals and their utilization
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appears to be seasonal, occurring primarily in the spring
and summer (Burns 1981b). Lowry et al. (1980a) found
geographical variation in the utilization of clams as well—
although clams constituted a major proportion of the diet in
some locations, they represented a very small proportion
(~4%) of the diet of bearded seals taken around Little Dio-
mede Island during spring. However, the high concentra-
tions of n-7 and the presence of NMI FA in the bearded seal
blubber we analyzed, also sampled on Little Diomede
Island in spring, argue for a more typically high contribu-
tion of clams to the diet of these animals. The bearded seal
blubbers also had a comparatively high concentration of
20:4n-6 relative to the other seal species (Table 1; Fig. 2).
Sculpins and shrimp are both particularly rich in 20:4n-6
(Iverson et al. 2002), indicating that these prey are still
important in the diet of bearded seals at this location, as
they were in the 1970s (Lowry et al. 1980a).

The proportions of major FA in bearded seal blubber
reported here are not significantly different from those of
bearded seals taken near Little Diomede Island in the spring
of 2002 as reported by Budge et al. (2007). However, our
results were markedly different from those of West et al.
(1979) in that the blubber we analyzed had much lower
concentrations of 20:1n-9, 22:1n-11 and the n-3 FA and
higher concentrations of 16:1n-7 and 20:4n-6. Because the
n-7 fatty acids and 20:4n-6 are common in benthic organ-
isms and 20:1n-9 and 22:1n-11 are more common in
pelagic fishes, this difference in FA composition can be
interpreted as implying a shift toward a more benthic-domi-
nated diet by bearded seals in the northern Bering Sea since
the late 1970s. However, the small sample sizes of West
et al. (1979) and the fact that they did not report all isomers
of the 16-22 carbon MUFA, nor any NMI FA, make such
conclusions tenuous. This comparison also highlights the
need to establish consistent methods of blubber sampling
and accurate techniques for FA analysis. The data presented
here can only serve as a baseline for future work if subse-
quent studies use similar methods. We followed the meth-
ods outlined in Budge et al. (2006) for sampling and FA
analyses that employed a polar capillary column and
allowed identification of ~70 FA. For other groups work-
ing in this field, we recommend similar methods with care-
ful validation of FA results.

Comparison of our data with the blubber FA composi-
tion of bearded seals from more recent studies in northeast-
ern Canada (Durnford and Shahidi 2002) and the area
surrounding Svalbard, Norway (Grahl-Nielsen et al. 2003)
reveals regional differences. The most pronounced differ-
ence is the lower concentration of 20:1n-9 and 22:1n-11 in
seals from the northern Bering Sea. Our animals also had
generally lower concentrations of the n-3 FA, particularly
22:6n-3. Both observations imply a more benthic-domi-
nated diet in bearded seals of the northern Bering Sea.

Unfortunately, neither of the above studies reported NMI
FA concentrations, which would have been helpful in
assessing the validity of this conclusion. The blubber FA
composition of ringed seals from the northern Bering Sea
was remarkably similar to that reported for other arctic
regions (Durnford and Shahidi 2002; Grahl-Nielsen et al.
2003, 2005).

Although arctic cod is believed to make up the majority
of the ringed seals’ diet in winter, stomach content analysis
from ringed seals sampled near Little Diomede Island in
spring in the 1970s indicated that their main prey were ben-
thic invertebrates, with shrimp constituting 44% of the diet,
gammarid amphipods making up 15% and arctic cod mak-
ing up the bulk of the remainder of the diet (Lowry et al.
1980b). Shrimps are high in 20:5n-3 and 22:6n-3 but rela-
tively low in 20:1n-9 and 22:1n-11 (Iverson et al. 2002).
Thus, our data showing a similar pattern of high concentra-
tions of n-3 FA and lower concentrations of 20:1n-9 and
22:1n-11 in their blubber support the conclusion that
shrimp are still an important prey item for ringed seals in
spring.

