Ecological Monographs, 78(4), 2008, pp. 591-613
© 2008 by the Ecological Society of America

POLAR BEAR DIETS AND ARCTIC MARINE FOOD WEBS:
INSIGHTS FROM FATTY ACID ANALYSIS
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Abstract. We used quantitative fatty acid signature analysis (QFASA) to examine the
diets of 1738 individual polar bears (Ursus maritimus) sampled across the Canadian Arctic
over a 30-year span. Polar bear foraging varied over large and small spatial and temporal
scales, and between demographic groups. Diets in every subpopulation were dominated by
ringed seals (Phoca hispida) and, in the eastern Arctic, secondarily by harp seals (Pagophilus
groenlandica). Beluga whales (Delphinapterus leucas) were an important food source for bears
in the High Arctic, which is consistent with previous anecdotal reports. Foraging patterns were
most similar among neighboring subpopulations with similar prey assemblages, but also
differed geographically within Western Hudson Bay. The sexual size dimorphism of polar
bears had an important effect on foraging, as large bearded seals (Erignathus barbatus) and
walruses (Odobenus rosmarus) were consumed most often by older, male bears, whereas ringed
seals and, where available, harbor seals (P. vitulina) were most important to younger age
classes. Larger, older bears also had the greatest dietary diversity, apparently because of their
ability to include larger-bodied prey. During spring and summer, polar bears in some areas
increased predation on migratory harp seals and beluga whales. In Western Hudson Bay,
bearded seal consumption declined between 1995 and 2001 for both male and female bears and
continued to decline among females up to the most recent sampling (2004). Ringed seal
consumption in Western Hudson Bay increased between 1998 and 2001, perhaps in response
to increased ringed seal productivity, but was not significantly affected by date of sea-ice
breakup. Overall, our data indicate that polar bears are capable of opportunistically altering
their foraging to take advantage of locally abundant prey, or to some degree compensating for
a decline in a dominant prey species. However, in other areas polar bears are dependent on the
availability of ringed and bearded seals. Recent population data suggest that polar bears with
the most specialized diets may be most vulnerable to climate-related changes in ice conditions.
The results of this large-scale, ecosystem-based study indicate a complex relationship between
sea-ice conditions, prey population dynamics, and polar bear foraging.
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INTRODUCTION

Apex predators play an important role in determining
the structure and functioning of marine ecosystems (e.g.,
Katona and Whitehead 1988, Estes 1995, Bowen 1997).
In the Arctic, polar bears (Ursus maritimus) represent a
clearly defined fifth trophic level (Hobson and Welch
1992) and feed on a variety of marine-mammal prey
(Stirling and McEwan 1975, Stirling and Archibald
1977, Derocher et al. 2002, Iverson et al. 2006). Because
of their long life span and wide-ranging distribution,
polar bears may provide valuable insights into food-web
structure and ecosystem change over multiple temporal
and spatial scales.
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Accurate information on diets is essential to under-
standing the ecological role of top predators. Studies to
date suggest that polar bears feed primarily on ringed
seals (Phoca hispida), and to a lesser extent on bearded
seals (Erignathus barbatus; Stirling 1974, Stirling and
McEwan 1975, Stirling and Archibald 1977, Smith 1980,
Stirling and Qritsland 1995), both of which are available
throughout the Canadian Arctic. However, more recent
studies by Derocher et al. (2002) and Iverson et al.
(2006) have indicated that harp seals (Pagophilus
groenlandica) may also be important prey in areas where
they are available. Opportunistic observations have also
identified a wide diversity of apparently less important
food items including beluga whales (Delphinapterus
leucas; Freeman 1973, Heyland and Hey 1976, Lowry
et al. 1987, Smith and Sjare 1990), narwhals (Monodon
monoceros; Smith and Sjare 1990), walruses (Odobenus
rosmarus; Calvert and Stirling 1990), and even conspe-
cifics (Taylor et al. 1985, Amstrup et al. 2006, Stone and
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Derocher 2007). Although occasional depredation of
caribou (Rangifer tarandus) has been documented
(Derocher et al. 2000), the nutritional contribution of
terrestrially based species appears to be negligible
(Ramsay and Hobson 1991, Hobson and Stirling 1997).

Predator foraging strategies may be affected by
intrinsic differences in morphology, hunting ability,
energy requirements, and reproductive costs. Adult male
polar bears are roughly twice the size of adult females
(Derocher et al. 2005) and individuals of both sexes
continue to grow after reaching sexual maturity
(Derocher and Wiig 2002). After mating, females
support the entire cost of raising cubs and may endure
a denning-related fasting period of more than eight
months (Stirling et al. 1977b). Although bears of
different age and sex classes show some degree of spatial
segregation while foraging on the sea ice (Stirling et al.
1993), little is known about the effects of body size and
reproductive costs on polar bear foraging strategies.

Extrinsic factors may also affect predator foraging
patterns, and increasing temperatures and declining sea-
ice coverage in many parts of the Arctic (e.g., Callaghan
and Jonasson 1995, Parkinson 2000, Comiso 2002, 2006)
are having significant, yet incompletely understood
effects on marine ecosystems (e.g., Gaston et al. 2003,
Stirling et al. 2008). Polar bears depend on the sea-ice
platform to hunt, and changes in the amount and timing
of ice cover may reduce bears’ ability to access offshore
prey (Stirling et al. 1999, Stirling and Parkinson 2006),
as well as affect the distribution, migration patterns, and
reproductive success of those prey (Ferguson et al. 2005,
Johnston et al. 2005). Earlier summer break-up of the
sea ice in Western Hudson Bay over the last 30 years
(Stirling et al. 1999, Gough et al. 2004, Gagnon and
Gough 2005) is strongly correlated with declines in polar
bear body condition, natality, survival, and population
size (Stirling and Parkinson 2006, Regehr et al. 2007).
Iverson et al. (2006) reported a decrease in ringed seal
consumption among Western Hudson Bay polar bears
between 1994 and 1998 that correlated with increasingly
early spring ice retreat. More recent changes in polar
bear diets in Western Hudson Bay, and elsewhere,
remain unknown.

Limitations on the synthesis of fatty acids (FA, the
primary components of lipids) in mammalian predators
result in dietary FA being predictably incorporated into
the fat of the consumer (Ackman and Eaton 1966,
Iverson et al. 1995, Dalsgaard and St. John 2004). These
biochemical restrictions, coupled with the great diversity
of FA in marine ecosystems, allow FA to serve as useful
indicators of trophic relationships (Brockerhoff et al.
1967, Sargent et al. 1987, Bradshaw et al. 2003). The
relative abundance of multiple FA (i.e., the FA profile or
“signature”) in the adipose-tissue stores of a predator
can provide information on diet integrated over a span
of weeks to months (e.g., Kirsch et al. 2000, Iverson et
al. 2004). Quantitative FA signature analysis (QFASA)
uses a multivariate least-squares model to generate

Ecological Monographs
Vol. 78, No. 4

estimates of the relative contributions of different prey
species to the FA signatures, and thus the diets, of
individual predators (Iverson et al. 2004, 2006, 2007). In
this study, we used QFASA to examine the intrinsic and
extrinsic factors that influence prey selection among
polar bears across the Canadian Arctic over a 30-year
time span.

Given regional differences in the abundance and
availability of various prey species, we hypothesized
that polar bear diets would differ across broad
geographic regions. Because polar bears forage over
thousands of kilometers and do not defend individual
territories (Amstrup et al. 2000), fine-scale (e.g., >1000
km) differences in foraging should be rare. In addition
to factors such as prey abundance and availability, we
hypothesized that polar bear diets would be affected by
age- and sex-specific foraging patterns and that large,
adult male bears would be the most likely to capture and
consume large-bodied prey (i.e., bearded seals and
walruses). Size-related differences in the consumption
of beluga whales and narwhals may be less pronounced
given that multiple polar bears may scavenge large
whale carcasses (Lowry et al. 1987; see Plate 1). Finally,
we hypothesized that recent reductions in sea-ice area
and extent in many parts of the Canadian Arctic
(Stirling and Parkinson 2006) would result in reductions
in the consumption of ice-associated seals (i.e., ringed
and bearded) and increases in species more associated
with open water and seasonal use of pack ice (e.g.,
harbor seals, Phoca vitulina, and harp seals). However, it
is also possible that polar bears have a limited ability to
capture open-water prey and reductions in sea-ice cover
may yield reductions in overall hunting success without
dramatic changes in diet composition.

