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Abstract. From 2000 to 2013, use of land as a seasonal habitat by polar bears (Ursus maritimus) of the
southern Beaufort Sea (SB) subpopulation substantially increased. This onshore use has been linked to
reduced spatial and temporal availability of sea ice, as well as to the availability of subsistence-harvested
bowhead whale (Balaena mysticetus) bone piles. Here, we evaluated the role of climate conditions on con-
sumption of traditional ice-associated prey relative to onshore bowhead whale bone piles. We determined
seasonal and interannual trends in the diets of SB polar bears using fatty acid-based analysis during this
period of increasing land use. Diet estimates of 569 SB polar bears from 2004 to 2012 showed high seasonal
fluctuations in the proportions of prey consumed. Higher proportions of bowhead whale, as well as ringed
seal (Pusa hispida) and beluga whale (Delphinapterus leucas), were estimated to occur in the winter–spring
diet, while higher proportions of bearded seal (Erignathus barbatus) were estimated for summer–fall diets.
Trends in the annual mean proportions of individual prey items were not found in either period, except for
significant declines in the proportion of beluga in spring-sampled bears. Nonetheless, in years following a
high winter Arctic oscillation index, proportions of ice-associated ringed seal were lower in the winter–
spring diets of adult females and juveniles. Proportions of bowhead increased in the winter–spring diets of
adult males with the number of ice-free days over the continental shelf. In one or both seasons, polar bears
that were in better condition were estimated to have consumed less ringed seal and/or more bowhead
whale than those in worse condition. Therefore, climate variation over this recent period appeared to influ-
ence the extent of onshore vs. on-ice food use, which in turn, appeared to be linked to fluctuating condition
of SB polar bears.
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INTRODUCTION

Concomitant with reduced spatial and temporal
extent of their sea ice habitat, the southern Beau-
fort Sea (SB) polar bear subpopulation declined in
size from the late 1980s to the mid-2000s (Regehr
et al. 2007). Reduced body condition and vital
rates in SB polar bears have also been linked to sea

ice loss over a similar time period (Regehr et al.
2010, Rode et al. 2010). Population size continued
to decline from 2006 to 2009, but appeared to sta-
bilize in 2010 despite unchanged sea ice trends
(Bromaghin et al. 2015a). It was suggested that
annual survival rates of SB bears may have been
driven by ecological factors other than direct sea
ice loss, such as reduced access to ice seals.
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Polar bears in the SB have historically spent
most of the year on the sea ice hunting ice-asso-
ciated prey, predominantly ringed seal (Pusa
hispida; Stirling and Archibald 1977, Thiemann
et al. 2008, Cherry et al. 2013). Yet, scientific sur-
veys and local community observations suggest
a recent increase in the numbers of polar bears
on the northern Alaskan coast in the fall when
the sea ice retreats to its minimum annual extent
(Schliebe et al. 2008). The spatial distribution of
these polar bears while on shore has been linked
to the geographic positions of an energy-rich,
marine food subsidy, namely carcasses of subsis-
tence-harvested bowhead whales (Balaena mys-
ticetus; Herreman and Peacock 2013, Atwood
et al. 2016). Often referred to as “bone piles,” this
resource actually consists of trimmed blubber,
meat, and bones, as well as carcasses of har-
vested fish, birds, and caribou (Rangifer tarandus)
that are left behind (Herreman and Peacock
2013). The subsistence harvest previously
occurred mainly on the sea ice in the spring with
carcasses left to eventually descend into the
water; however, changing ice conditions over the
past two decades may have led to more bowhead
whales being hunted, particularly in the fall,
with carcasses being left onshore (Suydam and
George 2012, Herreman and Peacock 2013; C.
George, personal communication). Bone piles have
been present near Barrow (until 2012), Nuiqsuit/
Cross Island, and Kaktovik, with between 24 and
33 whales landed per year from 2004 to 2011,
ranging in size from around 6 to nearly 20 m
long (Suydam and George 2012). This resource
continues to be used by polar bears throughout
the year (North Slope Borough and US Geologi-
cal Survey, unpublished data). Further, many but
not all bears at the bone piles, at least anecdo-
tally, appear to be in good or above average con-
dition (Atwood et al. 2016).

Both stable isotope ratios and fatty acid signa-
tures have been used to quantitatively estimate
prey proportions in SB polar bear diets. Using
stable isotope mixing models, Bentzen et al.
(2007) estimated that the winter diets of SB polar
bears comprised 11–26% bowhead whale
remains in 2003 and 0–14% in 2004. Using a simi-
lar approach, Rogers et al. (2015) estimated adult
female SB polar bears mainly inhabiting coastal
regions in the fall actually consumed 50–70%
bowhead whale remains during that period in

2008–2010. Conversely, for those adult females
persisting in a pelagic foraging strategy year-
round, ringed seal was consistently the predomi-
nant prey. A re-evaluation of SB polar bear diets
from 2005 using stable isotopes of both protein-
and lipid-rich tissues found that ringed seal was
overestimated, though, and that other prey were
underestimated, using traditional proteinaceous
tissue-based analysis (Cherry et al. 2011). Quanti-
tative fatty acid signature analysis (QFASA; Iver-
son et al. 2004) was used to analyze SB polar bear
diets in the 1980s and 1990s, or in grouped years
of 1972–1991, 2000–2001, 2003, and 2004, respec-
tively (Iverson et al. 2006, Thiemann et al. 2008).
Those studies did not detect significant interan-
nual variation in prey proportions, estimating
ringed seal to be the main prey with much lower
proportions of bearded seal (Erignathus barbatus)
and/or beluga whale (Delphinapterus leucas).
However, bowhead whale was not modeled as a
potential prey in either of these temporal trends
studies. More recent temporal trends of SB polar
bear diets that include onshore bowhead whale
bone piles as a potential food item are necessary,
particularly in light of documented rapid, recent
increases in land use (Atwood et al. 2016).
Here, we used the QFASA approach to evaluate

seasonal and interannual trends in SB polar bear
diets during the recent period of increasing land
use, including all years from spring 2004–2012
and fall 2008–2012. We tested our hypothesis that
climate conditions influence the consumption of
traditional ice-associated prey relative to onshore
bowhead whale bone piles by evaluating associa-
tions between proportions of prey species con-
sumed and established climate indices. Given
previous reports of body condition declines in
SB polar bears, but possibly recent short-term
stability in population size, we also examined
links between body condition and consumption
of onshore bowhead subsidies relative to ice-
associated prey.