It is not surprising that ribbon and spotted seals could
not be differentiated by their FA compositions (Fig. 1) as
they occupy similar habitats (Simpkins et al. 2003) and arc-
tic cod is thought to be the primary prey item for both spe-
cies in the northern Bering Sea during spring (Frost and
Lowry 1980; Bukhtiyarov et al. 1984; Lowry et al. 2000).
Additionally, adult ribbon and spotted seals sampled near
Little Diomede Island in summer had similar nitrogen iso-
tope ratios (Dehn et al. 2007), further supporting a similar-
ity in diet.

Blubber samples from both ribbon and spotted seals had
particularly high concentrations of 20:1n-11, 20:1n-9 and
22:1n-11 compared to bearded and ringed seals (Table 1;
Fig. 2). Although vertebrates can theoretically synthesize
20:1n-9 and 22:1n-11, these FA primarily originate from
the fatty alcohols in wax esters of calanoid copepods (Lee
et al. 1971; Pascal and Ackman 1976; Ackman et al. 1980;
Falk-Petersen et al. 1990). 20:1n-11 is typically found
only in higher trophic level predators and is the product of
the partial chain-shortening of 22:1n-11 (Norseth and
Christophersen 1978; Bremer and Norum 1982; Cooper
et al. 2006). The concentrations of 20:1n-9 and 22:1n-11
vary widely among different fish and invertebrate species
(Graeve et al. 1997; Budge et al. 2002; Iverson et al. 2002),
making them good indicators of diet when found in a
predator.

Ribbon and spotted seals feed primarily on Arctic cod
but have also been shown to include other fish such as pol-
lock, herring and capelin in their diet (Frost and Lowry 1980;
Bukhtiyarov et al. 1984; Dehn et al. 2007). Planktivorous
fish tend to have high levels of these copepod-derived FA
(Graeve etal. 1997; Budge et al. 2002; Iverson et al. 2002),
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thus explaining the high concentrations found in ribbon and
spotted seals. Despite broad similarities in the FA composi-
tions of the two species, ribbon seals had a higher concen-
tration of 22:1n-11 than spotted seals and the reverse was
true for 20:1n-9 (Table 1). The ratio of 20:1n-9 to 22:1n-11
is greater than one in Arctic cod (Falk-Petersen et al. 2004)
but less than one in pollock, herring and capelin (Budge
et al. 2002; Iverson etal. 2002). This may indicate that
spotted seals we sampled relied more heavily on Arctic cod
than did the ribbon seals. Spotted seals were found to con-
sume octopus in spring (Lowry et al. 2000) and octopus
have a 20:1n-9 to 22:1n-11 ratio greater than one (Iverson
et al. 2002), so consumption of octopus may have also con-
tributed to the higher concentration of 20:1n-9 in spotted
seals relative to ribbon seals.

Vulnerability to ecosystem changes

With our current data set, we are attempting to establish
baseline FA information for diet estimates to help explain
potential future variation in marine mammal populations
and in food web productivity of the northern Bering Sea.
Changes in marine mammal populations in response to
regional fluctuations in climate have been documented in
several ecosystems, but without the corresponding FA data
to assist with diet interpretation. For example, in the south-
ern Indian Ocean, temperatures increased from the 1960s to
1980s and following a time lag, populations of the majority
of top predators (both seabirds and seals) decreased dramat-
ically (Weimerskirch et al. 2003). Exceptions include King
Penguins and Amsterdam fur seals, whose populations
increased over the same time period. Both of these preda-
tors prey primarily on myctophid fishes, whereas the spe-
cies that declined are primarily squid eaters, and to a lesser
degree crustacean and fish predators. In another case, the
sympatric Galapagos fur seals (Arctocephalus galapagoen-
sis) and Galapagos sea lions (Zalophus californianus)
exhibited 50-70 and 30% declines, respectively, in
response to the 1982—-1983 El Nino event (Trillmich and
Limberger 1985). Otariids generally appear to be opportu-
nistic feeders (Antonelis et al. 1984; Green etal. 1991;
Gales and Pemberton 1994), which may buffer them against
environmental changes, but the barrier to emigration and
the narrowly defined ecosystem created by the isolation of
the Galapagos Islands likely makes the Galapagos fur seals
and sea lions particularly vulnerable to environmental fluc-
tuations. With both of these studies, FA data would have
helped clarify the role of dietary shifts in the change in
abundance of those populations.