METHODS
Sample collection

A total of 1902 adipose-tissue samples were collected
from 1738 individual polar bears handled between 1972
and 2004 (Table 1). Bears were sampled in 10 different
Canadian subpopulations (Fig. 1; Lunn et al. 2002):
Northern Beaufort Sea, Southern Beaufort Sea, Lancas-
ter Sound, M’Clintock Channel, Gulf of Boothia, Foxe
Basin, Western Hudson Bay, Southern Hudson Bay,
Baffin Bay, and Davis Strait. Samples were collected
from bears of all age and sex classes during mark—
recapture studies in Western Hudson Bay, Southern
Hudson Bay, Northern Beaufort Sea, and Southern
Beaufort Sea. Bears were classified as adults (>5 years),
subadults (3—4 years), and cubs (<3 years). Weaning
typically occurs when cubs are 2.5 years old, so some 2-
yr-olds were captured as independent cubs, whereas
other bears of the same age were still associated with
their mothers. Because association with its mother will
likely influence a bear’s diet (Stirling and Latour 1978),
bears under three years of age were further classified as
either “dependent” or “independent” cubs. All free-
ranging polar bears were located from a Bell 206B
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TasLE 1. Distribution of all samples collected from 1738 different polar bear adults (>5 yr old), subadults (3—4 yr old), and cubs
(<3 yr old) across the Canadian Arctic from 1972 to 2004.

Adult Harvested (>2.5 yr)  Subadult Independent cub  Dependent cub

Subpopulation Total no. samples F M F M F M F M F M
Northern Beaufort Sea 181 57 48 4 5 4 11 3 1 23 25
Southern Beaufort Sea 217 75 70 0 2 18 15 3 2 18 14
Lancaster Sound 94 11 43 1 8 5 21 1 4 0 0
M’Clintock Channel 15 3 9 0 1 0 1 1 0 0 0
Gulf of Boothia 69 10 24 4 5 8 13 0 4 0 1
Foxe Basin 109 13 38 5 18 13 18 1 3 0 0
Western Hudson Bay 755 257 226 15 22 21 39 21 19 64 71
Southern Hudson Bay 195 78 66 1 1 22 22 3 1 0 1
Baffin Bay 101 9 52 6 10 6 16 0 2 0 0
Davis Strait 166 28 57 12 16 23 22 3 5 0 0
Total 1902 541 633 48 38 120 178 36 41 105 112

Notes: All samples from independent-age bears (>2.5 years, excluding those from M’Clintock Channel) were used to examine
long-term temporal changes in polar bear diets. Samples collected between 1999 and 2004 were used to examine demographic,
regional, and seasonal differences in diets. “Harvested (>2.5 yr)” bears were the subset of harvested bears that were of unknown
age but were independent of their mothers and therefore assumed to be at least 2.5 years old. F = female, M = male. See Fig. 1 for

locations.
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Fic. 1. Locations of all samples (n = 1902) collected from 1738 individual polar bears between 1972 and 2004 in 10 Canadian
polar bear subpopulations as defined by Lunn et al. (2002): Northern Beaufort Sea (NB), Southern Beaufort Sea (SB), Lancaster
Sound (LS), M’Clintock Channel (MC), Gulf of Boothia (GB), Foxe Basin (FB), Western Hudson Bay (WH), Southern Hudson Bay
(SH), Baffin Bay (BB), and Davis Strait (DS). See Table 1 for sample sizes from the different regional subpopulations and age classes.
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PLATE 1.
Stirling.

JetRanger helicopter and immobilized with a combina-
tion of tiletamine hydrochloride and zolazepam hydro-
chloride (Telazol; Fort Dodge Laboratories, Fort
Dodge, Towa, USA) following standard chemical
immobilization protocols (Stirling et al. 1989).

Adipose-tissue samples were collected from immobi-
lized bears using a 6 mm biopsy punch and consisted of
a full-layer core from skin to muscle, taken ~15 cm
lateral to the base of the tail (Ramsay et al. 1992,
Thiemann et al. 2006). At the time of first capture, each
animal was assigned a unique identification number that
was permanently tattooed on the inside of each upper lip
and engraved on plastic tags attached to each ear. A
vestigial premolar tooth was extracted from independent
bears and their ages determined by counting growth-
layer groups in the cementum (Calvert and Ramsay
1998). All immobilization and live-capture procedures
were reviewed and approved annually by the Animal
Care Committee of the Canadian Wildlife Service,
Prairie and Northern Region, Edmonton, Alberta,
Canada.

In addition to live-captured bears, adipose-tissue
samples were collected from bears harvested by Inuit
subsistence hunters in all 10 subpopulations. Although
the ages of most harvested bears were determined by
sectioning a tooth, age data for some bears (n = 136
individuals) were unavailable (see Table 1). Because it is
illegal to hunt polar bears that are still associated with
their mothers, it was assumed that all harvested bears

A young adult polar bear scavenges the remains of a sperm whale on the coast of Svalbard, Norway. Photo credit: 1.

were at least 2.5 years old. Bears in this group of
unknown age (but >2.5 yr) are referred to in the Results
as “harvested” bears and they could include independent
cubs, subadults, and adults. Considering the age
distribution of all known-age hunter-killed bears (61%
adult), these samples likely represented mainly adults.
Large samples (~8 X 8 cm) extending through the depth
of the subcutaneous adipose layer and including a
portion of attached muscle were collected from each
hunted bear, wrapped in foil, and stored frozen until
analysis. The vast majority of these samples (96%) were
taken from the rump of the animal, but in some cases,
fat was obtained from bacula that were submitted for
sex verification of harvested bears. Because the fat
deposits on the baculum and rump of an individual bear
have identical fatty acid (FA) compositions (Thiemann
et al. 2006), all samples were treated equally. In the
laboratory a full-depth subsample was taken through
the center of each sample—an area that is protected
from oxidation during frozen storage (Budge et al.
2006). We found no differences in the data produced
from large, hunter-collected adipose samples and the
biopsies collected from live, anesthetized bears.
Samples from all years (n = 1902 samples) were used
to examine long-term temporal trends in polar bear FA
signatures and diets. Iverson et al. (2006) presented
preliminary data from polar bears sampled between
1972 and 1998 in the Beaufort Sea, Western Hudson
Bay, and Davis Strait. The current study reanalyzed
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those samples (i.e., new diet estimates were generated)
using a more complete modeling data set (see QFASA
modeling, below) and greatly expanded the temporal,
spatial, and intraspecific scope of the investigation. To
control for longer-term temporal trends, regional and
demographic differences were tested using a single
sample (the most recent) from each bear handled
between 1999 and 2004 (n = 1488 bears). Seasonal
differences could only be tested in subpopulations where
samples were collected in more than one season; to again
control for long-term temporal effects, these analyses
were also limited to samples collected after 1998, but
included some individual bears sampled in multiple
seasons and/or years (n = 668 bears). The vast majority
of these samples were collected either in spring
(February-May; n = 321 samples) or fall (August—
November; n = 288 samples) and seasonal comparisons
were therefore made between spring—summer (Febru-
ary—July), and fall-winter (August—January). Bears >2.5
years (n = 1670 bears; Appendix A) were used to
examine interannual differences in polar bear FA
signatures and diets. Because different age classes were
sampled in different regions and seasons, independent-
age (>2.5 yr) bears were also used to examine regional
and seasonal variability.

Laboratory analysis

Lipid was quantitatively extracted from each adipose-
tissue sample according to Iverson et al. (2001) and FA
methyl esters (FAME) were prepared using H,SO, as a
catalyst (Thiemann et al. 2004). Duplicate analyses and
identification of FAME were performed using temper-
ature-programmed gas-liquid chromatography accord-
ing to Iverson et al. (1997, 2002) and Budge et al. (2002,
2006). Samples were analyzed on a Perkin Elmer
Autosystem II Capillary gas chromatograph with a
flame ionization detector fitted with a flexible fused silica
column (30 m X 0.25 mm inner diameter) coated with
50% cyanopropyl polysiloxane (0.25-um film thickness)
(DB-23; Agilent Technologies, Palo Alto, California,
USA). FA data are expressed as the mass percentage of
total FA = 1 standard error of the mean (SEM).
Individual FA are referred to by the shorthand
nomenclature of carbon-chain length:number of double
bonds, and position of the first double bond relative to
the terminal methyl group.