MATERIALS AND METHODS

Study area
The SB subpopulation of polar bears was stud-

ied along the northern Alaska coastal zone from
Barrow in the west to Kaktovik in the east (157–
141° W). Here, shallow productive waters over
the narrow continental shelf characterize the
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nearshore environment. This sea ice ecoregion is
referred to as Divergent, whereby the sea ice
formed tends to diverge northward from the coast
in the summer (Amstrup et al. 2008). Historically,
SB polar bears have remained on the retreating
pack ice, making little use of onshore habitat on
an annual basis (Amstrup 2003). However,
recently spatially and temporally more extensive
retreat of the sea ice into deeper, less productive
waters of the Arctic Ocean has coincided with
increased use of land by SB polar bears (Schliebe
et al. 2008, Atwood et al. 2016). Compared to the
years 1986–1999, during 2000–2014, radiocollared
SB adult females stayed on land an average of 36
additional days, arrived on shore 15 days earlier
(29 August), and departed from shore 19 days
later (21 October; Atwood et al. 2016).

The communities of Barrow, Nuiqsut, and
Kaktovik harvest bowhead whales in the study
area in the fall when a portion of the SB subpop-
ulation is on land. From 2004 to 2011, the three
communities landed a combined average of 27.5
bowheads per year, with whales ranging in
length from ~5 to 20 m (Suydam and George
2012). Although most of the harvest has been in
Barrow, bone piles have not been consistently
amassed there, but have been each year on Cross
Island (logistical base for Nuiqsut) and Barter
Island (adjacent to Kaktovik). The locations of
these bone piles have been shown to influence
the onshore distribution of SB polar bears
(Atwood et al. 2016).

Sampling
Full details of the collection of these polar bear

samples have been previously described (McKin-
ney et al. 2014). Briefly, 569 biopsies were used
from polar bears sampled from the SB subpopu-
lation from 2004 to 2012 (Appendix S1: Table S1).
We collected subcutaneous adipose tissues from
the rump region of captured animals by biopsy
punch and remotely from animals biopsy-darted
in the spring (March to mid-May; hereafter
referred to as spring-sampled) of 2004–2012 and
in the late summer to early fall (August–October;
hereafter referred to as fall-sampled) of 2008–
2012. Biopsies were frozen at �80°C for long-
term storage. First-time captured animals were
aged by counting growth layer groups in the
cementum of a vestigial premolar tooth. Polar
bears were then grouped according to sex/age

class as cubs-of-the-year, yearlings, 2-yr-old depen-
dent cubs, subadult (independent 2-, 3-, and
4-yr-old) females and males, and adult (5-yr-old
and older) females and males. All bears were
genetically identified (Pagano et al. 2014).

Fatty acid analysis
To evaluate the possible influence of potential

tissue oxidation on fatty acid-based diet estimates,
subjective oxidation class of the biopsies was visu-
ally assigned using a 1–5 scale: 1 = white/fresh;
2 = mainly white/slight yellow tinge; 3 = white-
yellow; 4 = mainly yellow/slight white tinge;
5 = yellow/sometimes a bit dry (McKinney et al.
2013). Lipids were then extracted from the adi-
pose samples as described in McKinney et al.
(2014). Extracted fatty acids were derivatized to
fatty acid methyl esters (FAMEs) before gas chro-
matography with flame ionization detection
(Budge et al. 2006, McKinney et al. 2013). Individ-
ual fatty acids were quantified as mass percentage
of total FAME. The carbon chain length x, number
of double bonds y, and position of the first double
bond from the methyl end (n-) of the chain z are
used to convey the fatty acid structure as x:yn-z.
The National Institute of Standards and Tech-

nology (Charleston, South Carolina, USA) stan-
dard reference material SRM1945, pilot whale
(Globicephala melas), was extracted with each
batch of 12 samples for quality control purposes.
Mass percentage values for 27 FAMEs were
previously reported (Kucklick et al. 2010). Our
measurements were very similar to the median
inter laboratory comparison values, within 17%,
on average.

Quantitative fatty acid signature analysis
The QFASA approach has been used previously

to estimate polar bear diets (Iverson et al. 2006,
Thiemann et al. 2008, McKinney et al. 2013).
Briefly, QFASA determines the proportions of
individual prey species consumed by determining
the weighted mixture of prey fatty acid signatures
that best matches each individual polar bear sig-
nature after accounting for differences between
predator and prey due to predator metabolism
(Iverson et al. 2004). Specifically, the model mini-
mizes the statistical distance over all fatty acids
between the prey and predator signatures, with
the constraint that the estimated diet proportions
must all be non-negative and sum to 1. We used
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the original Kullback-Liebler distance measure,
although other distance measures have been sug-
gested (Bromaghin et al. 2015b). We modeled SB
polar bear diets using only the 31 “dietary” fatty
acids and, before modeling, adjusted these fatty
acid values to account for differential metabolism
and deposition using simple calibration coeffi-
cients (as per Thiemann et al. 2008). We used a
prey fatty acid dataset comprising 89 ringed seal,
20 bearded seal, 64 bowhead whale, and 29 bel-
uga whale from the SB region, which was gener-
ated in previous studies (Budge et al. 2008,
Thiemann et al. 2008). It should also be noted that,
although we assumed bone piles were the source
of bowhead whale in the SB polar bear diets, it is
possible that beach-cast bowheads could also be
consumed to some extent; however, no data are
available on numbers or trends of beach-cast car-
casses in the region. The model was run using the
“QFASApack” package in R (V. 3.1.3, R Develop-
ment Core Team 2014). The standard errors (SE)
of the mean diet estimates were calculated from
the between-bear SE, that is, from variation in diet
estimates among bears (McKinney et al. 2013).
Within-bear SE, that is, variation resulting from
fatty acid signature variability within a particular
prey species, was not used as it has been shown to
be small relative to between-bear SE (Thiemann
et al. 2011). Simulation studies were used to test
model robustness (as fully detailed in Iverson
et al. 2004). Specifically, prey-on-prey simulations
showed how distinct each prey species signatures
were from those of other prey species, and diet
simulations indicated how well QFASA modeled
diets relative to a simulated diet.

As samples were collected during two periods,
it should be noted that adipose fatty acid signa-
tures integrate marine mammal diets over weeks
to months (Iverson et al. 2006). Thus, coarsely
delineated, estimates from spring-sampled bears
represent winter–spring diets (~November–
May), while fall-sampled bears represent sum-
mer–fall diets (~May–October).