In the northern Bering Sea, the reduction in sea ice and
increase in air and ocean temperatures has coincided with a
reduction in some benthic prey populations and an increase
in some benthic and pelagic fishes, constituting a northward

@ Springer

shift of pelagic taxa characteristic of the southeastern
Bering Sea (Overland and Stabeno 2004; Grebmeier et al.
2006; Mueter and Litzow 2008). Bluhm and Gradinger
(2008) predicted that in the future a shift to a more pelagic
food web-dominated ecosystem will be common and occur
over a geographically large area within the Arctic. Bearded
seals are generally believed to rely more heavily on benthic
prey than ringed, ribbon and spotted seals (Lowry et al.
1980a; Burns 1981a; Antonelis etal. 1994; Dehn et al.
2007), which is supported by our data. In light of the
observed and predicted shift to pelagic food web-domi-
nated ecosystems, bearded seals may be particularly vulner-
able. Still, despite a greater reliance on benthic prey,
bearded seals are feeding generalists and Laidre et al.
(2008) believe that they will likely be able to make the
switch from benthic dominated to pelagic dominated diets
if there are disruptions in the benthic environment.

Close comparison of our 2003 FA data for bearded seals
to those from animals collected in May—June 2002 at Little
Diomede Island (Budge et al. 2007) reveals some signifi-
cant differences. Overall, the major FA in bearded seal
blubber are quite similar between the 2 years, as described
above; however, in 2003 the minor NMID FA, associated
with a variety of benthic invertebrates, shifted to resemble
levels found in the Pacific walrus (Odobenus rosmarus;
Fig. 3; ANOSIM: R =0.19, P <0.001). This may simply
reflect normal interannual variation in diet, or it may repre-
sent the beginning of a shift in diet to one more similar to
that of the walrus. If the latter can be shown to be true
through analysis of more recent blubber samples, it might
argue against the purported significance of changes in ben-
thic production in the northern Bering Sea in recent years,
and perhaps indicate greater competition with walrus for
common prey resources.

Laidre et al. (2008) quantified the sensitivity of Arctic
and sub-Arctic marine mammals to long-term unidirec-
tional climate warming based on various factors including:
population size, breadth/extent of geographic range, habitat
specificity, diet diversity, migrations, individual site fidel-
ity, influences of changes in sea ice, influences of changes
in trophic web and maximum rate of population increase.
Obviously, monitoring diet with blubber FA will only pro-
vide a small portion of the information necessary to explain
variation in seal populations due to climate change. How-
ever, in some situations, blubber FA may be important in
demonstrating that an observed change in behavior has lit-
tle to do with variation in prey availability. For instance,
ringed seals are one of the few species where climate-
related declines in abundance and changes in demography
have already been documented. The declines in reproduc-
tion and juvenile survival seen in the southeastern Beaufort
sea in the mid 1970s and 1980s were due to severe ice con-
ditions (Stirling 2002), and pups in subnivean lairs are also
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Fig. 3 Proportions of NMID FA (mean + SE, expressed as mass per-
cent of total FA) in bearded seal and walrus blubber collected in 2002
(from Budge et al. 2007) and in bearded seal blubber collected in 2003
at Little Diomede Island. The bearded seal blubber NMID FA compo-
sition is significantly different in the 2 years (ANOSIM: R =0.19,
P <0.001)

vulnerable to warm weather and excessive rain during the
pupping period (Stirling and Smith 2004). Thus, this spe-
cies may be particularly sensitive to changes in their sea ice
habitat, with less influence from changing prey availability.
In this situation, we would expect blubber FA data to
show little change in diet, eliminating prey availability as a
factor.