Regional differences in polar bear FA signatures were
tested using a combination of multivariate analysis of
variance (MANOVA), hierarchical cluster analysis, and
discriminant analysis (SPSS 2000). MANOVA were also
used to examine temporal and demographic differences
in polar bear FA signatures. The values of 17 of the
most abundant and variable FA (Appendix B) were
transformed to improve normality by calculating the log
of the ratio of each FA to 18:0 (Budge et al. 2002,
Iverson et al. 2002). Because the sample size of any
group must exceed the number of response variables
(Stevens 1986, Legendre and Legendre 1998), only
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groups with at least 18 polar bears were examined by
discriminant analysis or MANOVA. In contrast, be-
cause hierarchical cluster analysis utilizes average FA
signatures, all FA can be used.

QFASA modeling

A quantitative estimate of diet was generated for each
polar bear sample using the QFASA (quantitative FA
signature analysis) model developed by Iverson et al.
(2004). Briefly, this process involves first determining the
average FA signature of each potential prey type as
presented in Thiemann et al. (2008). A combination of
multivariate statistical analyses (Thiemann et al. 2008)
and simulation studies (described below) are used to
ensure that the various prey types are distinct enough to
be resolved in the estimated predator diet. A multivar-
iate least-squares model then determines the combina-
tion of average prey signatures that most closely
matches the observed predator signature, after account-
ing for FA metabolism within the predator (see below).
The estimated combination reflects the contribution of
each prey type’s FA to the overall signature, and thus
the diet, of the predator. In this way, a quantitative diet
estimate is generated for each individual polar bear,
based on the biochemical assimilation of more than 30
dietary components (FA). Quantitative diet estimates
can also be generated from stable-isotope data utilizing
a statistical mixing model (e.g., Bentzen et al. 2007).
However, because it incorporates a far greater amount
of dietary information (i.e., >30 FA compared to two
stable-isotope ratios), QFASA can potentially yield
more precise estimates of predator diets.

Marine-mammal blubber samples were used to
determine prey FA composition. A total of 843 blubber
samples from the following prey species were collected
across the Canadian Arctic and analyzed as described
above: ringed seals, bearded seals, harp seals, hooded
seals (Cystophora cristata), harbor seals, walruses,
beluga whales, and narwhals (see Thiemann 2006,
Thiemann et al. 20075, 2008). Samples were collected
from animals of all age classes shot nonselectively by
Inuit hunters or sampled during the course of other
research projects. Blubber fat content is similar across
species and we therefore did not need to account for
differences in prey lipid content (see Iverson et al. 2004).

Because average prey signatures were used in the
modeling, single diet estimates did not incorporate the
FA variability within a prey species. To capture this
variability, we used the bootstrapping procedure de-
scribed in Iverson et al. (2004). Briefly, prey samples
were randomly selected from the database and used to
generate new prey means and predator diet estimates.
This sampling-with-replacement procedure was per-
formed 1000 times and the results used to calculate a
within-predator standard error of each diet estimate
(Iverson et al. 2004). For a group of bears, the average
within-bear standard error (SE ) for each prey type ()
was calculated as follows:
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SEy(j) =

where SE,,( ;) is the within-bear standard error for prey
type (j) for individual bear (i) using the bootstrapping
procedure, and # is the number of bears (see Beck et al.
2007). Total SE for each prey type (j) was calculated
using both the within- and between-bear standard error
as follows:

Total SE; = \/(SE2, ; + SE, )/

where SEy; is the standard error of the mean
percentage of the diet accounted for by prey type ()
between individual polar bears (Beck et al. 2007).

Bears in each region were modeled on the prey species
present in that region and, where possible, using prey
samples collected in that area (Appendix C). Where
necessary, we modeled bear diets using prey samples
collected outside the subpopulation region. Although
prey FA signatures may vary spatially, this variability is
small compared to differences between species (Thie-
mann et al. 2008). We used simulation studies (Iverson
et al. 2004, 20006) to test the ability of the QFASA model
to distinguish between different polar bear prey types.
Following the methods of Iverson et al. (2004), the first
step in this approach was to arbitrarily define the
hypothetical composition of polar bear diets in a given
region (e.g., 75% ringed seal, 25% bearded seal). The
prey data set for that region was then randomly split
into two equal-sized groups: a simulation group and a
modeling group. The simulation group was used to
construct a “pseudo-bear” signature using the diet
proportions specified in the first step. The modeling
group was then used to estimate the “diet” of this
pseudo bear. The creation of the pseudo-bear and
subsequent modeling was repeated 1000 times. The
results of the simulation provide an indication of both
the accuracy and precision with which the diet can be
estimated using a given prey data set.

Bears were modeled using a set of 31 FA (Appendix
B) that was based on Iverson et al.’s (2004) “dietary” set
of FA. These FA are obtained primarily or exclusively
through diet. However, not all ingested FA are directly
incorporated into adipose stores. Rather, some FA are
modified or utilized prior to deposition while others, in
addition to coming from dietary sources, are synthesized
endogenously from non-lipid precursors. Nevertheless,
ingested FA are incorporated into predator fat stores in
predictable ways, and calibration coefficients have been
developed to account for predator metabolism (Iverson
et al. 2004, 2007). To generate calibration coefficients for
polar bears we used another terrestrial carnivore, the
mink (Mustela vison), as a model. By comparing the
adipose-tissue composition of captive mink (n = 37
individuals) with the FA composition of their diet (either
poultry, herring, or herring supplemented with seal oil)
we generated calibration coefficients suitable for a

Ecological Monographs
Vol. 78, No. 4

terrestrial carnivore feeding on marine-based prey
(Appendix D; Thiemann 2006).

Some prey types did not appear in the QFASA
estimates of some bears and diet data were therefore not
normally distributed. To account for this, we used
randomization—permutation analyses (e.g., Efron and
Tibshirani 1998, Good 2000, Anderson 2001, Beck et al.
2007) to examine spatial, temporal, and demographic
differences in polar bear diet estimates. In this proce-
dure, diets were tested via MANOVA after randomly
permuting the factor levels 10000 times. This random
permutation generated a reference distribution (rather
than a more typically used theory distribution) against
which the MANOVA test statistic was compared. Post
hoc analyses were similarly performed using multivar-
iate and univariate ¢ tests. Two-way MANOVA were
used to test for age- and sex-specific differences in polar
bears diets, as well as to factor out sex effects when
comparing polar bear diets across areas, seasons, or
years. The relationship between specific prey consump-
tion and timing of sea-ice breakup in Western Hudson
Bay was examined using simple linear regression. The
dietary-niche breadth of polar bears was calculated
using the Shannon-Wiener Index (H'; Krebs 1999):

J
H'==Y pjlnpj
s

where p; is the proportion of prey species j in the diet and
S is the total number of prey species consumed by all
individuals. Two-way ANOVA was used to examine age
and sex effects on dietary diversity. Two-way ANOVA
was also used to account for sex differences among
independent-age bears while testing for location, season,
and year effects on diet diversity.

REsuLTs
Polar bear FA signatures

Across all 10 subpopulations of Canadian Arctic
polar bears and across all years, 690 samples (485 males,
205 females) were collected from harvested polar bears
and another 1212 samples (567 males, 645 females) were
collected during mark—recapture studies. Approximately
65 fatty acids (FA) were routinely identified in polar
bear fat samples; those that accounted for >0.2% of all
FA are listed by subpopulation in Appendix B.

The FA composition of polar bear adipose tissue
varied significantly across regions (MANOVA: Wilks’
lambda =0.006, P < 0.001). Hierarchical cluster analysis
(Fig. 2a) indicated that adjacent subpopulations tended
to have the most similar FA signatures, whereas those
separated by greater distances or significant land masses
had more distinct signatures. Consistent with these
results, discriminant analysis classified 80.9% of original
polar bear samples and 79.8% of cross-validated samples
to their correct region (Fig. 2b). The first two
discriminant functions accounted for 88% of total
variance.
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Results of fatty acid (FA) analysis. (a) Hierarchical cluster analysis of average FA signatures of independent-age (>2.5

years) polar bears in 10 Canadian subpopulations. Clusters were formed based on squared Euclidean distance, using 64 FAs and
the between-groups linkage method, and indicated that differences in FA signatures tended to increase with geographic distance.
(b) Discriminant analysis of independent-age polar bears in nine Canadian subpopulations, using the 17 most abundant and
variable FAs (Appendix B). The first and second discriminant functions accounted for 88% of total variance. Discriminant analysis
classified 80.9% of original grouped cases and 79.8% of cross-validated grouped cases to their correct region. Ellipses represent 95%
data-point clouds. See Fig. 1 for key to abbreviations of subpopulation regions.