Climate and sea ice indices
Understanding climate effects on ecological pro-

cesses requires knowledge of large-scale oceano-
graphic and atmospheric parameters, as well as of
local conditions (Forchhammer et al. 1998, Iverson
et al. 2006, Post et al. 2013). Indeed, polar bear
condition has been linked to climate and sea ice

indices at both scales (Stirling et al. 1999, Derocher
2005, Rode et al. 2010, Bechshøft et al. 2013). We
therefore examined the relationship of feeding to
both regional- and circumpolar-scale indices.
Although a variety of climate measures can be
used, we made the decision a priori to test the
local measures of annual ice-free days over the
continental shelf and length of the melt season in
the entire SB region. These measures have been
described previously and linked to variation in SB
polar bear body condition (McKinney et al. 2014).
For large-scale measures, we used annual mini-
mum extent of the Arctic sea ice, as well as the
winter (mean of January–March) Arctic oscillation
(AOw). Minimum extent is considered to be one of
the strongest indicators of global climate change
(IPCC 2013). We used annual September sea ice
minimum extent data from the National Snow
and Ice Data Center based on the NASA Team
Algorithm (Stroeve 2003). The AO influences ice
movement and distribution (Stroeve et al. 2011),
variables that are not reflected in other indices
such as minimum extent. The atmospheric circula-
tion associated with a positive AOw has been
linked to thinner ice over the Arctic Ocean, earlier
onset of melt, later onset of freeze-up, and
increased advection of ice away from coastal areas
(Rigor et al. 2002, although see Stroeve et al.
2011). AOw was calculated based on monthly AO
data from the National Oceanographic and Atmo-
spheric Administration’s Weather Service, Climate
Prediction Centre (http://www.cpc.ncep.noaa.gov/
products/precip/CWlink/daily_ao_index/ao.shtml).
Indices from the year before bear sampling

were used. For spring-sampled bears, the mini-
mum ice extent (September), ice-free days (July–
October), and melt season length (July–October)
are thus from the most recent reduced-ice season
before sampling. The effects of the AOw from the
prior winter may actually represent a similar time
period, that is, the most recent reduced-ice season
(July–October), as “the memory” of the AOw is
known to impact ice conditions in the ensuing
summer and fall (Rigor et al. 2002). Spring-
sampling (March–May) thus represents a time lag
of 7–10 months from the previous reduced-ice
season, which may be similar to the period of
feeding integrated by the fatty acid signatures,
although this is not known with certainty (Budge
et al. 2006). As the time lag between the reduced-
ice season associated with the climate indices
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and fall-sampling was longer (13–16 months),
connections between the climate indices and the
diets of fall-sampled bears may be weaker.

Body condition indices
Although several body condition indices have

been used for polar bears, we chose subjective
fatness index (FI) as it is linked to other indices
and is appropriate for all demographic groups
(McKinney et al. 2014). Further, FI was the only
index recorded for remote-biopsied bears and,
thus, was the index for which we had the most
data (available for 97% of bears). The FI is deter-
mined on a 1–5 scale based on visual and/or
physical examination, where 1 represents emaci-
ated, 3 represents average, and 5 represents
obese (Stirling et al. 1989).

Statistical analysis
Oxidation of fatty acids in a sample may

change the fatty acid signature (reduced propor-
tions of long-chain polyunsaturated fatty acids
and higher proportions of saturated and mono-
unsaturated fatty acids), which could alter fatty
acid-based diet estimates for that individual. The
longest, most unsaturated fatty acid in the data-
set, and thus the one most subject to oxidation,
would be 22:6n-3. To reduce the possible influ-
ence of sample oxidation, we thus excluded 57
samples that showed mass percentage values of
22:6n-3 below the lowest value measured for the
oxidation class 1 samples (Appendix S1: Fig. S1;
McKinney et al. 2013). To further test for possible
confounding effects of oxidation, as well as of
capture vs. remote biopsy type, we ran a permu-
tation MANOVA on the dietary proportions for
the remaining dataset including oxidation and
biopsy as factors, in addition to the target vari-
ables of age/sex class, season, year, and all first-
order interactions. To do so, given the composi-
tional nature of our data, we used Bray–Curtis
distance matrices and ran 10,000 permutations
using the adonis function in the “vegan” package
in R (R Development Core Team 2014).

To evaluate relationships between diet and cli-
mate indices (i.e., foraging habitat quality/quan-
tity), we also ran permutation MANOVAs on the
dietary proportions replacing year with ice-free
days, melt season length, minimum ice extent, or
AOw. Univariate ANOVAs with Tukey’s honestly
significant differences (HSD) for unequal n were

used for post hoc analysis of the influence of sex/
age and season on prey proportions in the polar
bear diet. Simple linear regression was used for
post hoc examination of the relationship of diet
to year and climate indices.
To assess associations between feeding and

body condition of the polar bears, we compared
prey consumption according to FI scores. Specifi-
cally, Kruskal–Wallis ANOVAs were used to
examine relationships of FI to dietary propor-
tions of traditional ice-associated ringed seal
prey and onshore bowhead whale remains. This
analysis was only performed for adult males and
females, as juveniles did not present a sufficient
range of FI scores in all seasons.

RESULTS

Model inputs and possible confounding factors
Of 69 fatty acids monitored in an initial total of

642 biopsies, 55 fatty acids were quantified in all
samples including the 31 used in diet estimation
(Appendix S1: Table S2; Iverson et al. 2004). We
excluded 57 of these biopsy samples based on
possible confounding influence of oxidation on
the diet estimates (see Statistical analysis) and
another 16 cubs-of-the-year based on unusual
fatty acid patterns relative to other sex/age
classes (see Diet variation by sex/age class and sea-
son below), leaving a final total of 569 samples
for subsequent analyses (Appendix S1: Table S1).
Simulation tests showed that prey species were
well distinguished (≥90% correct identifications;
Appendix S1: Fig. S2). QFASA also closely repro-
duced a simulated diet (Appendix S1: Fig. S3).
The initial permutation MANOVA showed that
neither oxidation class nor biopsy type influ-
enced the diet estimates (P > 0.09). Thus, for fur-
ther analysis, samples of all oxidation classes and
both biopsy types were combined.

Diet variation by sex/age class and season
Overall, our estimates suggested that diets of SB

polar bears from 2004 to 2012 mainly consisted of
ringed seal (43.1% � 1.1%) and bearded seal
(37.8% � 1.3%). Bowhead whale appeared to com-
prise less of the diet (14.4% � 0.8%), while beluga
were a minor component (4.8% � 0.6%). These
diet estimates represent the proportional biomass
consumed of each prey species. It is worth noting
that the proportional number of individuals of
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each species consumed likely differs, given that the
prey species vary widely in size (e.g., ringed seal
are substantially smaller than bearded seal, and
especially than beluga and bowhead whale). Prey
proportions varied by sex/age class (permutation
MANOVA; P < 0.001; Fig. 1a). Specifically, the
proportion of ringed seal and bowhead whale dif-
fered among sex/age classes (ANOVA; P < 0.001).

Adult males consumed nearly twice as much bow-
head whale as adult females (19.6% � 1.4% vs.
11.0% � 1.1%; post hoc Tukey’s HSD; P < 0.001),
whereas adult females consumed more ringed seal
than adult males (48.2% � 1.9% vs. 36.8% � 1.7%;
P < 0.001). Diet estimates for subadult males and
females, 2-yr-old dependent cubs, and yearlings
were not significantly different from each other
nor from adult males or females (permutation
MANOVA; P > 0.1), although they were more
similar to adult females than adult males. Thus,
these samples were subsequently considered as
one group of “juveniles.” Unique fatty acid pat-
terns in cubs-of-the-year led to diet estimates
(~76% bearded seal, 18% ringed seal) inconsistent
with those of other sex/age classes, possibly due
to the influence of nursing. Thus, cubs-of-the-year
were not further considered, leaving a dataset
of 569 individuals for all subsequent analysis
(Appendix S1: Table S1).
Prey proportions were highly variable between

seasons (permutation MANOVA; P < 0.001;
Fig. 1b). Roughly two times greater proportions
of ringed seal (51.1% � 1.1% vs. 18.9% � 1.5%),
bowhead whale (16.7% � 0.9% vs. 7.4% �
1.1%), and beluga whale (6.3% � 0.7% vs. 0 � 0)
were estimated in the winter–spring diets com-
pared to the summer–fall (ANOVA; P < 0.001).
Conversely, three times the proportion of
bearded seal were estimated in summer–fall
than in winter–spring diets (73.7% � 1.5% vs.
25.9% � 1.1%; P < 0.001).