Similarly, Laidre et al. (2008) suggested that ribbon and
spotted seals are more sensitive to Arctic warming, due to
limited geographic distribution, site fidelity and migration.
While these factors may contribute to the vulnerability of
these species, spotted and ribbon seals may be able to make
northward extensions of their range as was seen for the harp
seals (Phoca groenlandica) and harbor seals (P. vitulina) in
West Greenland and western Hudson Bay, respectively,
during periods of warmer temperatures and light sea ice
(Laidre et al. 2008 and references therein). Corresponding
to the northward range extension of harp and harbor seals,
ringed seals in both areas exhibited a northward retraction
of their ranges. Whether this was due to competition from
the harp and harbor seals or to a shift in availability of pre-
ferred prey is not known. Interspecific competition among
the ice seals resident in the Bering Sea may, therefore,
become stronger in response to warming trends. This poten-
tial issue of competition lends itself particularly well to
examination with FA data; the data presented here will be
invaluable in interpreting future results.

Studying diet composition over time is one way to moni-
tor the response of a species to ecosystem changes. In addi-
tion, because arctic pinnipeds may act as indicators of the
regional effects of climate change (Tynan and DeMaster
1997; Laidre et al. 2008), documenting variability in diets
of these predators will be important to our understanding of

not only their populations, but also the broader Arctic envi-
ronment. We believe that blubber FA analysis will be a use-
ful tool in assessing the response of these species and
ecosystems to changes associated with arctic warming and
climate change.

Acknowledgments We thank the residents of Little Diomede Island
for providing samples from the subsistence hunts during spring 2003.
Seal specimen collections were authorized by National Marine Fisher-
ies Service Scientific Research Permit No. 358-1585. Funding for this
project was provided by the Cooperative Institute for Arctic Research.
Additional support came from the National Science Foundation (Grant
# OPP 9910319) and the Natural Sciences and Engineering Research
Council (NSERC) of Canada. Thanks also to SJ Iverson for generously
supporting a portion of the experimental analysis.

References

Ackman RG, Sebedio J-L, Kovacs MIP (1980) Role of eicosenoic and
docosenoic fatty acids in freshwater and marine lipids. Mar Chem
9:157-164

Antonelis GA Jr, Fiscus CH, DeLong RL (1984) Spring and summer
prey of California sea lions, Zalophus californianus, at San
Miguel Island, California 1978-79. Fish Bull 82:67-76

Antonelis GA, Melin SR, Bukhtiyrov YA (1994) Early spring feeding
habits of bearded seals (Erignathus barbatus) in the central
Bering Sea, 1981. Arctic 47:74-79

Beck CA, Iverson SJ, Bowen WD, Blanchard W (2007) Sex differ-
ences in grey seal diet reflect seasonal variation in foraging
behaviour and reproductive expenditure: evidence from quantita-
tive signature analysis. J] Anim Ecol 76:490-502

Bluhm BA, Gradinger R (2008) Regional variability in food availabil-
ity for arctic marine mammals. Ecol Appl 18:S77-S96

Bray JR, Curtis JT (1957) An ordination of the upland forest commu-
nities of Southern Wisconsin. Ecol Monogr 27:325-349

Bremer J, Norum KR (1982) Metabolism of very long-chain monoun-
saturated fatty acids (22:1) and the adaptation to their presence in
the diet. J Lipid Res 23:243-256

Budge SM, Iverson SJ, Bowen WD, Ackman RG (2002) Among and
within species variability in fatty acid signatures of marine fish
and invertebrates on the Scotian Shelf, Georges Bank, and south-
ern Gulf of St. Lawrence. Can J Fish Aquat Sci 59:886-898