When examined within each region, age had a
significant effect (P < 0.050) on polar bear FA
signatures in every subpopulation except Lancaster
Sound, Gulf of Boothia, and Baffin Bay. Sex had a
similarly widespread effect, with significant differences
(P < 0.040) between males and females in all regions
except Lancaster Sound, Baffin Bay, and Davis Strait.
Too few bears were sampled in M’Clintock Channel to
examine demographic differences in FA signatures.

Polar bear FA profiles differed between spring—summer
and fall-winter (P < 0.020) within six regional subpop-
ulations: Lancaster Sound, Gulf of Boothia, Foxe Basin,
Southern Hudson Bay, Baffin Bay, and Davis Strait.

Significant interannual differences were found in every
region (P < 0.010) analyzed. Again, too few samples were
collected in M’Clintock Channel to examine trends.

Simulation studies

In all 10 subpopulations examined in this study, diet
simulations demonstrated that prey species could be
reliably differentiated and quantified in the quantitative
fatty acid signature analysis (QFASA) model (e.g., Fig.
3). To explore the possibility that polar bears target
young prey (Stirling and Archibald 1977), we ran
simulations on prey species split by age class. The
accuracy and precision of these diet simulations were
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Fic. 3. Results of simulation studies for Northern Beaufort Sea, Davis Strait, Gulf of Boothia, and Western Hudson Bay prey

data sets. Results are presented as boxplots showing the 25th, median, and 75th percentiles of the 1000 diet estimates. Solid circles

7Pt}

represent outliers. Simulated diet composition is indicated by “a

and was designated for each region as follows: N. Beaufort, 20%

bearded seal, 70% ringed seal, and 10% beluga whale; Davis Strait, 20% bearded seal, 0% harbor seal, 50% harp seal, 8% hooded
seal, 20% ringed seal, 2% walrus, 0% beluga, and 0% narwhal; Gulf of Boothia, 20% bearded seal, 70% ringed seal, 0% walrus, 10%
beluga, and 0% narwhal; Western Hudson Bay, 20% bearded seal, 5% harbor seal, 0% harp seal, 75% ringed seal, and 0% beluga.

reduced and indicated that age-specific variability in
prey FA signatures was not large enough to resolve age
differences in the prey consumed. Not surprisingly,
when modeling was performed using prey split by age
class, polar bear diets were often entirely allocated to a
single age category. However, the species composition of
estimated diets was the same regardless of whether prey
were split by age. Therefore, final modeling was
performed on prey samples grouped by species alone.

Estimation of polar bear diets

Fig. 4 illustrates the estimated relative contributions
of different prey species’ biomass to polar bear diets in
each subpopulation region. Because the prey species
consumed by polar bears vary greatly in size, these data
do not necessarily reflect the relative number of prey
items consumed. We scaled FA contributions by prey
body mass (relative to the smallest prey, ringed seals) to
estimate the relative number of individuals of each
species consumed (Fig. 5; see Iverson et al. 2006). The

following average body-mass values were used for
scaling: ringed seal (65 kg), bearded seal (300 kg),
harbor seal (87 kg), harp seal (110 kg), hooded seal (250
kg), walrus (1040 kg), beluga whale (1500 kg), and
narwhal (1300 kg). These rescaled data should be
considered cautiously as the conversion factors assumed
that the entire blubber layer of each prey item was
consumed and that blubber mass scaled equally across
prey age classes and species. Considering the large body
sizes of bearded seals, walruses, beluga whales, and
narwhals it is unlikely that the entire blubber layer of
these prey would be consumed by a single bear.
Therefore, the best estimate for the relative number of
prey consumed likely lies somewhere between the FA
contribution to fat stores and the rescaled estimate (i.e.,
Figs 4 and 5). Henceforth, “diets” are primarily
presented as percentage contribution of prey fat to
polar bear FA signatures. However, it is important to
keep in mind that consumption of a large prey will
contribute proportionately more to polar bear FA
signatures than will a small-bodied prey.
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Fic. 4. Diet composition, by subpopulation region, of all polar bears sampled (n = 1488 bears) between 1999 and 2004. Data
represent the contribution of fat from each prey type to polar bear FA signatures and therefore reflect the contribution of each
species’ biomass to polar bear diets. Bears in each region were modeled using the prey types available in that area. Data are means +
total SE, which incorporates bootstrapped, within-bear variability in QFASA (quantitative FA signature analysis) estimates as well
as between-bear variability in diets (see Methods: QFASA modeling).

Regional differences in polar bear diets

Although ringed seals were important prey in every
region (Fig. 4), the results of QFASA modeling
indicated substantial regional variability in polar bear
foraging. In Southern Hudson Bay, ringed seal com-
prised 83% = 5% (total SEM; see Methods: QFASA
modeling, above) of polar bear FA signatures, whereas
bears in Lancaster Sound obtained only 40% *= 6% of
their ingested biomass from ringed seal. In terms of the
relative number of prey animals consumed, ringed seals
accounted for >50% of prey consumed in every region
(Fig. 5).

Bearded seal biomass appeared in the diets of bears in
all subpopulations and was most prevalent in M’Clin-
tock Channel (40% = 4%) and Lancaster Sound (26% =
5%; Fig. 4). The sometimes-large contribution of
bearded seal to polar bear diets was likely related to
the large size of these prey, as relatively few animals
would need to be killed to account for this level of
biomass consumption (Fig. 5). Harp seal was abundant
in the diet of bears in Davis Strait (32% * 8%) whereas
predation on harbor seal was highest in Western
Hudson Bay (15% = 6%). Bears in Foxe Basin fed on
the largest proportion of walrus (7% = 1%). In
Lancaster Sound, Baffin Bay, and Gulf of Boothia,
polar bears derived 25-33% of their ingested biomass

from beluga whale. Narwhal appeared in the diets of
bears in some regions, but the very small estimates were
generally exceeded by the total standard error.

Although polar bears in the High Arctic may have
access to harp seals for at least part of the year, we were
unable to collect samples from this species in the High
Arctic. When bears in Baffin Bay, Lancaster Sound, and
the Gulf of Boothia were modeled using harp seals
collected in Davis Strait, the QFASA model performed
poorly and was unable to distinguish harp seal from
other prey types—including ringed seal, bearded seal,
and beluga whale. Consequently, the diets of polar bears
in Baffin Bay, Lancaster Sound, and the Gulf of Boothia
were estimated without harp seals in the prey library.

Shannon-Wiener Index values indicated that polar
bear diets were most diverse in Lancaster Sound (H' =
0.881), Foxe Basin (H’ = 0.815), and Davis Strait (H' =
0.802). Bears in Southern Hudson Bay (H’ =0.479) and
Northern Beaufort Sea (H' =0.477) had the least diverse
diets, despite potentially greater prey choice than bears
in some other areas.

Polar bear diets also differed across relatively fine
spatial scales. After accounting for differences between
the sexes, ringed seal was more abundant in the diets of
bears in the Northern Beaufort Sea (two-way MAN-
OVA, P =0.007) than the Southern Beaufort, whereas
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FiG. 5. Diet composition of the same polar bears presented in Fig. 4 (n = 1488 bears sampled), rescaled by prey body size (wet

body mass) to estimate the relative number of prey items consumed (see Results: Estimates of polar bear diets; see Iverson et al.

2006). Data are means + SE.

bears in the Southern Beaufort consumed more bearded
seal (P = 0.004; Fig. 6a). Among the three High Arctic
subpopulations in Fig. 6 (Gulf of Boothia, Baffin Bay,
and Lancaster Sound), bearded seal and beluga whale
consumption was highest in Lancaster Sound (P <
0.050; Fig. 6b), whereas bears in Gulf of Boothia and
Baffin Bay consumed the most ringed seal (P < 0.001).
Bears in the Gulf of Boothia consumed the most walrus
(P < 0.001).

In the Hudson Bay—Foxe Basin area, polar bear diets
were affected by location (P < 0.001) and by a sex X
location interaction (P < 0.001; Fig. 6¢). Bears sampled
along the northeastern coast of Manitoba (i.e., south of
60° N) consumed more bearded seal than bears in Foxe
Basin (P =0.004), Southern Hudson Bay (P < 0.001), or
even bears of the same subpopulation sampled north of
60° N (i.e., Nunavut; P =0.004). However, this regional
trend was driven almost entirely by male bears; females
in all areas consumed relatively little bearded seal
biomass. Harbor seal was consumed most often by
polar bears in northwestern Hudson Bay (P < 0.001)
whereas bears in Foxe Basin and northwestern Hudson
Bay consumed the most harp seal (P < 0.001). Ringed
seal consumption was greatest in Southern Hudson Bay
(P < 0.001). In contrast to these fine-scale differences,
within the Baffin Bay region, there were no significant
differences in prey consumption between polar bears

sampled north or south of 70° N (P =0.091). Within the
Davis Strait region, diets did not differ between bears
sampled in Cumberland Sound, Frobisher Bay, or off
the coast of Labrador (P =0.078).

