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Abstract During nutritionally stressful situations, Pacific

walruses (Odobenus rosmarus divergens) may switch from

preying on benthic invertebrates to higher trophic-level

prey (HTLP) (e.g., pinnipeds and/or seabirds). We applied

a Bayesian mixing model to stable isotope (C and N) data

from analyses of various tissues (tongue and lumbar mus-

cle, skin, and liver) to quantify the proportional contribu-

tion of HTLP to walruses (n = 293 individuals). The mode

contribution of HTLP to walrus diet was *22 % (±10 %)

based on muscle mixing models, which is consistent with

results from contaminant studies of Atlantic walruses

(Odobenus rosmarus rosmarus), but higher than estimates

based on historical stomach content analyses of Pacific

walruses. A broader range in the proportion of HTLP

(0–60 %) shown by mixing models using stable isotope

data from liver and skin of walruses indicated they pursue

an opportunistic foraging strategy. Data from the HTLP-

consuming walruses were comparable with our stable iso-

tope data of a known ‘‘seal-eating’’ walrus. No significant

difference was evident between the estimated contributions

of HTLP to the diet of male versus female walruses

(P [ 0.01). This finding suggests that changes in diet base

for walruses are not influenced by the sex of the predator.

Keywords Walrus � Stable isotopes � Pinnipeds � Eiders �
Mixing model

Introduction

Environmental changes can alter the abundance, distribu-

tion, size, digestibility, and energetic content of prey

(Barboza et al. 2009). Prey-switching is a common phe-

nomenon of organisms in response to external factors,

including declines in prey abundance and increases in

predator populations (Bowen et al. 2006; Beaulieu et al.

2009). When preferred prey decline in density or abun-

dance, the energetic cost of foraging and prey handling

may increase, and these costs may eventually outweigh the

predator’s energy gains (Rosen et al. 2007; Barboza et al.

2009). Increased reliance on alternate prey species can

mitigate the loss of caloric energy from declines in avail-

ability of traditional prey, allowing predators to persist and

traditional prey populations to recover.
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The changing environment in the Arctic may be

prompting Pacific walruses (Odobenus rosmarus diver-

gens) toward adopting alternative foraging strategies

(Rausch et al. 2007; Jay and Fischbach 2008). Such alter-

ations may take the form of direct changes (e.g., altered

diet), or indirect changes in the form of differences in food

web dynamics, decreased biomass input to the benthos, and

decreases in prey quality (Grebmeier et al. 2006; Gre-

bmeier 2012; Wang et al. 2013). Sea ice, the diving plat-

form that provides walruses with energetically efficient

access to benthic invertebrate prey (Fay 1982), has recently

displayed unprecedented annual declines (National Snow

and Ice Data Center 2012; Stroeve et al. 2012). As the

Arctic sea ice retreats to deeper waters, walruses are left

without ready access to benthic foraging grounds and may

need to adopt alternate strategies to obtain prey, as they are

not physiologically adapted to deep diving (Fay 1982).

Dietary studies suggest that walruses have increased reli-

ance on high trophic-level prey in recent years, possibly as

a result of environmental changes (Seymour et al. 2014).

Walruses are considered benthic specialist predators using

highly adapted facial musculature to obtain invertebrate prey

from sediments and extract bivalves from their shells, with

numerous other benthic invertebrate taxa commonly utilized

(Fay 1982; Sheffield and Grebmeier 2009). However, wal-

ruses may feed on other available resources, and seal preda-

tion or carcass scavenging by walruses are not novel foraging

strategies (Fay 1960; Fay et al. 1977; Lowry and Fay 1984;

Muir et al. 1995; Mallory et al. 2004; Wolkers et al. 2006; Fox

et al. 2010). Fay (1960) suggested that in nutritionally

stressful situations or during unfavorable sea ice conditions

walruses may prey on seals or birds. Further, increased use of

centralized terrestrial haulouts, such as the thousands of

walruses hauling out near Point Lay, Alaska in past years (Jay

et al. 2012), may lead to localized invertebrate prey depletion

and/or create energetically costly increases in travel distances

to foraging grounds. This may then result in opportunistic

foraging on higher trophic-level prey (HTLP), such as

pinnipeds and seabirds. Additionally, recent in situ observa-

tions suggest active predation by Pacific walruses (O. rosm-

arus divergens) on spectacled eiders (Somateria fischeri,

Lovvorn et al. 2010). Marine mammal trophic-level prey

shifts may have unforeseen energetic consequences, poten-

tially resulting in declining body condition and fecundity,

increased disease susceptibility, decreased offspring survival,

and changes in contaminant exposure; all of which can lead to

population declines (Kutz et al. 2005; Fischbach et al. 2007;

Burek et al. 2008; Garlich-Miller et al. 2011). The degree to

which walruses rely on HTLP is not well understood as walrus

dietary studies have historically relied on stomach content

analysis, a method which is biased toward hard-bodied

organisms (Pierce et al. 2004). Walruses preferentially ingest

the soft tissues of seals and birds (Lowry and Fay 1984) and

stomach content analysis may therefore underestimate the

contribution of HTLP to walrus’ diet.