Budge SM, Iverson SJ, Koopman HN (2006) Studying trophic ecology
in marine ecosystems using fatty acids: a primer on analysis and
interpretation. Mar Mammal Sci 22:759-801

Budge SM, Springer AM, Iverson SJ, Sheffield G (2007) Fatty acid
biomarkers reveal niche separation in an Arctic benthic food web.
Mar Ecol Prog Ser 336:305-309

Bukhtiyarov YA, Frost KJ, Lowry LF (1984) New information of
foods of the spotted seal, Phoca largha, in the Bering Sea in
spring. In: Fay FH, Fedoseev GA (eds) Soviet—-American cooper-
ative research on marine mammals, vol 1, pp 55-59. NOAA
Technical Report, NMFS 12, Pinnipeds

Burns JJ (1981a) Ribbon seal—Phoca fasciata. In: Ridgway SH,
Harrison RJ (eds) Handbook of marine mammals, vol 2. Aca-
demic Press, New York, pp 89-109

Burns JJ (1981b) Bearded seal—Erignathus barbatus. In: Ridgway
SH, Harrison RJ (eds) Handbook of marine mammals, vol 2. Aca-
demic Press, New York, pp 145-170

Clarke KR (1993) Non-parametric multivariate analysis of changes in
community structure. Aust J Ecol 18:117-143

Clarke KR, Gorley RN (2006) PRIMER v6: user manual/tutorial.
PRIMER-E, Plymouth

@ Springer



1144

Polar Biol (2009) 32:1137-1145

Clarke KR, Warwick RM (2001) Change in marine communities: an
approach to statistical analysis and interpretation, 2nd edn.
PRIMER-E, Plymouth

Comiso JC (2002) A rapidly declining perennial sea ice cover in the
Arctic. Geophys Res Lett 29:1956

Cooper MH, Iverson SJ, Rouvinen-Watt K (2006) Metabolism of die-
tary cetoleic acid (22:1n-11) in mink (Mustela vison) and grey
seals (Halichoerus grypus) studied using radiolabelled fatty acids.
Physiol Biochem Zool 79:820-829

Deguchi T, Goto Y, Sakurai Y (2004) Importance of walleye pollock
(Theragra chalcogramma) to wintering ribbon seals (Phoca
fasciata) in Nemuro Strait, Hokkaido Japan. Mammal Study
29:55-63

Dehn L-A, Sheffield GG, Follmann EH, Duffy LK, Thomas DL,
O’Hara TM (2007) Feeding ecology of phocid seals and some wal-
rus in the Alaskan and Canadian Arctic as determined by stomach
contents and stable isotope analysis. Polar Biol 30:167-181

Dellinger T, Trillmich F (1988) Estimating diet composition from scat
analysis in otariid seals (Otariidae): is it reliable? Can J Zool
66:1865-1870

Durnford E, Shahidi F (2002) Comparison of FA compositions of se-
lected tissues of phocid seals of eastern Canada using one-way
and multivariate techniques. J Am Oil Chem Soc 79:1095-1102

Falk-Petersen S, Hopkins CCE, Sargent JR (1990) Trophic relation-
ships in the pelagic, Arctic food web. In: Barnes M, Gibson RN
(eds) Trophic relationships in the marine environment. Aberdeen
University Press, Aberdeen, pp 315-333

Falk-Petersen S, Haug T, Nilssen KT, Wold A, Dahl TM (2004) Lipids
and trophic linkages in harp seals (Phoca groenlandica) from the
eastern Barents sea. Polar Res 23:43-50

Fay FH (1974) The role of ice in the ecology of marine mammals of
the Bering Sea. In: Hood D, Kelley E (eds) Oceanography of the
Bering Sea. Institute of Marine Science, University of Alaska,
Fairbanks, pp 383-399