Diet variation by year and annual sea ice
conditions
Overall diets of SB polar bears differed among

years (permutation MANOVA; P < 0.001). Yet, in
general, there were no increasing or decreasing
linear trends in consumption of any prey species
in either season (Fig. 2a, b), except for declining
proportions of beluga in the winter–spring diets
(r2 = 0.56, P = 0.02). A similar lack of trends was
found when adult males, adult females, and
juveniles were analyzed separately, with the only
significant trend being declining beluga con-
sumption in winter–spring diets of adult males
(r2 = 0.60, P = 0.01).
We investigated whether this significant inter-

annual variation in diets could be attributed to
climate/ice conditions. Since melt season and min-
imum extent were correlated (r2 = 0.52, P = 0.03),

Fig. 1. Prey contribution (%) to diet estimates of 569
southern Beaufort Sea polar bears sampled over the
period 2004–2012 by (a) sex/age class and (b) season.
Error bars represent � SE of individual polar bear diet
estimates. Numbers denote significant differences in
diet estimates of a given prey item between sex/age
classes or seasons.
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and melt was not correlated with annual mean
proportions of any prey species (P > 0.10), melt
was not considered further. When ice-free days,
extent, and/or AOw replaced year in the permuta-
tion MANOVA, there was a significant relation-
ship between diet and the climate index included
in the model (P < 0.01) and sometimes a signifi-
cant interaction between climate index and season
(P < 0.002). Further analysis showed that winter–
spring diets of adult females and juveniles had
lower proportions of ringed seal after higher AOw

years (r2 = 0.82, P < 0.001 and r2 = 0.46, P = 0.04,

respectively; Fig. 3a, b). Winter–spring diets of
adult males were estimated to have lower propor-
tions of beluga after lower minimum sea ice extent
years (r2 = 0.67, P = 0.007), but higher propor-
tions of bowhead after years with higher numbers
of ice-free days over the continental shelf
(r2 = 0.63, P = 0.01; Fig. 3c, d). However, signifi-
cant relationships were not found between climate
indices and prey proportions in the summer–fall
(P > 0.05).

Relationship of diet to body condition
Fall-sampled adult females of FI 4 (higher con-

dition) exhibited lower summer–fall ringed seal
proportion estimates than those of FI 3 (normal
condition; H1,63 = 8.3, P = 0.004; Fig. 4). A simi-
lar, but not significant, pattern was observed for
adult males (P = 0.20). Conversely, fall-sampled
adult males of FI 4 were estimated to consume
proportionally more bowhead in summer–fall
than those ranked FI 3 (H1,25 = 5.0, P = 0.03). A
similar, but not significant, pattern was observed
for adult females (P = 0.19; Fig. 4).
No differences in winter–spring bowhead con-

sumption were observed among spring-sampled
bears with different FI scores when they were
captured (P > 0.19). Yet, spring-sampled adult
males grouped by FI score showed significantly
different ringed seal consumption in the winter–
spring (H2,181 = 5.7, P = 0.05; Fig. 4); spring-
sampled adult males of FI 4 were estimated to
consume lower proportions of ringed seal in win-
ter–spring than males of FI 2 (P = 0.06). All other
diet-condition relationships were not significant.

DISCUSSION

These diet estimates suggest that ringed and
bearded seals remained the predominant prey of
SB polar bears in recent years, consistent with ear-
lier studies (Iverson et al. 2006, Bentzen et al.
2007, Thiemann et al. 2008, Aars et al. 2015). We
also found significant seasonal and climate-linked
interannual variation in estimated diets. Our find-
ings are consistent with the hypothesis that feed-
ing/nutritional limitation is the mechanistic link
between polar bear population health and climate/
sea ice change (Rode et al. 2010). Yet, our results
also reveal a complex, specific response of SB polar
bears to changing climate/ice conditions, wherein
an alternative human-provisioned onshore food
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Fig. 2. Annual mean (�SE) prey contribution (%) to
diet estimates of southern Beaufort Sea polar bears in
(a) the winter–spring of 2004–2012 and (b) the sum-
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vided for the statistically significant time trend only:
Beluga whale proportion declines in spring-sampled
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terns were also found when analyzed separately for
each sex/age class (data not shown).
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resource appears to additionally influence their
foraging ecology and body condition.

Seasonal variation in diets
The predominance of bearded seal in the sum-

mer–fall diets was unexpected. Less than 20%
bearded seal consumption was previously esti-
mated in all seasons for adult SB females from
2008 to 2010 (Rogers et al. 2015). Since we did not
detect differences in bearded seal consumption
among sex/age classes and had similar sampling
years, the difference between studies is not likely
related to sample composition or collection years.
It is possible that a low estimate in the earlier
study is due to use of hair and blood stable iso-
topes (Cherry et al. 2011), which may be more
biased in the case of summer–fall diet estimates.

At this time of year, polar bears are in peak
condition (Stirling 2002) and may therefore be
most likely to consume blubber almost exclu-
sively, which would result in the greatest under-
estimate of bearded seal using proteinaceous
tissue-based methods.
Thus, we tentatively suggest a previously unre-

ported seasonal importance of bearded seal to the
nutritional needs of SB polar bears of all sex/age
classes. In the early days after bearded seal pup-
ping in May, pups spend most of their time
hauled out of the water (Watanabe et al. 2009),
accessible to polar bears. The later pupping rela-
tive to ringed seals could, in part, explain why
bearded seal consumption is better reflected in
summer–fall diet estimates of SB bears. Adult
bearded seals may also be more accessible in

Fig. 3. Mean (�SE) prey contribution (%) to the winter–spring diet estimates of southern Beaufort Sea polar
bears as a function of previous year climate measures. Ringed seal proportions in (a) adult female and (b) juve-
nile diets vs. winter Arctic oscillation (AOw). Beluga whale proportions vs. Arctic sea ice extent (c) and bowhead
whale proportions vs. ice-free days over the continental shelf (d) in adult males.
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May–June when they molt on the ice (Bengtson
et al. 2005). Future modeling studies sub dividing
prey by age class may be informative in this
regard. Regardless, given the roughly fivefold
higher body mass of bearded seals vs. ringed seals
(Derocher et al. 2002), even low predation rates
could still achieve a high dietary biomass.