Analyses of stable nitrogen isotope ratios (15N/14N) can be

used to assess trophic position of an organism relative to its

prey (Kelly 2000). A stepwise enrichment of 3–5 % per

trophic level is generally assumed for marine mammals

(Hobson et al. 1996). Stable carbon (13C/12C) isotope ratios

can be used as an indicator of geographical origin (sourced by

primary production as food web base), and little enrichment

(0–1 % per trophic level) occurs between prey and consumers

in the marine environment (Kelly 2000; Kurle and Worthy

2002). When more than one prey species or prey of different

trophic levels are consumed by a predator, isotopic mixing

models can be applied to determine the proportional contri-

bution of each source to the predator’s diet (Phillips et al.

2005). Depending on fractionation and cellular turnover of

different tissues, and the metabolic rate of the predator, stable

isotope (SI) signatures can reflect the integrated diet of a

consumer from days to years (Hobson et al. 1996; Newsome

et al. 2010; Seymour et al. 2014).

We used a Bayesian stable isotope mixing model

(SIAR) to examine the proportional contribution of HTLP

to the diet of Pacific walruses. While stable isotope ana-

lysis (SIA) provides low taxonomic resolution compared to

other methods of dietary analysis, such as stomach content

and fecal examinations, it provides a tool to assess the

importance of prey from different trophic levels to a con-

sumer’s diet without biases toward hard-bodied organisms.

Assessment of the frequency and consequences of prey-

switching by walruses in the Arctic ecosystem would be

informative for management of this species, particularly

when considering climate change effects on biological

diversity and health of the Arctic Ocean.

We hypothesize that walruses rely on HTLP to a larger

extent than observed from stomach content analyses. Fur-

thermore, under the suggestion that predation on seals and

seabirds is more common among male walruses (Fay 1982;

Lowry and Fay 1984), we would expect a greater proportion

of HTLP in samples from males. The objectives of this study

were to (1) quantify the proportional contributions of HTLP to

the diet of Pacific walruses, (2) determine whether multiple

tissue types (i.e., lumbar and tongue muscle, skin, and liver)

provide homologous SI and Bayesian mixing model results,

and (3) investigate whether male and female walruses have

different proportional contributions of HTLP in their diet.

Materials and methods

Walrus sample collection

Sources and types of walrus tissues collected and analyzed

for this study are presented in Table 1. In 2011, we
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obtained muscle and liver from a known ‘‘seal-eating’’

walrus (the stomach contained identifiable parts of two-

ringed seals, Pusa hispida, Seymour et al. 2014) in col-

laboration with the NSB-DWM and hunters in Barrow,

Alaska.

Tongue and muscle samples were stored in ZiplocTM

bags and frozen at -20 �C. Full-thickness blubber samples

with attached skin were wrapped and stored in aluminum

foil in individual ZiplocTM bags at -80 �C. Archived tis-

sue samples (muscle, skin, and liver) were stored at

-80 �C in Cyrovials� (with the exception of Russian-

sourced samples, which were stored in trace clean I-CHEM

jars with Teflon lining). Further details of walrus tissue

sample collection are presented in Seymour et al. (2014).

Walrus stable isotope analysis

All tissues were subsampled using sterile knives and dis-

section scissors on a clean, stainless steel tray. Samples

were transferred to scintillation vials, refrozen at -20 �C,

and then freeze-dried for 24–48 h. Following lyophiliza-

tion, samples were ground into a fine powder using a

mortar and pestle. For each sample, 0.2–0.4 mg of tissue

was weighed into tin capsules. Walrus samples were

analyzed for both stable carbon and nitrogen isotope ratios

at the UAF Alaska Stable Isotope Facility using a Costech

Elemental Analyzer (ESC 4010) coupled to a Finnigan

MAT DeltaPlusXL stable isotope ratio mass spectrometer.

Isotope values were expressed relative to atmospheric N2

(for nitrogen) and Vienna PeeDee Belemnite (VPDB) (for

carbon) using the following equation:

dX ¼ ½ðRsample=RstandardÞ � 1� � 103

where differential notation (dX) equals the relative differ-

ence between sample and standard stable isotope ratios

(Rsample and Rstandard, also notated as 15N/14N for nitrogen

or 13C/12C for carbon). Peptone was analyzed as an internal

laboratory working standard every 10 samples. Instrument

precision, expressed as 1 standard deviation (SD) calcu-

lated from multiple (n = 46) analyses of the peptone

standard, was ±0.2 % for d13C and ±0.1 % for d15N.