Demographic differences in polar bear diets

Two-way MANOVA on polar bear diets showed
significant age- and/or sex-specific differences within
every subpopulation except Gulf of Boothia and
Lancaster Sound. Too few samples were collected in
M’Clintock Channel to allow demographic compari-
sons. In the Northern Beaufort Sea, ringed seal
consumption was similar among all age groups, but
dependent cubs and adults consumed the most beluga
whale (P < 0.010; Fig. 7a). In the Southern Beaufort
Sea, female bears consumed more ringed seal (P =0.003)
and less bearded seal (P = 0.013) than male bears (Fig.
7b). Diets in Foxe Basin and Western Hudson Bay were
both affected by age (P < 0.030) and sex (P < 0.010,
Fig. 8a, b) and in the case of Western Hudson Bay, by a
significant age X sex interaction (P < 0.001). In both
regions, consumption of bearded seal was greatest
among older males and lowest among independent
female cubs. Harbor seal was generally consumed most
often by females and young males and, in Western
Hudson Bay, ringed seal consumption by male bears
declined with age. Across both sexes, walrus consump-
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Fic. 6. Geographic differences in the diet composition of
independent-age polar bears (>2.5 yr) in three large regions of
the Canadian Arctic. Data from males (M) and females (F) are
presented separately in areas with a sex X region interaction
(panel c¢). Data here and in Figs. 7-10 reflect the mean (+ SE)
contribution of each species’ fat to polar bear FA signatures
and were compared by permutation MANOVA within each
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those sampled north (Nunavut) or south (Manitoba) of 60° N.
Significant spatial differences in diets were present in all three
areas (P < 0.010), with significant region X sex interactions in
Hudson Bay—Foxe Basin (P =0.001).
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tion in Foxe Basin increased with age (P = 0.015). In
Southern Hudson Bay, significant age (P =0.002), sex (P
< 0.001), and interactive effects (P =0.013) were driven
by an age-specific increase in bearded seal and decrease
in ringed seal in the diets of male polar bears (Fig. &c).

In Baffin Bay and Davis Strait, diets were affected by
age (Baffin Bay, P =0.039; Davis Strait, P =0.001) but
not by sex (Baffin Bay, P = 0.432; Davis Strait, P =
0.638; Fig. 9). In Davis Strait the relative consumption
of bearded seal, harp seal, hooded seal, and beluga
whale all increased with age (P < 0.040), whereas ringed
seal consumption declined (P < 0.040). In Baffin Bay,
harbor seal consumption was greatest among subadults
and independent cubs (P < 0.050).

Across the Canadian Arctic, diet diversity differed by
sex (two-way ANOVA: P < 0.001) and age class (P =
0.002). Dietary breadth was higher among males (H' =
0.706) than females (H' = 0.594) and higher among
harvested (>2.5 yr old) bears (H' = 0.739) than among
adults (H' = 0.663) or juveniles (H' = 0.623). Within
subpopulations, diversity differed between the sexes in
Foxe Basin (P = 0.026) and between sex and age classes
in Western Hudson Bay (age, P < 0.001; sex, P=0.001)
and Southern Hudson Bay (age, P < 0.001; sex, P =
0.001). In all three regions diet diversity was higher
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Fic. 7. Demographic differences in the diet composition of

polar bears of all ages sampled between 1999 and 2004 in (a)
Northern Beaufort Sea and (b) Southern Beaufort Sea; n =
number of bears sampled. Polar bear diets differed by age in the
northern region (P = 0.007), and by sex in the southern
subpopulation (P = 0.013).
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Fic. 8. Demographic differences in the diet composition of
polar bears of all ages sampled between 1999 and 2004 in (a)
Foxe Basin, (b) Western Hudson Bay, and (c) Southern Hudson
Bay; n = number of bears sampled. Diets varied by sex and by
age in all three subpopulations (P < 0.030) and were affected by
sex X age interactions in Southern (P =0.013) and Western (P
< 0.001) Hudson Bay. A nearly significant sex X age interaction
was found in Foxe Basin bears (P = 0.056).

among male bears than females. In Western Hudson
Bay, adult (H' = 0.744) and harvested (>2.5 yr old) (H'
= 0.778) bears had the most diverse diets, whereas
subadults (H’ = 0.637) and independent cubs (H' =

GREGORY W. THIEMANN ET AL.

Ecological Monographs
Vol. 78, No. 4

0.630) had the least diverse diets. In Southern Hudson
Bay, a significant age X sex interactive effect (P =0.018)
was driven by relatively high diversity among adult
males and low diversity among all other age and sex
classes.

Seasonal differences in polar bear diets

The diets of independent-age bears differed between
spring—summer and fall-winter in Foxe Basin (P =
0.033), Gulf of Boothia (P = 0.001), and Southern
Hudson Bay (P = 0.005). No multivariate seasonal
trends were apparent in Lancaster Sound (P = 0.204),
Baffin Bay (P = 0.386), or Davis Strait (P = 0.113).
However, in both Lancaster Sound and Baffin Bay,
beluga whale tended to contribute more to polar bear
diets in spring—summer than fall-winter (Fig. 10a, b).
Despite the lack of a multivariate seasonal effect in
Davis Strait, consumption of harp seal was higher in
spring—summer than in fall-winter (P =0.015; Fig. 10d),
especially among female bears. Polar bears in the Gulf of
Boothia consumed significantly more beluga whale in
spring—summer (P = 0.001) and more ringed seal in fall-
winter (P < 0.001; Fig. 10c), whereas bears in Foxe
Basin consumed the most harbor seal in fall-winter (P =
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Fi6. 9. Demographic differences in the diet composition of
polar bears of all ages sampled between 1999 and 2004 in (a)
Baffin Bay and (b) Davis Strait; n = number of bears sampled.
Diets differed by age (P < 0.040) but not by sex (P > 0.400) in
each region.
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0.004; Fig. 10¢). In Southern Hudson Bay, seasonal (P =
0.005) and sex X seasonal effects (P =0.031) were driven
by spring-to-fall increases in bearded seal consumption
(P=0.001) and decreases in ringed seal consumption (P
= 0.003) in male bears (Fig. 10f). Females consumed
more harbor seal in spring than in the fall (P = 0.023).
The fall increase in bearded seal consumption among
Southern Hudson Bay bears generated greater diet
diversity in fall-winter (H' = 0.490) than spring—summer
(H' =0.450, P=0.038).

Interannual differences in polar bear diets

Because polar bear tissue samples were collected
sporadically and opportunistically over time in some
regions (Appendix A), gaps were present in some data
sets and samples often had to be grouped across several
years. Nevertheless, longer-term temporal changes in
polar bear diets were still apparent (Fig. 11). In the
Northern Beaufort Sea, bearded seal consumption
declined somewhat in 2000 (P = 0.135; Fig. 11a) before
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rebounding in 2004 (P = 0.010). An inverse trend
occurred in beluga whale consumption, which more than
doubled between 1972-1990 and 2000 (P =0.034) before
declining to earlier levels. Interannual differences in the
Southern Beaufort Sea were not significant (P = 0.094)
but the trends were similar to those of the Northern
Beaufort Sea (Fig. 11b). A general shift toward more
ringed seal and less beluga whale in the diets of Southern

Beaufort bears produced a significant decline in diet
diversity (P = 0.018).

In Baffin Bay, interannual differences in polar bear
diets (P = 0.003) were driven by a decline in harbor seal
consumption between 1999-2001 and 2003 (P = 0.048)
and a concomitant increase in walrus consumption (P =
0.001; Fig. 1lc). In contrast, bears in Davis Strait
increased harbor seal (P = 0.002) and decreased walrus
(P < 0.001) consumption (Fig. 11d). The contribution of
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Interannual variability in the contribution (mean * SE) of ringed seal to the FA signatures of independent-age polar

bears (>2.5 yr; n = 620 individuals), in relation to timing of sea-ice breakup (Day 1 = | January) in Western Hudson Bay (see
Stirling et al. 1999). No significant relationship between date of sea-ice breakup and the consumption of ringed seal (P =0.903) or

any other prey species (P > 0.090) was present.

harp seal to Davis Strait diets declined from the 1984—
1994 period to 1999-2001 (P = 0.002), while ringed seal
increased over the same period (P = 0.002). In 2002—
2003, the consumption of both species returned to levels
that did not differ from 1984-1994 (P > 0.060).