Estimates of ringed seal, bowhead whale, and
beluga whale were higher in the winter–spring
than the summer–fall diets. The spring season is
when ringed seal pups become available and
adult ringed seals are most vulnerable to preda-
tion (Pilfold et al. 2012). Spring-sampling was
likely better able to capture seasonal highs in bow-
head whale bone pile resource use (i.e., the sum-
mer–fall diet). The bone piles are deposited
onshore in the fall season from August to October
(Suydam and George 2012). Therefore, many fall-
sampled individuals were sampled before avail-
ability of the carcasses. Beluga whale consumption
was only detected, and as a minor food source, in
winter–spring diets. Instances of polar bear preda-
tion have been reported when belugas become
entrapped in small ice openings, when moving
within narrow leads, or when surfacing at small
holes in the ice; these ice-linked events have been
reported in the winter and during spring migra-
tion through northern Alaska (Lowry et al. 1987).
Prey consumption estimates for the winter–

spring period were reasonably similar to studies
from earlier time periods using fewer potential
prey and either QFASA or stable isotopes
approaches. Ringed seal consumption in SB polar
bears using all four potential marine mammal
prey was somewhat lower than reported from
1972 to 2004 (50% vs. ~60%) using the same
QFASA approach (Thiemann et al. 2008), but not
including bowhead whale in the prey database.
We also found lower ringed seal consumption
than reported for winter 2003–2005 diets (77%)
estimated using blood stable isotopes, but not
including beluga whale in the model (Bentzen
et al. 2007). Our winter–spring bearded seal con-
sumption estimates (~26%) were fairly comparable
to those two previous SB polar bear diet studies,
despite differences in prey included in the models

Fig. 4. Mean (�SE) prey contribution (%) to diet
estimates of adult male and female southern Beaufort
Sea polar bears by fatness index (FI). Bowhead whale
(a) and ringed seal (b) proportions in summer–fall
diets, and ringed seal (c) proportions in winter–spring
diets. Bowhead whale proportions by FI were not sig-
nificant for winter–spring diets of any bears and were
therefore not shown. Numbers denote significant dif-
ferences in bowhead whale or ringed seal consump-
tion among FI groups for a given sex class.
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(Bentzen et al. 2007, Thiemann et al. 2008). Obser-
vations of April–May kills over 1985–2011 also
gave reasonably similar estimates of 67% ringed
seal and 33% bearded seal on a biomass basis (Pil-
fold et al. 2012). For beluga whale, similar propor-
tions were reported in the diets of spring-sampled
SB polar bears from 1972 to 2004 using QFASA
(Thiemann et al. 2008). We found higher estimates
of bowhead consumption (17%) in winter–spring
than reported earlier (6%; Bentzen et al. 2007).

Some discrepancies among these studies may
be due to metabolic routing; stable isotopes in
proteinaceous tissues only reflect the dietary pro-
tein (Cherry et al. 2011), whereas polar bears pref-
erentially consume blubber of kills, often leaving
the meat behind, with the occasional exception of
smaller prey such as ringed seal (Stirling and
McEwan 1975). Since dietary proteins and lipids
are metabolically routed to analogous compart-
ments in consumer tissues, diets of polar bears are
likely better estimated by methods that consider
dietary lipids (Cherry et al. 2011). Thus, stable iso-
tope approaches using blood or other proteina-
ceous tissues may overestimate smaller prey, such
as ringed seals, and underestimate larger prey
including bearded seals, beluga whales, and bow-
head whales (Cherry et al. 2011). Conversely,
QFASA-based diet estimates appear to be influ-
enced by the distance measure and calibration
coefficients used in the model (Bowen and Iverson
2013, Bromaghin et al. 2015b). Also, the influence
of fasting on polar bear diet estimates using
QFASA has not been explored, although studies
on elephant and grey seals have not found overall
changes in fatty acid signatures during long-term
fasting (Budge et al. 2006).

Diet variation among sex/age classes
Ringed seal may have been consumed more

often by adult females than males and more often
in winter–spring, due to the aforementioned
increased availability in March–April, when den-
ning females emerge. Higher consumption of
smaller-bodied prey (ringed seal) by adult females
and higher consumption of larger prey by adult
males (harp seal, hooded seal, bearded seal, and/
or walrus) have also been reported elsewhere
(Thiemann et al. 2008, McKinney et al. 2013). The
bone piles appeared to be a more important food
for adult males than females, consistent with
genetic analysis of SB polar bears visiting the bone

piles (Herreman and Peacock 2013). Lack of varia-
tion in beluga whale estimates among sex/age
classes suggests that predation, or at least scav-
enging, of beluga whales occurred to a similar
extent among demographic groups.

Interannual variation in diets and relationships to
climate indices
Diet estimates of SB polar bears suggested sig-

nificant interannual variation over the 2004–2012
period, unlike an earlier study covering 1972–
2004 (Thiemann et al. 2008). Interannual variation
in estimates of winter–spring consumption of
bowhead whale by adult males was largely
explained by the number of ice-free days over the
continental shelf. That is, in years with a longer
ice-free period, adult males relied more heavily
on this onshore food resource. For adult females
and juveniles, who relied less on bowhead, cli-
mate-ice indices did not explain a significant
amount of the interannual variation in bowhead
consumption. Ice conditions may not influence
bone pile use as strongly for adult females as
some of them are fasting in dens in the winter–
spring (Lentfer 1975), and denning draws them to
shore regardless of ice conditions and bowhead
availability. Thus, as a group, adult males may be
better able to take advantage of this food subsidy
than adult females and juveniles when ice condi-
tions limit access to other prey. Interestingly, simi-
lar findings of consumption of bowhead by polar
bears have recently been documented further east
in Foxe Basin, Canada (Galicia et al. 2016).
Although subsistence harvest may play a role
there as well, the authors suggested that the pri-
mary mechanism may be an increased abundance
of, and predation rates by, killer whales, which
leave the carcasses behind.
For ringed seal, the AOw explained much (46–

82%) of the interannual variation in winter–spring
consumption by adult females and juveniles,
whereas simple local- (ice-free days) and large-
scale (sea ice extent) ice indices did not. The lead-
ing hypothesis is that in years with less ice (e.g.,
reduced extent, more ice-free days), polar bear
access to ringed seal as prey is reduced. However,
many complex oceanographic and atmospheric
parameters may influence the distribution, den-
sity, and population numbers of marine mammals
and the conditions necessary for successful preda-
tion by polar bears. For instance, wind and ocean

 ❖ www.esajournals.org 10 January 2017 ❖ Volume 8(1) ❖ Article e01633

MCKINNEY ET AL.



currents can affect the size and location of flaw
leads, shore leads, and polynyas, which polar
bears and ringed seals frequent (Stirling 1997).
Limited snow cover and high ice deformation can
influence ringed seal ability to build subnivean
lairs and heavy rainfall can collapse lairs, leading
to greater susceptibility to predation by polar
bears (Stirling and Smith 2004, Luque et al. 2014).
The formation of rafted floes and pressure ridges
also appears to reduce access to ringed seals for
SB polar bears (Stirling et al. 2008). Multi-
temporal factors influencing modeled polar bear
predation on ringed seal have been reported to
include ringed seal reproduction and haul-out
behavior, ice concentrations, and multiple cli-
matic indices (Pilfold et al. 2015). Thus, since the
AOw influences, and may be influenced by, cli-
matological factors as well as sea ice movement
and distribution (Stroeve et al. 2011), it may bet-
ter capture environmental conditions impacting
SB polar bear access to ice-associated prey than
other ice indices (Stenseth et al. 2002).