The presence of large amounts of lipid in some tissue

types (i.e., skin and liver) can skew the d13C value obtained

from SIA unless the sample is lipid-extracted or values are

mathematically corrected after the SIA (Sweeting et al.

2006). The lean quality of marine mammal muscle, how-

ever, allows for the analysis of muscle without lipid

extraction (Hoekstra et al. 2002). SIA of lipid-extracted

Table 1 Sampling year,

location, and sample sizes for

Pacific walrus (Odobenus

rosmarus divergens) tissues

available for use in this study

[sample size (n) = 293

individuals]a

a Tissues of subsistence-

harvested walruses in Barrow

and Wainwright were collected

under the authority of permit

number MA134907-0 issued to

T. Hepa, NSB-DWM. Archived

walrus tissue samples (liver,

muscle, and skin) were provided

for analysis by the University of

Alaska Museum of the North

(Loan # 2010.006.Mamm). All

other walrus samples used in

this study were obtained under a

letter of authorization to

Dr. Horstmann-Dehn through

the USFWS

Location Source Type Date Available sample (n)

Tongue Muscle Liver Skin

St. Lawrence

Island

USFWS Subsistence 2010 73 74 – –

2009 49 48 – 5

1994 – – 24 –

1993 – – 15 –

1992 – – 10 –

Chukotka

Peninsula

USFWS/Dr. Horstmann-

Dehn, UAF

Free-ranging

USA/USSR

cruise

1991 – – 10 –

Barrow,

Wainwright

NSB-DWM Subsistence 2009 – 6 – 6

Little

Diomede

Island

USFWS/Dr. Horstmann-

Dehn, UAF

Subsistence 2005 1 – – –

2004 – 2 – –

2003 5 7 – –

1994 – – 11 –

1993 – – 7 –

1992 – – 37 –

Cape Peirce National Park Service/

Togiak National

Wildlife Refuge

Mortality

event

2009 5 9 – –

Bering Sea USGS Free-ranging 2009 – – – 22

Various,

Alaska

ADF&G Subsistence 2009 3 – – –

Various,

Alaska

UA Museum of the

North

Subsistence 1981–2006 – 32 15 1
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duplicate skin samples from five walruses were used to

develop a lipid normalization equation (below). This

equation was then applied to the d13C values from the 22

walruses represented solely by skin to compare walrus

lipid-corrected skin to muscle/tongue.

d13C0 ¼ �14:58� 0:07d13C

The equation is the linear regression (r = 0.60) between

the d13C values of non-lipid-extracted and lipid-extracted

skin samples (n = 5), where d13C is the SI value of the

non-lipid-extracted sample and d13C0 is the lipid-corrected

value. Lipid extraction of skin was performed using the

method outlined by Bligh and Dyer (1959). Briefly, sam-

ples were freeze-dried, then vortexed in 4:1 chloroform–

methanol. The supernatant was then removed via pipette

and discarded. The extraction process was repeated at least

four times or until chloroform–methanol added to the

sample remained clear. Samples were then air-dried over-

night, freeze-dried for 48 h, and analyzed for stable carbon

isotopes.

d13C values were corrected for the Suess effect to adjust

for the depletion in d13C values as a result of increased

input of anthropogenically sourced CO2 into the atmo-

sphere. The corrective equation (below), modified by

Misarti et al. (2009), incorporates the maximum annual rate

of d13C value decrease in the North Pacific (-0.014, from

Quay et al. 1992; calculations for Arctic regions are not

currently available):

Suess effect correction factor ¼ �0:014ðb�0:027Þ

where b is the year of the animal’s death subtracted from

1850 (the start of the Industrial Revolution); the constant

0.027 describes the curve for change in the d13C values of

the world’s oceans from 1945 through 1997 as calculated

by Gruber et al. (1999).

Prey stable isotope analysis

The HTLP mixing model utilized C and N isotope esti-

mates from three potential prey items. The d13C and d15N

values of Serripes spp. soft tissue (a common prey item of

walruses, Ray et al. 2006; n = 12) were used to represent

lower trophic-level prey. The d13C and d15N values of

ringed (P. hispida) and bearded seal (Erignathus barbatus)

muscle, and spectacled eider (S. fischeri) muscle were used

to represent the contribution of HTLP in the diet of wal-

ruses. Prey sample sizes, sources, and SI values are pre-

sented in Table 2. While consumption of lipid-rich tissues,

such as seal blubber and eider fat, can affect carbon isotope

signature of the predator and are consumed by walruses

(Lowry and Fay 1984; Seymour et al. 2014), these tissues

were excluded from analysis to maintain the simplicity of

the model. To examine the possibility that lipid-rich tissue

consumption might influence model output, an isotope bi-

plot was generated (Fig. 1).