Fraser AJ, Sargent JR, Gamble JC, Seaton DD (1989) Formation and
transfer of fatty acids in an enclosed food chain comprising phy-
toplankton, zooplankton and herring (Clupea harengus) larvae.
Mar Chem 27:1-18

Frost KJ, Lowry LF (1980) Feeding of ribbon seals (Phoca fasciata) in
the Bering Sea in spring. Can J Zool 58:1601-1607

Gales R, Pemberton D (1994) Diet of the Australian fur seal in Tasma-
nia. Aust J Mar Freshw Res 45:653-664

Graeve M, Kattner G, Piepenburg D (1997) Lipids in Arctic benthos:
does the fatty acid and alcohol composition reflect feeding and
trophic interactions? Polar Biol 18:53-61

Grahl-Nielsen O, Andersen M, Derocher AE, Lydersen C, Wiig 9,
Kovacs KM (2003) Fatty acid composition of the adipose tissue
of polar bears and of their prey: ringed seals, bearded seals and
harp seals. Mar Ecol Prog Ser 265:275-282

Grahl-Nielsen O, Halvorsen A-K, Bodoev N, Averina L, Radnaeva L,
Pronin N, Kikeld R, Petrov E (2005) Fatty acid composition of
blubber of the Baikal seal Phoca sibirica and its marine relative,
the ringed seal P. hispida. Mar Ecol Prog Ser 305:261-274

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

Green K, Williams R, Burton HR (1991) The diet of Antarctic fur seals
Arctocephalus gazella (Peters) during the late autumn and early
winter around Heard Island. Antarct Sci 3:359-361

Hjelset AM, Andersen M, Gjertz I, Lydersen C, Gulliksen B (1999)
Feeding habits of bearded seals (Erignathus barbatus) from the
Svalbard area, Norway. Polar Biol 21:186-193

Iverson SJ (1993) Milk secretion in marine mammals in relation to for-
aging: can milk fatty acids predict diet? Symp Zool Soc Lond
66:263-291

@ Springer

Iverson SJ, Frost KJ, Lowry LF (1997) Fatty acid signatures reveal fine
scale structure of foraging distribution of harbor seals and their
prey in Prince William Sound, Alaska. Mar Ecol Progr Ser
151:255-271

Iverson SJ, Frost KJ, Lang SLC (2002) Fat content and fatty acid com-
position of forage fish and invertebrates in Prince William Sound,
Alaska: factors contributing to among and within species variabil-
ity. Mar Ecol Progr Ser 241:161-181

Iverson SJ, Field C, Bowen WD, Blanchard W (2004) Quantitative fat-
ty acid signature analysis: a new method of estimating predator
diets. Ecol Monogr 74:211-235

Jobling M, Breiby A (1986) The use and abuse of fish otoliths in
studies of feeding habits of marine piscivores. Sarsia 71:265—
274

Joseph JD (1982) Lipid composition of marine and estuarine inverte-
brates. Part II: Mollusca. Progr Lipid Res 21:109-153

Kirsch PE, Iverson SJ, Bowen WD (2000) Effect of diet on body com-
position and blubber fatty acids in captive harp seals (Phoca
groenlandica). Physiol Biochem Zool 73:45-59

Laidre KL, Stirling I, Lowry LF, Wiig @, Heide-Jgrgensen MP,
Ferguson SH (2008) Quantifying the sensitivity of arctic marine
mammals to climate-induced habitat change. Ecol Appl 18:S97—
S125

Lee RF, Nevenzel JC, Paffenhofer G-A (1971) Importance of wax
esters and other lipids in the marine food chain: phytoplankton
and copepods. Mar Biol 9:99-108

Lowry LF, Frost KJ, Burns JJ (1980a) Feeding of bearded seals in the
Bering and Chukchi Seas and trophic interaction with Pacific wal-
ruses. Arctic 33:330-342