Two-thirds of the interannual variation in win-
ter–spring beluga whale consumption in adult
males was explained by Arctic sea ice extent. Bel-
ugas comprised nearly 20% of the diet after a min-
imum extent >6 million km2, but <5% in recent
years after ice minima were <5 million km2. These
findings conform to our expectation that the sea
ice platform is highly important for polar bear
predation and scavenging on beluga whales. The
lack of a similar relationship between beluga con-
sumption and sea ice for adult females and juve-
niles is not readily explained. We speculate that
both predation and scavenging may drive adult
male consumption of beluga, while scavenging
may potentially be more important for adult
females and juveniles due to their smaller body
size (Thiemann et al. 2008). Predation requires an
ice platform, while scavenging could occur to
some extent on beach-cast carcasses or those from
subsistence harvest, and thus not be linked to sea
ice. The contribution of onshore scavenging of bel-
uga carcasses to SB polar bear diets is not known,
however.

Bearded seal was the only prey for which
interannual variation in winter–spring consump-
tion was not linked to one of the selected climate/
ice indices. Although bearded seal and ringed
seal are considered to be ice-associated, they
tend to prefer different ice habitats, which may

explain differences in associations with climate/
ice indices relative to ringed seal. For example,
bearded seal haul out on pack ice and prefer
shallow nearshore environments, whereas ringed
seal are more often observed on land fast ice, but
also occupy near and offshore pack ice (Laidre
et al. 2008). Bearded seal from neighboring areas
of northern Alaska have also been reported to
haul out onshore (Quakenbush et al. 2011), but
the significance of potential onshore predation of
bearded seal by SB polar bears is unknown.
In contrast to winter–spring variation, climate

indices did not appear to influence summer–fall
consumption estimates for any prey. The lack of
relationship may have been due to a smaller
summer–fall dataset and more limited years of
data (Appendix S1: Table S1), or possibly to the
longer lag time between the indices and sam-
pling of polar bears in the fall relative to the
spring.

Relationship of diet to polar bear body condition
A pattern of higher body condition was

observed for those adult male and female SB
polar bears that were estimated to consume
higher proportions of bowhead whale. For exam-
ple, in the summer–fall, bowhead whale con-
sumption was five times higher for fat (FI 4) adult
males than for those in normal condition (FI 3),
whereas ringed seal consumption was two times
lower for fat adult females than for those in nor-
mal condition. These results suggest that polar
bears consuming greater proportions of bowhead
whale remains were in better condition, possibly
because the bone piles provide additional nutri-
tion or because feeding on them requires less
expenditure of effort than does predation.

CONCLUSIONS

To address the question of whether use of this
onshore resource could impact vital rates at the
subpopulation level, further knowledge is needed
on the proportion of the population that is using
the resource and the caloric value of the resources
available. It has been suggested that a large portion
of the subpopulation makes use of the bone piles
(Herreman and Peacock 2013, Rogers et al. 2015).
The proportion of radiocollared adult females that
exhibited long-term land use (≥21 consecutive days
on shore) increased over 2000–2014 to a mean of
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20% of individuals (Atwood et al. 2016). In sup-
port of these data suggesting that a substantial
number of SB polar bears are using the bone
piles, we detected bowhead whale in the winter–
spring diet estimates of 79% of the bears, nearly
as high as the 88–98% detection rate of ice seals,
although at a lower detection rate of 42% in the
summer–fall, relative to 82–100% detections of
ice seals. Nonetheless, in both seasons and in all
years, the overall proportion of bowhead whale
comprising the diet of SB polar bears remained
low, suggesting that bowhead whale has not thus
far supplanted ice seals in terms of diet impor-
tance at the population level.

The body condition of SB polar bears did not
decline over the 2004–2012 period (USGS, unpub-
lished data). It is unclear whether this was because
the time period was too short to reflect known
long-term trends or because of recent short-term
changes in body condition, similar to population
trends (Bromaghin et al. 2015a). Regardless, here
we show that the relationship of polar bear forag-
ing ecology and body condition to sea ice change
can be complicated by other region-specific
ecological factors, including human activities in
the form of subsistence harvest.

ACKNOWLEDGMENTS

Support came from the USGS’s Changing Arctic
Ecosystem Initiative, with funding from the Wildlife
Program of the USGS Ecosystem Mission Area. Fur-
ther funds and in-kind support were from the USGS
Climate and Land Use Change Mission Area, the
Bureau of Ocean Energy Management, the Bureau of
Land Management, and the Arctic National Wildlife
Refuge. Thanks to Karyn Rode, George Durner,
Anthony Pagano, Kristin Simac, Tyrone Donnelly,
Chad Jay, Jeff Bromaghin, and Karen Oakley (US Geo-
logical Survey) for field logistics, sample collection,
input into study design, and results interpretation.
Thanks to Jeff Bromaghin for comments on earlier ver-
sion of this manuscript; Sarah Al-Shaghay, Mizuho
Namba, Laurie Starr, and Shelley Lang (Dalhousie
University) for laboratory assistance; Rebecca Pugh
and John Kucklick (NIST) for the SRM; and Sue Budge
(Dalhousie University) and Greg Thiemann (York
University) for prey fatty acid data. The Natural
Sciences and Engineering Research Council (NSERC)
Canada and Banting Fellows Program gave further
funding (M.A.M.) and laboratory support from Dis-
covery and Equipment Grants (S.J.I.). The research
was approved under the Marine Mammal Protection

Act and Endangered Species Act with USFWS permit
#MA690038. Capture protocols were approved by the
USGS Institutional Animal Care and Use Committee.
Any use of trade firm, or product names, is for descrip-
tive purposes only and does not reflect endorsement
by the U.S. government.

LITERATURE CITED

Aars, J., M. Andersen, A. Breni�ere, and S. Blanc. 2015.
White-beaked dolphins trapped in the ice and
eaten by polar bears. Polar Biology 34:26612.

Amstrup, S. C. 2003. Polar bear, Ursus maritimus. Pages
587–610 in G. A. Feldhamer, B. C. Thompson, and
J. A. Chapman, editors. Wild mammals of North
America. John Hopkins University Press, Balti-
more, Maryland, USA.