In Western Hudson Bay, diets differed significantly
over a 10-year period (P < 0.001; Fig. 11e). In general,
the consumption of bearded seal declined while ringed
seal first declined, then increased, and declined again.
Between 1995 and 2001 the contribution of bearded seal
to polar bear diets declined by 73% while the contribu-
tion from ringed seal increased by 33%. Harbor seal and
harp seal were consumed in relatively minor amounts,
although harbor seal consumption increased significant-
ly between the mid-1990s and mid-2000s (P < 0.001).
After a brief spike in 1996, harp seal consumption also
increased steadily from 1998 to 2002 (P < 0.001) before
declining again in 2003-2004 (P < 0.001).

Although the diets of bears in Southern Hudson Bay
were dominated by ringed seals throughout the study,
some interannual trends were apparent. Bearded seal
consumption declined among both females (P = 0.041)
and males (P = 0.013), although in the latter it increased
again in 2003 (P =0.028; Fig. 11f). Among female bears,
harp seal consumption declined (P < 0.001) as ringed
seal consumption increased (P =0.001) between 2000 and
2003. The different interannual changes observed in male
and female bears in Southern Hudson Bay resulted in a
significant year X sex interaction (P =0.022). In contrast,
in Western Hudson Bay, for which there was a far more
comprehensive data set, interannual trends were consis-
tent in both sexes (year X sex interaction, P = 0.162). In
this subpopulation, male bears always consumed more
bearded seal and less ringed seal than did females.

Diet diversity also changed over time in the two
Hudson Bay subpopulations (P < 0.002). In Southern
Hudson Bay, diversity declined among independent-age

female bears between 2001 (H' = 0.667) and 2002 (H' =
0.297) and remained low in 2003 (H' =0.350). Shannon-
Wiener values remained relatively high among male
bears across all three years (mean H' = 0.561). Sex-
specific trends in diet diversity resulted in a significant
year X sex interaction (P = 0.026). In Western Hudson
Bay, diet diversity was lowest in 2001 (H’ =0.659), when
diets were dominated by ringed seals, and highest in
1996 (H' = 0.799), when diets contained relatively high
levels of bearded and harp seal.

To investigate the potential effects of timing of sea-ice
breakup on polar bear foraging habits in Western
Hudson Bay, we compared the date of breakup
(calculated as the date when surface waters were 50%
ice covered; see Stirling et al. 1999) with QFASA diet
estimates. Regression analyses indicated no significant
relationship between breakup and the consumption of
ringed seal (P =0.903; Fig. 12) or any other prey species
(P > 0.090).

DiscussioN

As broadly distributed top predators, polar bears can
provide important insights into the structure and
functioning of arctic food webs. In addition to
quantifying the trophic relationships between polar
bears and marine mammals across the Canadian Arctic,
this study identified some of the intrinsic and extrinsic
factors that affect polar bear foraging. These results
represent a significant step towards a thorough under-
standing of the arctic ecosystem and establish an
important baseline for detecting future changes in arctic
marine food webs.

Polar bear fatty acid signatures

As found in other studies of high latitude marine
mammals (e.g., Iverson et al. 1997, Thiemann et al.
2007h, 2008), polar bear fatty acid (FA) signatures
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differed spatially, temporally, and demographically.
Spatially, the greatest similarities were observed between
adjacent subpopulations, consistent with greater likeli-
hood of shared prey resources. For instance, the strong
similarities among bears in the Northern and Southern
Beaufort Sea likely resulted from both subpopulations
foraging around the Cape Bathurst polynya. This
annually recurring area of open water in the winter sea
ice extends across the border of the two subpopulations
in Amundsen Gulf (Fig. 1; Stirling 1997) and is an area
of high biological productivity and marine-mammal
abundance (Stirling et al. 1981). Similarly, bears in
Baffin Bay and Lancaster Sound may have been
attracted to the large numbers of marine mammals
associated with the high productivity of the North
Water polynya in northern Baffin Bay (Stirling et al.
1981, Stirling 1997, Klein et al. 2002).

The polar bear subpopulations presented in Fig. 1 are
based on extensive analyses of polar bear movement
patterns (e.g., Stirling et al. 1977h, 1980, Bethke et al.
1996, Taylor et al. 2001, Amstrup et al. 2004) and
genetic relationships (Paetkau et al. 1995, 1999). Mark—
recapture and telemetry data demonstrate that polar
bears restrict their movements and reproductive activ-
ities to within the subpopulation regions (e.g., Stirling et
al. 1999, Amstrup et al. 2000, Taylor et al. 2001,
Mauritzen et al. 2002). However, where physical barriers
(such as extensive areas of land or multi-year ice) do not
exist, individual bears may cross management bound-
aries (Schweinsburg and Lee 1982, Schweinsburg et al.
1982, Bethke et al. 1996). These occasional movements
have resulted in smaller genetic differences between
some adjacent subpopulations (Paetkau et al. 1999) and
have likely contributed to the patterns of FA similarity
observed in Fig. 2. In contrast, subpopulations that are
separated from each other by geographical barriers or
large distances were more distinct in their FA signatures
(Fig. 2a). The Gulf of Boothia, Foxe Basin, and
M’Clintock Channel subpopulations, although adjacent
to each other, are separated by relatively broad land
masses (Fig. 1) and all three groups were well separated
in the cluster analysis (Fig. 2a). Conversely, the foraging
ranges of bears in Western and Southern Hudson Bay
overlap during winter (Stirling and Derocher 1993,
Taylor and Lee 1995, Stirling et al. 1999) and bears in
both areas have access to some of the same offshore prey
populations.

Prey migration routes may also result in bears in
different regions having access to the same prey
populations. For instance, beluga whales commonly
migrate between the Lancaster Sound and Baffin Bay
regions (Richard et al. 1998, 2001, Heide-Jgrgensen et al.
2003) or between Hudson Bay and Foxe Basin (Sergeant
1973). Harp seals follow the sea ice as it retreats in
summer through Hudson Strait (Sergeant 1965), and
such movements may have contributed to the FA
similarities of bears in Foxe Basin, Hudson Bay, and
Davis Strait (Fig. 2).
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Regional differences in polar bear diets

Ringed seals were the dominant prey of polar bears in
every region of the Canadian Arctic, whether expressed
as a proportion of polar bear FA signatures (Fig. 4) or
as the relative number of prey taken (Fig. 5). This trend
reflects the close ecological and evolutionary relation-
ships between polar bears and ringed seals (Stirling
1977, 1983, Hammill and Smith 1991, Kingsley and
Stirling 1991, Stirling and Oritsland 1995) and the
relatively ubiquitous distribution and high abundance of
ringed seals throughout the Canadian Arctic (e.g.,
Kingsley et al. 1985, Smith et al. 1991). It is probably
also significant that ringed seals are among the smallest
of potential prey species and so should be most
accessible to bears of all age and sex classes. Considering
the close association between ringed seal abundance and
their consumption by polar bears (Stirling and Qritsland
1995), the dietary contributions of other prey species
may also reflect the regional abundance of those prey.

Stirling and Archibald (1977) observed that bearded
seals were more important as prey to polar bears in the
western Arctic than the eastern Arctic, a trend that is
consistent with our overall regional data (Fig. 4).
Because little is known about geographic differences in
bearded seal availability, spatial patterns of bearded seal
consumption are difficult to explain. For instance, the
reasons behind the greater consumption of bearded seal
in the Southern Beaufort Sea than the Northern
Beaufort Sea (Fig. 6a) are not clear. However, a similar
regional trend was observed by Thiemann et al. (2007a),
who found higher levels of a specific bearded seal FA
biomarker in Southern Beaufort Sea bears than in the
northern subpopulation. Iverson et al. (2006) also found
higher bearded seal consumption among polar bears
sampled in the Southern Beaufort Sea between 1972 and
1991.