Lowry LF, Frost KJ, Burns JJ (1980b) Variability in the diet of ringed
seals, Phoca hispida, in Alaska. Can J Fish Aquat Sci 37:2254—
2261

Lowry LF, Burkanov VN, Frost KJ, Simpkins MA, Davis R, DeMaster
DP, Suydam R, Springer A (2000) Habitat use and habitat selec-
tion by spotted seals (Phoca largha) in the Bering Sea. Can J Zool
78:1959-1971

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

Norseth J, Christophersen BO (1978) Chain shortening of erucic acid
in isolated liver cells. FEBS Lett 88:353-357

Overland JE, Stabeno PJ (2004) Is the climate of Bering Sea warming
and affecting the ecosystem? Eos Trans Am Geophys Union
85:309-316

Paradis M, Ackman RG (1977) Potential for employing the distribu-
tion of anomalous nonmethylene-interrupted dienoic fatty acids
in several marine invertebrates as part of food web studies. Lipids
12:170-176

Pascal JC, Ackman RG (1976) Long chain monoethylenic alcohol and
acid isomers in lipids of copepods and capelin. Chem Phys Lipids
16:219-223

Raclot T, Groscolas R, Cherel Y (1998) Fatty acid evidence for the
importance of myctophid fishes in the diet of king penguins, Apz-
enodytes patagonicus. Mar Biol 132:523-533

Rigor IG, Wallace JM (2004) Variations in the age of Arctic sea-ice
and summer sea-ice extent. Geophys Res Lett. doi:10.1029/
2004GL019492

Serreze M, Walsh JE, Chapin FS, Osterkamp T, Dyurgerov M, Roma-
novsky V, Oechel WC, Morison J, Zhang T, Barry RG (2000)
Observational evidence of recent change in the northern high-lat-
itude environment. Climate Change 46:159-207

Shustov AP (1965) The food of ribbon seals in the Bering Sea. (In
Russian.) Izv. TINRO 59:178-183

Simpkins MA, Hiruki-Raring LM, Sheffield G, Grebmeier JM,
Bengtson JL (2003) Habitat selection by ice-associated pinnipeds
near St. Lawrence Island, Alaska in March 2001. Polar Biol
26:577-586


http://dx.doi.org/10.1029/2004GL019492
http://dx.doi.org/10.1029/2004GL019492

Polar Biol (2009) 32:1137-1145

1145

Stirling I (2002) Polar bears and seals in the Eastern Beaufort Sea and
Amundsen Gulf: a synthesis of population trends and ecological
relationships over three decades. Arctic 55:59-76

Stirling I, Smith TG (2004) Implications of warm temperatures and an
unusual rain event on the survival of ringed seals on the coast of
southeastern Baffin Island. Arctic 57:59-67

Thiemann GW, Iverson SJ, Stirling I (2007) Variability in the blubber
fatty acid composition of ringed seals (Phoca hispida) across the
Canadian Arctic. Mar Mammal Sci 23:241-261

Trillmich F, Limberger D (1985) Drastic effects of El Nifio on Galapa-
gos pinnipeds. Oecologia 67:19-22

Tynan CT, DeMaster DP (1997) Observations and predictions of
Arctic climate change: potential effects on marine animals. Arctic
50:308-322

Weimerskirch H, Inchausti P, Guinet C, Barbraud C (2003) Trends in
bird and seal populations as indicators of a system shift in the
Southern Ocean. Antarc Sci 15:249-256

West GC, Burns JJ, Modafferi M (1979) Fatty acid composition of
blubber from the four species of Bering Sea phocid seals. Can
J Zool 57:189-195

@ Springer



	Resource partitioning by sympatric pagophilic seals in Alaska: monitoring eVects of climate variation with fatty acids
	Abstract
	Introduction
	Materials and methods
	Sample source and extraction
	Chromatography
	Statistics

	Results
	Discussion
	IntraspeciWc variation
	InterspeciWc and temporal variation
	Vulnerability to ecosystem changes

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