Amstrup, S. C., B. G. Marcot, and D. C. Douglas. 2008.
A Bayesian network modeling approach to fore-
casting the 21st century worldwide status of polar
bears. Pages 213–268 in E. T. DeWeaver, C. M. Bitz,
and L.-B. Tremblay, editors. Arctic sea ice decline:
observations, projections, mechanisms, and impli-
cations. AGU, Washington, D.C., USA.

Atwood, T. C., E. Peacock, M. A. McKinney, K. Lillie,
R. Wilson, D. C. Douglas, S. Miller, and P. Terletzky.
2016. Rapid environmental change drives
increased land use by an Arctic marine predator.
PLoS One 11:e0155932.

Bechshøft, T. O., et al. 2013. Polar bear stress hormone
cortisol fluctuates with the North Atlantic Oscilla-
tion climate index. Polar Biology 36:1525–1529.

Bengtson, J. L., L. M. Hiruki-Raring, M. A. Simpkins,
and P. L. Boveng. 2005. Ringed and bearded seal
densities in the eastern Chukchi Sea, 1999–2000.
Polar Biology 28:833–845.

Bentzen, T. W., E. H. Follmann, S. C. Amstrup, G. S.
York, M. J. Wooller, and T. M. O’Hara. 2007. Varia-
tion in winter diet of southern Beaufort Sea polar
bears inferred from stable isotope analysis. Cana-
dian Journal of Zoology 85:596–608.

Bowen, W. D., and S. J. Iverson. 2013. Methods of esti-
mating marine mammal diets: a review of valida-
tion experiments and sources of bias and
uncertainty. Marine Mammal Science 29:719–754.

Bromaghin, J. F., T. L. McDonald, I. Stirling, A. E.
Derocher, E. S. Richardson, E. V. Regehr, D. C.
Douglas, G. M. Durner, T. C. Atwood, and S. C.
Amstrup. 2015a. Polar bear population dynamics
in the southern Beaufort Sea during a period of sea
ice decline. Ecological Applications 25:634–651.

Bromaghin, J. F., K. D. Rode, S. M. Budge, and G. W.
Thiemann. 2015b. Distance measures and optimiza-
tion spaces in quantitative fatty acid signature
analysis. Ecology and Evolution 5:1249–1262.

 ❖ www.esajournals.org 12 January 2017 ❖ Volume 8(1) ❖ Article e01633

MCKINNEY ET AL.



Budge, S. M., S. J. Iverson, and H. N. Koopman. 2006.
Studying trophic ecology in marine ecosystems
using fatty acids: a primer on analysis and inter-
pretation. Marine Mammal Science 22:759–801.

Budge, S. M., A. M. Springer, S. J. Iverson, G. Sheffield,
and C. Rosa. 2008. Blubber fatty acid composition
of bowhead whales, Balaena mysticetus: implica-
tions for diet assessment and ecosystem monitor-
ing. Journal of Experimental Marine Biology and
Ecology 359:40–46.

Cherry, S. G., A. E. Derocher, K. A. Hobson, I. Stirling,
and G. W. Thiemann. 2011. Quantifying dietary
pathways of proteins and lipids to tissues of a mar-
ine predator. Journal of Applied Ecology 48:373–381.

Cherry, S. G., A. E. Derocher, G. W. Thiemann, and
N. J. Lunn. 2013. Migration phenology and sea-
sonal fidelity of an Arctic marine predator in rela-
tion to sea ice dynamics. Journal of Animal
Ecology 82:912–921.

Derocher, A. E. 2005. Population ecology of polar bears
at Svalbard, Norway. Population Ecology 47:267–275.

Derocher, A. E., Ø. Wiig, and M. Andersen. 2002. Diet
composition of polar bears in Svalbard and the
western Barents Sea. Polar Biology 25:448–452.

Forchhammer, M. C., E. Post, and N. C. Stenseth. 1998.
Breeding phenology and climate. Nature 391:29–30.

Galicia, M. P., G. W. Thiemann, M. G. Dyck, S. H.
Ferguson, and J. W. Higdon. 2016. Dietary habits of
polar bears in Foxe Basin, Canada: possible evi-
dence of a trophic regime shift mediated by a new
top predator. Ecology and Evolution 6:6005–6018.

Herreman, J. K., and E. Peacock. 2013. Polar bear use
of a persistent food subsidy: insights from non-
invasive genetic sampling in Alaska. Ursus 24:
148–163.

IPCC. 2013. Climate change 2013: the physical science
basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental
Panel on Climate Change. In T. F. Stocker, D. Qin,
G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung,
A. Nauels, Y. Xia, V. Bex, and P. M. Midgley, edi-
tors. Cambridge University Press, Cambridge, UK
and New York, New York, USA. 1535 pp.

Iverson, S. J., C. Field, W. D. Bowen, and W. Blanchard.
2004. Quantitative fatty acid signature analysis: a
new method of estimating predator diets. Ecologi-
cal Monographs 74:211–235.

Iverson, S. J., I. Stirling, and S. L. C. Lang. 2006. Spatial
and temporal variation in the diets of polar bears
across the Canadian Arctic: indicators of changes
in prey populations and environment. Pages 98–
117 in I. L. Boyd, S. Wanless, and C. J. Camphuy-
sen, editors. Top predators in marine ecosystems.
Cambridge University Press, Cambridge, UK.

Kucklick, J. R., M. M. Schantz, R. S. Pugh, B. J. Porter,
D. L. Poster, P. R. Becker, T. K. Rowles, S. Leigh,
and S. A. Wise. 2010. Marine mammal blubber ref-
erence and control materials for use in the determi-
nation of halogenated organic compounds and
fatty acids. Analytical and Bioanalytical Chemistry
397:423–432.

Laidre, K. L., I. Stirling, L. F. Lowry, Ø. Wiig, M. P.
Heide-Jorgensen, and S. H. Ferguson. 2008. Quan-
tifying the sensitivity of arctic marine mammals to
climate-induced habitat change. Ecological Appli-
cations 18:S97–S125.

Lentfer, J. W. 1975. Polar bear denning on drifting sea
ice. Journal of Mammalogy 56:716–718.

Lowry, L. F., J. J. Burns, and R. R. Nelson. 1987. Polar
bear, Ursus maritimus, predation on belugas,
Delphinapterus leucas, in the Bering and Chukchi
Seas. Canadian Field Naturalist 101:141–146.

Luque, S. P., S. H. Ferguson, and G. A. Breed. 2014.
Spatial behaviour of a keystone Arctic marine
predator and implications of climate warming in
Hudson Bay. Journal of Experimental Marine Biol-
ogy and Ecology 461:504–515.

McKinney, M. A., T. Atwood, R. Dietz, C. Sonne, S. J.
Iverson, and E. Peacock. 2014. Validation of adi-
pose lipid content as a body condition index for
polar bears. Ecology and Evolution 4:516–527.