Clam soft tissues were extracted from their shells and

analyzed for stable carbon and nitrogen isotope ratios as

described above. Mean and SD of non-lipid-extracted bulk

stable isotope values were used in the mixing model (lipid-

extracted bulk isotope values are not currently available for

Serripes spp.).

Ice seal tissue samples were processed using the same

steps described above for SI analysis of walrus tissue. As

with walrus samples, ice seal and spectacled eider (S.

fischeri) d13C values incorporated into the mixing model

were not lipid-extracted due to the lean quality of the

muscle (Hoekstra et al. 2002; Dehn et al. 2007). Ribbon

seals (Histriophoca fasciata) were omitted for the purposes

of this study as this species has not been documented in

walrus stomach contents nor are there any accounts of

walruses foraging on this species (Fay 1960; Burns 1970;

Sheffield et al. 2001). While spotted seal (Phoca largha)

remains have occasionally been retrieved from walrus

stomachs (Lowry and Fay 1984), this species was excluded

from modeling input as SI data were only available for

Table 2 Mean ± SD and range (in parentheses) of bulk stable iso-

tope values of prey items incorporated into the SIAR mixing model

Species Sample

size (n)

Mean

d15N ± SD

(%)

Mean

d13C ± SD

(%)

Serripes spp. soft tissuea 12 9.15 ± 1.5 -18.2 ± 0.6

Mean ice seal muscleb 137 17.0 ± 0.8 -18.5 ± 1.4

Ringed seal (Pusa

hispida) muscleb
82 16.0 ± 0.6 -18.5 ± 0.8

Bearded seal (Erignathus

barbatus) musclec
55 16.8 ± 0.9 -17.1 ± 0.5

Spectacled eider

(Somateria fischeri)

musclec

42 13.5 ± 0.2 -18.8 ± 0.1

a Stable isotope values for Serripes spp. were provided by Dr.

K. Iken, UAF. Serripes spp. were collected during the 2004 Bering

Sea Integrated Ecosystem Research Project (BEST-BIESP) research

cruise
b Stable isotope values for ringed (P. hispida) and bearded seals (E.

barbatus) were provided by Dr. L. Horstmann-Dehn, UAF (Dehn

et al. 2007). Seal samples were collected from subsistence harvests

between 1996 and 2003 in the Bering and Chukchi seas. Both seal

species consume benthic and pelagic fishes, crustaceans, and benthic

invertebrates, and both occupy a similar trophic level distinct from

typical invertebrate walrus prey. We therefore used mean and SD SI

values from both species combined in the mixing model
c Stable isotope values for lipid-extracted spectacled eider (S. fisc-

heri) muscle were provided by Dr. J. Lovvorn, University of Wyo-

ming, Department of Zoology and Physiology. Non-lipid-extracted SI

values were unavailable. Eider muscle samples were collected in

April 2009 in the wintering area of the species in the Northern Bering

Sea
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young-of-the-year animals whose SI signatures are not

necessarily representative of the entire population due to

maternal influences (Jenkins et al. 2001). SIAR models

were run both with (hereafter EI model) and without

(hereafter NE model) stable isotope values for spectacled

eiders (S. fischeri) to examine the influence of inclusion of

eiders in walrus diet on resulting HTLP estimates.

Mixing model

Stable Isotope Analysis in R (SIAR), a Bayesian mixing

model within R (version 2.12.2, R Development Core

Team 2011), was used to estimate the proportional con-

tribution of prey items (i.e., Serripes spp; ice seal, P.

hispida and E. barbatus; spectacled eider, S. fischeri) to the

diet of walruses. The SIAR program incorporates the stable

carbon and nitrogen isotope signatures of predators and

representative prey species as well as tissue-specific turn-

over rates to produce high, low, mean, and mode estimates

of the proportion of prey taxa in the diet of an individual

predator (Parnell et al. 2010). Following Parnell et al.’s

recommendations, mode estimates were used in this study.

The model’s use of Bayesian statistics allows for incor-

poration of a greater number of prey sources into the

mixing model as well as uncertainty and variation of prey

stable isotopes (Parnell et al. 2010). It is ideal to use tissue-

specific turnover rates for the predator species; however,

for many species, including walruses, these rates are not

known (Bond and Diamond 2011). In the absence of this

information, we used the turnover rate for ringed seal

muscle (2.4 % d15N, 1.3 % d13C, Hobson et al. 1996), the

closest evolutionary relative to walruses with a known

turnover rate.

Statistical analyses

Statistical analyses and visual representations of data were

performed in SigmaPlot (version 10.0, Systat Software Inc.

2006). Data failed normality and homogeneity assumptions

(P \ 0.05), and so one-way ANOVAs on ranked data were

performed (Iman and Conover 1979), followed by Dunn’s

multiple comparison tests to assess differences in d13C and

d15N values among different walrus tissues (i.e., muscle,

tongue, skin, and liver) and to examine differences in the

mixed model HTLP estimates among walrus tissue types.