This study further quantifies the importance of harp
seals in the diets of some polar bears (Fig. 4). From
opportunistic observations, Derocher et al. (2002)
estimated that harp seal biomass comprised 15% of the
diets of polar bears in Svalbard and the Barents Sea in
early summer. More recently, Iverson et al. (2006) used
quantitative fatty acid signature analysis (QFASA) in a
smaller study and found that harp seal accounted for
49% of the FA profiles of polar bears sampled in Davis
Strait between 1984 and 1999. In the past few decades
the northwest Atlantic harp seal population has
exceeded 5 million individuals (DFO 2005) and this
level of abundance appears to be reflected in their
consumption by polar bears. Although the level of
consumption reported here is less than that found by
Iverson et al. (2006), this may be related to changes in
numbers of harp seals or their accessibility to the bears
(see Interannual differences in polar bear diets, below).

We were unable to estimate the importance of harp
seal in the diets of bears in the High Arctic. When harp
seals sampled in Davis Strait were used to model the
diets of polar bears in the far North, the QFASA model
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had difficulty distinguishing between harp seals and
other prey—primarily ringed seals. The reason for this
uncertainty was not clear as harp seals were accurately
identified in diet simulations (Fig. 3) and appeared to be
clearly resolved in the modeled diets of polar bears in
Hudson Bay, Foxe Basin, and Davis Strait (Fig. 4).
Considering that harp seals arrive in the High Arctic
during the open water season and are likely relatively
inaccessible to polar bears, and further considering the
absence of recorded observations of polar bears hunting
harp seals in the High Arctic, it seems unlikely that harp
seal consumption would be particularly high in these
areas. However, the possibly ambiguous modeling
results from Lancaster Sound, Baffin Bay, and Gulf of
Boothia point to the need for greater prey sampling in
those areas, as well as a more thorough understanding of
seal distribution in the High Arctic.

This study is the first to quantify the consumption of
beluga whale by polar bears. Numerous observations of
polar bears feeding on beluga carcasses have suggested
that whales might be a significant food source for polar
bears (Freeman 1973, Heyland and Hay 1976, Lowry et
al. 1987, Smith and Sjare 1990, Rugh and Shelden 1993),
but such anecdotal reports do not provide information
on how often this occurs or how important belugas are
in the diet of bears. Belugas may become especially
vulnerable to predation during their seasonal migrations
when they become entrapped in small openings in the
sea ice. Lowry et al. (1987) reported the killing of at least
40 beluga whales at a single ice entrapment in the Bering
Sea. In some areas, bears may also scavenge on the
remains of belugas killed by Inuit hunters or on the
carcasses of whales that wash ashore. Given the very
large size of beluga whales compared to other polar bear
prey, relatively few individuals would need to be killed
to account for the observed contributions to polar bear
FA signatures (see Fig. 5). The possible effects of
changing ice conditions on beluga whale distribution, ice
entrapment, and vulnerability to predation are difficult
to predict (Heide-Jgrgensen and Laidre 2004) and
warrant further study.

Regional trends in diet composition also revealed
important trophic linkages between polar bears and
other, more minor, prey species. For instance, harp seals
may migrate in large numbers to the area of Foxe Basin
near Southampton Island (Sergeant 1976). Consistent
with this, harp seal was relatively common in the diets of
bears in Foxe Basin and the northern region of Western
Hudson Bay (Fig. 6¢). The relatively high consumption
of walrus by polar bears in Foxe Basin was also
consistent with the regional abundance of this species
(DFO 2002).

Our results quantitatively confirm that polar bears
prey (or in some cases likely scavenge) on species beyond
ringed seals and bearded seals. Previous anecdotal
reports of predation on other marine mammals have
provided an indication of the broader foraging patterns
quantified in this study. Polar bears appear to be capable
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of opportunistically altering their foraging tactics (Kok
and Nel 2004) to take advantage of locally abundant
food resources (e.g., harp seals in the whelping patch off
Newfoundland) as well as effectively hunting large-
bodied and energy-rich prey (e.g., walruses, beluga
whales). These findings suggest that at least some polar
bears may be able to cope with a fluctuating arctic
environment by adapting their foraging habits to suit
local conditions. However, on a larger scale, polar bear
diets are dominated by ringed seals and alternative prey
species are likely not abundant enough to affect this
ecological dependency.

Demographic differences in polar bear diets

Consistent with our hypothesis, adult male polar
bears were the primary consumers of bearded seal.
Because of their large size (up to 350-500 kg), mature
bearded seals may be too large to be routinely killed by
juveniles or adult female bears, which are roughly half
the size of adult males (Atkinson et al. 1996, Derocher et
al. 2005). It is therefore likely that much of the bearded
seal fat detected in adult female or younger bears results
from scavenging kills made by adult males or possibly
their own predation on younger (smaller) bearded seals.

The similarity of adults and dependent cubs in the
consumption of bearded seal and beluga whale (Figs. 7a
and 8b) suggests that dependent bears have access to
larger prey items occasionally killed or scavenged by
their mother. In several areas, polar bears (especially
males) appeared to switch to larger prey by consuming
relatively more bearded seal, hooded seal, or walrus with
increasing age (Figs. 8 and 9b). Several factors likely
contributed to such age- and sex-specific trends. For
instance, larger male bears may require larger prey in
order to meet higher absolute energy requirements
(Clutton-Brock et al. 1987, Nagy 1987). Switching to
larger prey species that are less accessible to smaller
bears may also reduce intraspecific competition (Clarke
et al. 1998, Kie and Bowyer 1999). Finally, differences in
foraging patterns may arise from spatial segregation
among demographic groups (Wielgus and Bunnell 1995,
McLoughlin et al. 2002); females with dependent cubs
apparently reduce the risk of infanticide by adult males
by focusing their hunting effort on ringed seals on
landfast ice. Adult males, meanwhile, forage more
extensively offshore along the floe edge, where bearded
seals are more abundant (Stirling et al. 1993). Clearly,
the potential factors affecting demographic feeding
patterns are not mutually exclusive and all may play a
role in polar bear populations.

Intraspecific differences in dietary diversity have been
observed in a variety of predators including marine
mammals (Beck et al. 2007), mustelids (Birks and
Dunstone 1985), and reptiles (Houston and Shine
1993). Differences in dietary-niche breadth may be a
consequence of larger animals being either (1) less
selective, perhaps in order to meet increased energy
requirements (e.g., Clutton-Brock et al. 1987), or (2)
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more selective, and able to focus predation on larger,
higher-quality prey (Houston and Shine 1993). Among
polar bears, large adult males had the greatest dietary-
niche breadth likely because of their ability to capture
large prey as well as take kills away from smaller bears.
The broad dietary niche of harvested (>2.5 yr old) bears
may reflect the diverse mix of age classes within the
harvested group (independent cubs, subadults, and
adults). It may also indicate that large, younger bears
have the physical ability to obtain large-bodied prey, but
are less selective foragers than adults—a pattern of age-
related diet diversity that has been observed in grey seals
(Beck et al. 2007). Overall, the ability to diversify their
diets may afford prime-age polar bears (5-19 years old)
the greatest protection from large-scale environmental
disturbance (Regehr et al. 2007).

Seasonal differences in polar bear diets

As expected, considering the dramatic seasonal
variability of the Arctic, polar bear diets differed
significantly through the year. The consumption of
migratory species, which may be absent during winter
months, tended to increase in spring and summer as the
ice receded and was replaced by more productive open
water. Bears in the Gulf of Boothia shifted their diets
from ringed seals in fall-winter to beluga whale in
spring—summer (Fig. 10c). These bears also showed a
slight seasonal increase in their consumption of narwhal,
which summer in this area (Laidre and Heide-Jgrgensen
2005).

The spring migration of harp seals into Foxe Basin
(Sergeant 1976) was reflected in the diets of bears (Fig.
10e). The trend toward increased harp seal consumption
in Davis Strait in spring—summer was likely the result of
increased harp seal availability and abundance during
the spring breeding season off the coasts of Newfound-
land and Labrador (Stirling and Parkinson 2006).

Interannual differences in polar bear diets

The lack of interannual differences in diets among
polar bears in Lancaster Sound, Gulf of Boothia, and
Foxe Basin were likely a consequence of limited
temporal distribution of samples (Appendix A). In areas
where diets did show year-to-year variability, polar bear
foraging may have been affected by large-scale food web
processes.