McKinney, M. A., S. J. Iverson, A. T. Fisk, C. Sonne,
F. F. Rig�et, R. J. Letcher, M. T. Arts, E. W. Born,
A. Rosing-Asvid, and R. Dietz. 2013. Global change
effects on the long-term feeding ecology and con-
taminant exposures of East Greenland polar bears.
Global Change Biology 19:2360–2372.

Pagano, A. M., E. Peacock, and M. A. McKinney. 2014.
Remote biopsy darting and marking of polar bears.
Marine Mammal Science 30:169–183.

Pilfold, N. W., A. E. Derocher, I. Stirling, and
E. Richardson. 2015. Multi-temporal factors influ-
ence predation for polar bears in a changing cli-
mate. Oikos 124:1098–1107.

Pilfold, N. W., A. E. Derocher, I. Stirling, E. Richardson,
and D. S. Andriashek. 2012. Age and sex composi-
tion of seals killed by polar bears in the eastern
Beaufort Sea. PLoS One 7:e41429.

Post, E., U. S. Bhatt, C. M. Bitz, J. F. Brodie, T. L.
Fulton, M. Hebblewhite, J. Kerby, S. J. Kutz,
I. Stirling, and D. A. Walker. 2013. Ecological
consequences of sea-ice decline. Science 341:519–
524.

Quakenbush, L. T., J. J. Citta, and J. A. Crawford. 2011.
Biology of the bearded seal (Erignathus barbatus) in
Alaska, 1961–2009. Arctic Marine Mammal Pro-
gram, Alaska Department of Fish and Game, Fair-
banks, Alaska, USA.

 ❖ www.esajournals.org 13 January 2017 ❖ Volume 8(1) ❖ Article e01633

MCKINNEY ET AL.



R Development Core Team. 2014. R: a language and
environment for statistical computing. The R Foun-
dation for Statistical Computing, Vienna, Austria.
http://www.R-project.org/

Regehr, E. V., C. M. Hunter, H. Caswell, S. C. Amstrup,
and I. Stirling. 2010. Survival and breeding of polar
bears in the southern Beaufort Sea in relation to sea
ice. Journal of Animal Ecology 79:117–127.

Regehr, E. V., N. J. Lunn, S. C. Amstrup, and I. Stirling.
2007. Effects of earlier sea ice breakup on survival
and population size of polar bears in western
Hudson Bay. Journal of Wildlife Management 71:
2673–2683.

Rigor, I. G., J. M. Wallace, and R. L. Colony. 2002.
Response of sea ice to the Arctic oscillation. Journal
of Climate 15:2648–2663.

Rode, K. D., S. C. Amstrup, and E. V. Regehr. 2010.
Reduced body size and cub recruitment in polar
bears associated with sea ice decline. Ecological
Applications 20:768–782.

Rogers, M. C., E. Peacock, K. Simac, M. B. O’Dell, and
J. M. Welker. 2015. Diet of female polar bears in the
southern Beaufort Sea of Alaska: evidence for an
emerging alternative foraging strategy in response to
environmental change. Polar Biology 38:1035–1047.

Schliebe, S., K. D. Rode, J. S. Gleason, J. Wilder,
K. Proffitt, T. J. Evans, and S. Miller. 2008. Effects of
sea ice extent and food availability on spatial and
temporal distribution of polar bears during the fall
open-water period in the Southern Beaufort Sea.
Polar Biology 31:999–1010.

Stenseth, N. C., A. Mysterud, G. Ottersen, J. W.
Hurrell, K.-S. Chan, and M. Lima. 2002. Ecological
effects of climate fluctuations. Science 297:
1292–1296.

Stirling, I. 1997. The importance of polynyas, ice edges,
and leads to marine mammals and birds. Journal
of Marine Systems 10:9–21.

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., and W. R. Archibald. 1977. Aspects of pre-
dation of seals by polar bears. Journal of the Fish-
eries Research Board of Canada 34:1126–1129.

Stirling, I., N. J. Lunn, and J. Iacozza. 1999. Long-term
trends in the population ecology of polar bears in

western Hudson Bay in relation to climate change.
Arctic 52:294–306.

Stirling, I., and E. H. McEwan. 1975. The caloric value of
whole ringed seals (Phoca hispida) in relation to polar
bear (Ursus maritimus) ecology and hunting beha-
viour. Canadian Journal of Zoology 53:1021–1027.

Stirling, I., E. Richardson, G. W. Thiemann, and A. E.
Derocher. 2008. Unusual predation attempts of
polar bears on ringed seals in the Southern Beau-
fort Sea: possible significance of changing spring
ice conditions. Arctic 61:14–22.

Stirling, I., and T. G. Smith. 2004. Implications of warm
temperatures and an unusual rain event for the
survival of ringed seals on the coast of southeast-
ern Baffin Island. Arctic 57:59–67.

Stirling, I., C. Spencer, and D. Andriashek. 1989.
Immobilization of polar bears (Ursus maritimus)
with telazol in the Canadian Arctic. Journal of
Wildlife Diseases 25:159–168.

Stroeve, J. 2003. Sea ice trends and climatologies from
SMMR and SSM/I-SSMIS, Version 1. NASA
National Snow and Ice Data Center Distributed
Active Archive Center, Boulder, Colorado, USA.

Stroeve, J. C., J. Maslanik, M. C. Serreze, I. Rigor,
W. Meier, and C. Fowler. 2011. Sea ice response to
an extreme negative phase of the Arctic Oscillation
during winter 2009/2010. Geophysical Research Let-
ters. http://nsidc.org/data/NSIDC-0192/versions/1

Suydam, R. S., and J. C. George. 2012. Preliminary
analysis of subsistence harvest data concerning
bowhead whales (Balaena mysticetus) taken by
Alaskan Natives, 1972–2011. SC/64/AWMP8.
Department of Wildlife Management, North Slope
Borough, Barrow, Alaska, USA.

Thiemann, G. W., S. J. Iverson, and I. Stirling. 2008.
Polar bear diets and Arctic marine food webs:
insights from fatty acid analysis. Ecological Mono-
graphs 78:591–613.

Thiemann, G. W., S. J. Iverson, I. Stirling, and M. E.
Obbard. 2011. Individual patterns of prey selection
and dietary specialization in an Arctic marine car-
nivore. Oikos 120:1469–1478.

Watanabe, Y., C. Lydersen, K. Sato, Y. Naito,
N. Miyazaki, and K. M. Kovacs. 2009. Diving
behavior and swimming style of nursing bearded
seal pups. Marine Ecology Progress Series 380:
287–294.

SUPPORTING INFORMATION

Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
1633/full

 ❖ www.esajournals.org 14 January 2017 ❖ Volume 8(1) ❖ Article e01633

MCKINNEY ET AL.

http://www.R-project.org/
http://nsidc.org/data/NSIDC-0192/versions/1
http://onlinelibrary.wiley.com/doi/10.1002/ecs2.1633/full
http://onlinelibrary.wiley.com/doi/10.1002/ecs2.1633/full