A Mann–Whitney test was used to assess differences in

tissue-specific mixing model outputs between NE and EI

models. One-way ANOVA on ranks followed by Dunn’s

multiple comparison test was also applied to each data set

(muscle NE model, muscle EI model, liver NE model, liver

EI model) to examine possible differences in d15N and

d13C values between sexes (skin models were excluded as

all skin samples were from female walruses). All statistical

analyses were run with a = 0.05.

Results

SI signatures of walrus muscle, liver, and skin, and mean SI

signatures and standard division of the three representative

prey items are presented as a biplot (Fig. 1). Walrus tissues

with depleted carbon isotope signatures were assumed to

have ingested lipid-rich tissue, which themselves have

lower carbon SI signatures (DeNiro and Epstein 1977).

Mean, SD, data range, and sample size of d13C and d15N

values for all walrus tissues are provided in Table 3. These

values were compared among walrus muscle, tongue, and

lipid-corrected skin from a subset of 28 individuals to

determine whether multiple tissues can provide statistically

similar isotopic information (Table 4). Liver was not

available in combination with the other walrus tissue types,

thus no comparison among liver and other tissues from the

same individual could be made. Statistical analysis showed

no significant difference between d15N values from walrus

muscle, tongue, and lipid-corrected skin (P [ 0.05,

Table 3). A significant difference was found when d13C

values from different walrus tissues were compared

(P \ 0.001) with lipid-corrected skin being more enriched

in carbon-13 compared with muscle.

Based on statistical analysis, muscle (lumbar and ton-

gue) data were pooled for use in mixing model analyses as

pooling allowed for a greater sample size with respect to

model output. If more than one type of walrus tissue was

available from the same individual, muscle was used

preferentially in the SIAR model because muscle was the

most abundant tissue sampled. In the absence of lumbar

muscle, the order of preference for other tissue types was

Fig. 1 Scatter plot of Pacific walrus (Odobenus rosmarus divergens)

stable nitrogen versus stable carbon isotopes (SI) by tissue type and SI

means and SDs for representative higher and lower trophic-level

walrus prey
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tongue muscle, skin, and liver. This order was selected

based on turnover rate, with tongue muscle likely having

the turnover rate most comparable to lumbar muscle (and

statistically similar bulk stable isotope signatures), fol-

lowed by skin, and then liver. Separate mixing models

were generated for walrus liver and skin due to significant

differences in their d13C values compared with muscle.

Higher trophic-level feeding

Mode and SDs of the proportional contributions of HTLP

to walrus diet for both the NE and EI models are presented

by tissue type in Table 3. Percent HTLP estimates and bulk

stable isotope signatures of individual tissue samples are

detailed in Appendix A of Supplementary Material. The

mode contribution of HTLP when walrus tongue and

muscle tissues were combined was 22 ± 10 % for the NE

model and 23 ± 10 % when eiders (S. fischeri) were

considered in the model (EI model). When muscle/tongue

and liver mixing model outputs were compared, there was

a statistically significant difference (P \ 0.01) between

HTLP estimations, with contribution of HTLP estimated

from walrus liver being significantly lower (10 ± 10 %,

Table 3). There was a significant difference between lipid-

corrected skin HTLP estimates when all possible walrus

tissue data were compared (muscle and tongue vs skin)

(P \ 0.01, both models). However, comparisons between

the muscle and lipid-extracted skin of the five walruses

from which the lipid correction equation was developed,

showed no significant difference in HTLP proportions

between muscle and skin (P = 0.20).

Contribution of HTLP and sex

The sex of the sampled walrus did not significantly impact

the proportional contribution of HTLP in either model

utilizing walrus muscle (P [ 0.05, Table 5). Likewise,

d15N values did not vary significantly with sex regardless

of tissue type (P [ 0.05, Table 3). Sex influenced d13C

values in walrus muscle, with males (n = 46) having rel-

atively higher values compared with females (n = 111,

P \ 0.05, Table 5). No significant difference in d13C val-

ues between males and females was evident from the

walrus liver analyses (P [ 0.05, Table 5).

Discussion

Diet assessments of marine mammals provide a basis for

understanding the impacts of environmental change and

alterations in prey base on both an individual and popula-

tion level. Dietary analyses, of marine mammals in par-

ticular, can be logistically difficult and are often invasiveT
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(Burns et al. 1998). The ability to assess diet of walruses

using bulk stable isotopes in a variety of tissues (especially

tissues that can be obtained during minimally invasive

biopsy sampling, i.e., skin) is thus extremely valuable.

However, caution must be exercised in the choice of tissue

type(s). The isotopic information contained in a specific

tissue is the result of fractionation factors and cellular

turnover (i.e., tissue turnover rates) and the metabolic rate

of the predator (Hobson et al. 1996; Newsome et al. 2010).