The similarity of interannual trends in the Northern
and Southern Beaufort Sea (Fig. 11) suggests that these
changes were related to larger ecological shifts, espe-
cially between 2000 and 2004. Although the exact causes
of such large-scale changes are uncertain, the reproduc-
tive success of ringed seals and polar bears has
fluctuated over extended periods. Ringed seal recruit-
ment and abundance in the eastern Beaufort declined in
the mid-1970s and again in the mid-1980s (Stirling et al.
1977a, 1982, Harwood and Stirling 1992). These periods
of heavy ice and low seal abundance were associated
with declines in polar bear reproduction (Stirling et al.
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1977a, Stirling and Lunn 1997, Stirling 2002) and it is
possible that polar bear diets may have also changed.
However, our data indicate that ringed seal consump-
tion in this area was consistent over the course of our
study (Fig. 11). Although we did not have samples from
bears during either of the periods of low ringed seal
availability (Appendix A), these results, along with the
documented declines in polar bear reproduction, suggest
that ringed seal consumption by polar bears may be
constrained and that polar bears in the Beaufort Sea
have a limited ability to sufficiently compensate with
alternative prey when ringed seals, especially young of
the year, become scarce.

In Davis Strait the dominant interannual trend in
polar bear diets was a decline in the contribution of harp
seal between 1984-1994 and 1999-2001 (Fig. 11d).
During this period, the primary prey of polar bears
switched from harp seal to ringed seal. Using the same
1984-1994 samples, Iverson et al. (2006) found that harp
seal accounted for 49% of polar bear diets in Davis
Strait—very close to our estimate of 44%. Iverson et al.
(2006) pointed out that the dominance of harp seal in
polar bear diets was consistent with the well-document-
ed growth of the northwest Atlantic harp seal popula-
tion since the early 1970s (Hammill and Stenson 2005).
However, our data indicate that harp seal consumption
by polar bears has declined since the mid-1990s, a trend
that may be related to two factors: (1) the reestablish-
ment of the commercial harp seal harvest and, (2)
climate-related changes in ice conditions.

Between 1983 and 1995 the northwest Atlantic harp
seal harvest averaged 52000 seals per year. Between
1996 and 2004 annual catches ranged from 92000 to
366000 and averaged 257000 individuals (DFO 2005).
Although this harvest appears to have held the overall
population at a steady size since 1996 (Hammill and
Stenson 2005), 95% of the catch has been young-of-the-
year seals (DFO 2005), which may also be the primary
target of polar bears. In addition, the area of Davis
Strait southeast of Baffin Island has experienced some of
the greatest warming of any part of the Canadian Arctic
over the last two decades (Comiso and Parkinson 2004).
Because harp seal pups, like pups of other ice-breeding
phocids (Stirling 2005), are dependent on the sea-ice
platform for several weeks after weaning, reductions in
the area and extent of sea ice may affect the survival and
abundance of harp seal pups (Johnston et al. 2005, DFO
2007). Temporal or spatial reductions in the amount of
stable sea ice may also reduce the ability of polar bears
to access harp seal whelping and molting patches. The
possible impacts of climate change and harp seal harvest
levels on the condition, reproduction, and abundance of
polar bears in Davis Strait warrant further study.

Partly because of its southern geographic position and
accessibility from the town of Churchill, the Western
Hudson Bay subpopulation is the best-studied group of
polar bears in the world (e.g., Stirling et al. 1999).
Consequently, we were able to rigorously examine
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interannual trends in the diets of these bears over a
decade-long period. Although the population trends of
other marine mammals in Hudson Bay are not as well
understood, our data, combined with the limited
information available on seal populations, indicate that
the Hudson Bay ecosystem has experienced significant
fluctuations over the past decade.

In late summer the sea ice of Hudson Bay melts
completely and the entire polar bear subpopulation is
forced to fast on land for approximately four months
(Stirling et al. 1977b). Increasing air temperatures over
Hudson Bay in spring (e.g., Skinner et al. 1998, Comiso
2006, Serreze and Francis 2006) appear to be driving a
trend toward progressively earlier sea-ice breakup, albeit
with substantial interannual variation. At present, the
average date of breakup is about 3 weeks earlier than it
was 30 years ago (Gough et al. 2004, Stirling et al. 2004,
Stirling and Parkinson 2006). One consequence of this
earlier breakup is that, on average, polar bears have less
time each year to forage on the sea ice while at the same
time being forced to fast on shore for progressively
longer periods with less stored fat on their bodies. As a
result, the body condition of adult polar bears, as well as
their rates of reproduction and survival, have declined
over time (Stirling et al. 1999, Derocher et al. 2004,
Stirling and Parkinson 2006), leading to an overall
population decline of about 22% since 1987 (Regehr et
al. 2007). Although this trend appears to have been
initiated by reduced recruitment arising from poorer
body condition, the continuation of unsustainable polar
bear harvest rates in Western Hudson Bay have also
contributed to the decline in population size (Stirling
and Parkinson 2006).

Polar bears prey heavily on newly weaned ringed seal
pups. These young animals are inexperienced with
predators and are 40-50% body fat by wet mass (Stirling
and McEwan 1975, Stirling and Archibald 1977).
Although the causative factors are uncertain, reproduc-
tion and recruitment of ringed seals in Western Hudson
Bay were very low in 1991-1992 and 1998-1999
(Ferguson et al. 2005, Stirling 2005). However, con-
sumption rates of ringed seal by polar bears were fairly
steady throughout the study, and even increased slightly
in 2000 and 2001. This increase may have been related to
ringed seal reproductive rates, which appeared to
increase sharply in 2000 (Stirling 2005). Also consistent
with increased ringed seal availability in 2000, the
average body mass of lone adult females (Stirling and
Parkinson 2006) and the survival of all age classes of
polar bears (Regehr et al. 2007) increased in 2000. In
more recent years, diet, body mass, and survival
returned to pre-2000 levels, but data on ringed seal
recruitment were not available. Through the same
period in Western Hudson Bay, bearded seal consump-
tion declined sharply (Fig. 11e) although there are no
other data on their abundance or reproductive success.

Iverson et al. (2006) reported an apparent correlation
between date of sea-ice breakup and ringed seal
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consumption, albeit on the basis of many fewer data
points collected between 1994 and 1998. Such a trend
was also apparent in our data, especially for male bears,
between 1994 and 2000. The late breakup in 2000 may
have contributed to the high ringed seal recruitment
observed by Stirling (2005) and relatively high ringed
seal consumption in 2001 (Fig. 12), but overall, there
was no significant relationship between polar bear
foraging and duration of sea ice. Clearly, the relation-
ship between environment, ringed seal abundance, and
polar bear foraging is more complex than a simple
relationship with breakup date. The dietary shift away
from bearded seal and towards species more common in
open water (i.e., harp and harbor seals) is likely to be
maintained if air temperatures and areas of open water
continue to increase. However, the relatively steady
contribution of ringed seal to polar bear diets, in spite of
year-to-year changes in sea-ice duration and reproduc-
tive rates, suggest that no other species is sufficiently
abundant and accessible enough to replace ringed seals
in the diets of polar bears. If ringed seal abundance and
reproductive success are declining in Western Hudson
Bay, for whatever reason, it is likely to be part of the
explanation for recent declines in the natality, condition,
and abundance of the polar bears there.

In summary, this study represents a large-scale,
ecosystem-based approach to studying arctic marine
food webs using a top predator. By quantifying trophic
interactions between polar bears and their prey, the
results of the QFASA model provide important
information on the structure and functioning of arctic
food webs. Our data confirm in quantitative terms that
polar bears forage beyond ringed and bearded seals.
Polar bears of different age and sex classes may also
specialize on different prey species. In areas where prey
diversity is relatively rich, some bears appear to feed
opportunistically on locally abundant species other than
ringed and bearded seals. In regions where prey species
are less diverse, the greater dependence of polar bears on
ringed and bearded seals likely make them more
sensitive to environmental change. The ability of
QFASA to quantify dietary changes through time and
between different geographic areas, suggests that its
continued use and further development may facilitate
identification of ecological shifts that might not other-
wise be detectable, especially in the early stages.
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APPENDIX A

A table summarizing the bear subpopulation distribution of samples from independent-age (>2.5 yr) polar bears collected across
the Canadian Arctic from 1972 to 2004 and used to examine interannual changes in diets (Ecological Archives M078-024-A1).

APPENDIX B

A table reporting fatty-acid composition and major lipid classes of the adipose tissue of all 1488 polar bears sampled between
1999 and 2004 (Ecological Archives M078-024-A2).

APPENDIX C

A table listing prey species and locations, and the number of prey blubber samples used to generate QFASA estimates of polar
bear diets (Ecological Archives M078-024-A3).

APPENDIX D

A table and figure presenting calibration coefficients for polar bears derived from captive feeding studies on mink (Mustela vison)
(Ecological Archives M078-024-A24).