For walruses, different skeletal muscles (tongue and lum-

bar muscle) from the same individual produce d13C and

d15N values more similar to each other than non-muscle

tissue. This is reasonable as metabolic/isotopic turnover

rates in different muscles are likely to be closer than

turnover rates between skin and muscle or liver and muscle

(Hobson et al. 1996; Newsome et al. 2010; Todd et al.

2010). While we initially concluded from comparison of all

293 individuals (with one tissue type representing each

animal) that d13C values were not homogeneous between

muscle and lipid-corrected skin, comparison between the

tissue sets of the five individuals (i.e., both skin and muscle

samples from each animal) from which our lipid correction

equation was developed proved similar (P = 0.09). These

findings suggest that the d13C and d15N values of different

tissues from the same walrus may provide statistically

similar results and that the non-homogeneity observed

when our entire sample pool was compared by tissue type

could have been the result of comparing different animals

with each other (i.e., variation may not be due to com-

paring skin with muscle, but rather comparing individuals

with each other). Such variation among individuals can

arise from differences in metabolic rate, which often result

from changes in energetic demand associated with migra-

tion, reproduction, lactation, growth, and body condition

(Barboza et al. 2009; Newsome et al. 2010). Alternately or

in addition, variation can be the result of individual dietary

preferences and history. It is further possible that the

sample size of our pilot study was too small to capture

Table 4 Tissue comparison (one-way ANOVA on ranks) of SIAR

mixing model estimates for proportional contribution of HTLP to the

diet of walruses (Odobenus rosmarus divergens)

Tissue comparisona Sample size (n) Significant difference in

HTLP (P \ 0.05)

Muscle and tongue 28 (muscle), 11

(tongue)

No (P = 0.67)

Muscle and lipid-

corrected skin

28 (muscle), 16

(skin)

Yes (P \ 0.001)

Tongue and lipid-

corrected skin

11(tongue), 16

(skin)

Yes (P \ 0.001)

a Liver was not available in combination with other tissue types; thus,

no comparison among liver and other tissues from the same individual

could be made
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significant variation. Additional research comparing SI

values of different tissues from a larger sample set and use

of captive dietary studies could confirm whether the SI

information of different tissues can be directly compared.

Higher trophic-level feeding

The overall proportional contribution of HTLP to walrus

diet, as indicated by both the muscle NE and EI Bayesian

mixing models, is *22.0 and 23.0 %, respectively. These

proportions are higher than anticipated based on walrus

stomach content analyses from the 1980s (*10 %, Lowry

and Fay 1984). However, our results support the hypothesis

by Rausch et al. (2007) and Lowry and Fay (1984) that

predation on seals by walruses has been increasing over the

last 40 years. We note, however, that the above historical

data come from stomach content analysis and are thus not

directly comparable to the results of our mixing models.

Furthermore, the proportion of HTLP estimated by our

models closely matches the magnitude of HTLP con-

sumption suggested from bioaccumulating contaminant

analysis of Atlantic walruses (O. rosmarus rosmarus,

25.0 %; 13 of 53 animals, Muir et al. 1995), where pre-

dation on seals and birds has been well documented (Muir

et al. 1995; Mallory et al. 2004; Fox et al. 2010). Our

findings are supported by stomach content and SI analysis

of the known seal-eater we examined in 2011, which

contained the remains of two-ringed seals as well as

quantities of Mya spp. siphons (a common benthic bivalve

prey of walruses) and displayed a muscle HTLP value of

42 % (Seymour et al. 2014). Further support for opportu-

nistic prey selection comes from the wide range in HTLP

values indicated by the liver mixing models ([1–22 %,

Table 3), if we assume that walrus liver turnover rate is

higher than that of muscle (Tiezsen et al. 1983).

While energetic requirements for Pacific walruses (O.

rosmarus divergens) are unavailable, Born et al. (2003)

estimated that Atlantic walruses (O. rosmarus rosmarus)

require a gross 896 kJ/kg wet body weight daily. Applied

to Pacific walruses (using weights from Fay 1982), an adult

male walrus (*1,200 kg) would need 256,800 kJ per day

(and a female weighing *830 kg needs 191,744 kJ per

day). We estimated the quantity of lower versus HTLP

needed to meet these requirements as follows, using

bivalves as a representative lower trophic-level prey and

ringed and bearded seals as representative HTLP. Average

Serripes spp. (values are not available for Mya spp.) con-

tain 21 kJ/g dry weight (dw) (Hondolero et al. 2012) and

dw represents 61 % of the shell-free wet weight of the

animal (Ricciardi and Bourget 1998). At 3.05 g dw/clam

(Hondolero et al. 2012), male walruses must consume

approximately 12 kg dw of the soft parts of bivalves per

day (*4,000 clams) and a female *9 kg dw per day

(*3,000 clams, assuming similar metabolic rates). Ice seal

blubber is much more energy dense at 34.5 kJ/dw (Kuhn-

lein and Soueida 1992). Based on an estimated maximum

water content of 17 % for pinniped blubber (measured for

harbor seals (Phoca vitulina) by Bowen et al. 1992), an

adult male walrus would only need to consume *7.5 kg

blubber per day (and females *6 kg per day). An average

adult ringed seal weighs 50–70 kg (Usher and Church

1969), about 40 % is blubber (Rig et al. 1990); thus, an

adult walrus would only require *1/3 of an adult ringed

seal per day to meet caloric requirements. Fewer animals

would be needed if bearded seals were consumed, which

weigh 200–250 kg, with similar % blubber mass (Reeves

et al. 1992). Ultimately, relatively fewer and/or shorter

successful foraging trips would be required daily if blubber

constitutes a regular or semi-regular portion of the walrus

diet compared to solely relying on benthic invertebrates.

However, consumption of uncommon or novel prey items

is often associated with increased energy expenditures

related to prey capture, and mechanical and chemical

digestion (Barboza et al. 2009). Whether predation on

HTLP offers a more efficient net energy gain remains

unknown, as the energy expenditure associated with wal-

ruses capturing and processing seals or seabirds has not

been determined. Furthermore, benthic-pelagic uncoupling

in the Arctic and sub-Arctic marine environments (Gre-

bmeier et al. 2006) could influence reliance on HTLP by

walruses and perceived potential benefits of ‘‘seal-eating.’’

Documented alterations in Arctic and sub-Arctic prey

populations in response to environmental variables are not

yet fully understood (Grebmeier 2012), but decreases in

prey quantity, quality, and distribution all can affect the

energetic costs of foraging. Comparisons of %HTLP in

walrus diets across different years suggest that the factors

influencing walrus’ reliance on HTLP are more complex

than merely trends in sea ice extent (Seymour et al. 2014).

We note that while walruses occasionally forage on

spectacled eiders (S. fischeri) and other seabirds, the values

generated by the muscle EI mixing model (6–8 % of the

diet, Table 3) in this study should be considered objec-

tively, given historical analyses of walrus stomach contents

rarely found evidence of seabird consumption (Fay 1982;

Fay et al. 1990). Recent studies do suggest seabirds may

now comprise a larger portion of the walrus diet (Mallory

et al. 2004; Fox et al. 2010). It is also plausible that SIAR’s

ability to delegate proportions of prey is reduced in the EI

models as the d15N values of eiders (14.0 ± 0.2 %) falls

approximately midway between that of ice seals

(17.0 ± 0.8 %) and Serripes spp. (9.0 ± 1.5 %), and d13C

values of all three representative prey species are within

1 SD of each other (-19.0 ± 0.1, -19.0 ± 1.4, and

-18.0 ± 0.6 %, respectively), making both HTLP isoto-

pically similar to each other and difficult to apportion for
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the model. The distribution of walrus tissue SI values was

negatively correlated between the ice seal (P. hispida and

E. barbatus) and spectacled eider (S. fischeri) SI signatures

(Fig. 1), sometimes an indication that the SIAR model will

be unable to differentiate between two prey sources (Inger

et al. 2010).

As an alternative or in combination with consumption of

ice seals and seabirds, it is conceivable that prey with

similarly high d15N values (such as scavenging benthic

crustaceans or predatory gastropods) may contribute to

HTLP estimates found in this study. Scavenging crusta-

ceans from the Chukchi Sea region display relatively high

d15N values (16.0 % for Sclerocrangon boreas, Dehn et al.

2007, 16.0 % for Buccinum spp., 14.0 % for Neptunea

heros, Feder et al. 2011) and have been identified in walrus

stomach contents (Sheffield and Grebmeier 2009), and the

presence of these invertebrates likely reflects variations in

regional habitat use.

Contrary to our hypothesis that males constitute the

portion of the population preying on HTLP, our models

indicate that prevalence of HTLP in both males and

females is apparently similar. This finding is divergent

from Alaskan local ecological knowledge (LEK) asserting

that rogue male walruses are the only individuals to prey on

seals and are obligatory seal-eaters (Fay 1960; personal

communication with St. Lawrence Island subsistence

hunters and the Eskimo Walrus Commission). However,

the lack of a significant difference in HTLP consumption

between males and females is consistent with previous

stomach content analyses (Fay et al. 1977; Fay 1982;

Lowry and Fay 1984; Sheffield et al. 2001). Based on

female and calf stomach content analyses, Fay et al. (1977)

further hypothesized that females might preferentially seek

out calorically dense seal blubber to offset the high ener-

getic costs of reproduction. It is likely that obligate seal-

eaters exist within the Pacific walrus stock, as Alaskan

hunters report seal-eating walruses as morphologically

distinct (i.e., yellow tusks and greasy appearance, Fay

1960). The one walrus harvested near Barrow that had

recently eaten seals (Seymour et al. 2014) did not exhibit

the morphologically distinct characteristics of an obligate

seal predator (per. comm. G. Krafsur, NSB-DWM). Pre-

liminary SIA of a whisker from this animal showed fluc-

tuations in its reliance on HTLP over time (Seymour et al.

2014) and indicates that this walrus had consumed seals in

the past.

The significant difference in d13C values of males versus

females shown by the muscle SIA implies that sexes utilize

different habitat for foraging. While a preliminary expla-

nation might be differences in ingested % lipid (lipids

typically have relatively lower d13C values compared to

proteins, DeNiro and Epstein 1977), this difference is

unlikely the result of variation in tissue lipids as C:N ratios

were comparable (P = 0.62). C:N ratios would be higher

for individuals with lower carbon-13 SI signatures if the

difference in carbon-13 was the result of consuming

comparatively lipid-rich prey. It is known that d13C values

vary geographically (Crawford et al. 2008). Seasonal

changes in 13C/12C are driven by fluctuations in primary

productivity (Hobson et al. 1996). However, as extrapo-

lated turnover estimates show walrus muscle d13C values to

be integrated over roughly 2 years (Seymour et al. 2014), it

is unlikely that differences in the d13C values are season-

ally driven. Walruses occupy geographically distinct

regions throughout the year based on semi-sexually seg-

regated migrations (Fay 1982; Garlich-Miller et al. 2011).

Additionally, elemental tooth composition suggests that the

Pacific walrus (O. rosmarus divergens) population may be

comprised of several stocks (Jay et al. 2008). The oppor-

tunistic nature of the sample collection in our study pre-

cludes us from analyzing regional influence on diet as our

samples are not regionally representative of the walrus

range.

Sexual partitioning of foraging areas (proximity to shore

or geographical region) would result in varying intensities

of impact on walrus population segments from environ-

mentally induced changes in prey base. Female walruses

with dependent calves may be most adversely affected by

declines in prey quantity or quality due to their higher

energetic demands (Barboza et al. 2009). Ongoing moni-

toring efforts have revealed declines in fecundity and lipid

stores among female walruses (Garlich-Miller et al. 2006)

and increased calf abandonment related to poor sea ice

conditions (Metcalf and Robards 2008). The magnitude of

these impacts will be dependent on whether the severity

and extent of alterations in the prey base exceeds walrus

dietary plasticity (Barboza et al. 2009). Alternately, sexual-

segregated migrations may be declining as more mixed-sex

walrus herds have been observed in recent summer months

in the Chukchi Sea, an area historically used by females

and calves (Garlich-Miller et al. 2011). This trend may

explain the lack of differences in reliance on HTLP and

absence of a difference in d13C values between sexes when

liver models are analyzed, assuming that liver turnover

rates are higher than muscle and represent a time period of

approximately 3 months as described above (Table 5). A

continued increase in mixed-sex herds could disperse

localized climate change impacts more evenly among the

population. The ability to understand the impacts of cli-

mate change on walrus population will be dependent on

unraveling correlations among climate, consumer, and

prey.

The wide range in mode proportional dietary contribu-

tion of HTLP (average of *22 ± 10 %, range of 2–38 %

based on muscle) suggests that most walruses feed

opportunistically on seals or HTLP with similar d15N
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signatures when and where available. Seasonal reliance on

HTLP would be reflected by more consistent %HTLP

across most samples, as the majority of samples were

collected during the spring subsistence harvest, April–May.

This finding is supported by the fluctuating d15N signature

found along the length of a whisker from a known seal-

eating walrus (Seymour et al. 2014). The proportional

contribution of HTLP found in our analyses is higher than

the historical 10 %, suggesting climate impacts on walrus

foraging brought on by changes in sea ice quality and

extent or more complex environmental and ecological

variables. However, historical analyses based on gut con-

tent may underestimate the past significance of ice seals

and sea birds as walrus prey.

Ultimately, walruses appear to pursue a more generalist

approach to foraging than traditionally believed. If so, the

dietary breadth and plasticity of the species will serve to

mitigate effects from abrupt and/or short-term changes in

the prey base. To accurately establish the proportional

contribution associated with specific prey species, a com-

bination of methods, including bulk and compound-specific

SIA, fatty acid signature analysis, and stomach content

analysis combined with developing techniques in fecal

DNA analysis, will prove most useful. Continued moni-

toring of diet through a combination of these analytical

methods will provide the best understanding of trends in

walrus foraging and a better foundation for assessing

population-level dietary consequences of climate change.
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