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ABSTRACT: Climate-mediated sea ice declines have led to alterations in ecosystem composition,
phenology, and primary productivity, potentially altering trophic dynamics in Arctic marine eco-
systems. As one of the Arctic's top predators and a species dependent on sea ice habitat for sur-
vival, polar bears Ursus maritimus are at risk of habitat loss from sea ice declines, and therefore
have been used to monitor the effects of climate change in the Arctic. We used stable isotope
(8'°N, 8'3C) values of 806 hair samples collected from Western Hudson Bay (WH) polar bears from
1993-1994 and 2004-2016 to examine variations in isotopic niche size and diet within the popula-
tion, patterns in foraging ecology over time, and the relationship between hair isotopic values and
sea ice dynamics. We found significant variation in isotopic values between age- and sex-classes.
Adult males had the highest 8'°N and 33C values and the largest isotopic niches, reflecting
broader diets. In contrast, adult females (with and without cubs) and subadults differed isotopi-
cally from adult males, and their relatively smaller isotopic niches potentially make them more
vulnerable to habitat change. Population 8'°N values significantly increased over time from 1993
(mean + SD: 18.8 = 0.5%o) to 2016 (19.5 £ 0.7 %o), while 8'3C values significantly decreased from
1993 (-16.2 £ 0.3 %o) until 2011 (-17.7 + 0.2%0) before increasing until 2016 (-17.0 + 0.3%0). Values
of 8'3C were significantly correlated with length of the open-water period, suggesting that this
apex predator's foraging ecology was affected by climate change. We suggest that WH polar bears
may have undergone a significant dietary niche shift and/or that the baseline isotopic values in
this ecosystem may have changed over the last 25 yr in response to climate change.

KEY WORDS: Stable isotopes - Polar bear - Ursus maritimus - Foraging ecology - Arctic marine
ecology - Western Hudson Bay

1. INTRODUCTION

The Arctic has experienced rapid warming at a rate
2-3 times the global mean (Post et al. 2009, Franzke
et al. 2017), which has resulted in significant and
continuing sea ice decline (Comiso 2012, Stern &
Laidre 2016). Climatic change is expected to affect
the structure and function of Arctic marine ecosys-
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tems (Van der Putten et al. 2010), and species whose
life history is dependent on sea ice habitat are partic-
ularly vulnerable to continued warming (Laidre et al.
2008, Post et al. 2009, Sgreide et al. 2010). Arctic mar-
ine mammals depend upon sea ice to varying
degrees for various aspects of their life history and
are therefore sensitive to climate change-induced
sea ice loss (Laidre et al. 2008).
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Ecological responses to climate change that may
affect Arctic marine mammals fall into 3 broad cate-
gories: alterations in species composition, phenology,
and primary productivity. First, changes to ecosystem
composition are mainly due to range shifts or species
extirpation in response to increasing temperatures
(Van der Putten et al. 2010). Arctic sea ice loss has led
to altered distributions of some ice-associated marine
mammals with subarctic species expected to expand
their ranges northward (Laidre et al. 2008), which can
influence food web dynamics (Bluhm & Gradinger
2008, Gaston et al. 2012). Secondly, climate change
can affect the timing of life history events, which may
lead to a disconnect between trophic levels, with im-
plications for foraging ecology and predator-prey
dynamics (Van der Putten et al. 2010). Arctic sea ice
decline alters the phenology of primary productivity,
which can lead to a trophic mismatch with zooplank-
ton grazers, with cascading effects on higher trophic
level species such as marine mammals (Laidre et al.
2008, Segreide et al. 2010). Further, loss of sea ice may
result in declines in sympagic (ice-associated) algae
that produces up to 57% of overall Arctic marine
primary productivity with links through the food web
to marine mammals (Brown et al. 2018). Lastly, sea
ice decline has resulted in a longer open-water sea-
son and an increase in Arctic annual primary produc-
tivity due to the longer growing season for pelagic
phytoplankton (Arrigo et al. 2008). Because sympa-
gic algae forms the base of the Arctic marine food
web, loss of sea ice will alter where marine produc-
tivity occurs in the Arctic and may affect the foraging
ecology of higher trophic levels (Sereide et al. 2010,
Leu et al. 2011, Brown et al. 2018). Understanding
marine mammal foraging in response to climate
change can provide insights into Arctic food web
shifts and ecosystem dynamics.

Hudson Bay is near the southern limit of polar bear
Ursus maritimus distribution and has experienced
the effects of climate warming before many other
Arctic areas (Stirling et al. 1999, McKinney et al.
2009, Lunn et al. 2016). The Hudson Bay ecosystem
has undergone rapid change due to changing sea ice
phenology, including a shorter on-ice foraging period
and longer onshore fasting period for polar bears
(Stirling et al. 1999, Thiemann et al. 2008, Castro de
la Guardia et al. 2017). As top predators, polar bears
may shift their diet in response to the availability of
ringed seals Pusa hispida and bearded seals Erig-
nathus barbatus, both ice-dependent species, and
open-water seals (e.g. harbour seals Phoca vitulina)
due to variation in sea ice conditions (Thiemann et al.
2008, Young & Ferguson 2014). Long-term life his-

tory data has documented decreased body condition,
survival, reproduction, and abundance in the West-
ern Hudson Bay population (WH) in recent decades
(Stirling et al. 1999, Regehr et al. 2007, Lunn et al.
2016), suggesting that the WH may be experiencing
climate-related changes in foraging ecology.

In western Hudson Bay, earlier sea ice breakup
and longer ice-free periods threaten polar bears (Re-
gehr et al. 2007, Castro de la Guardia et al. 2013,
Stern & Laidre 2016) because they are highly special-
ized predators that rely on the sea ice for movement
and access to energy rich ice-associated seals, espe-
cially during the spring which is an important season
for foraging before fasting during the open-water
period (Stirling & Archibald 1977). In Hudson Bay,
ringed seals are the primary prey of polar bears and
also depend on sea ice habitat, while bearded seals,
harp seals Pagophilus groenlandicus, harbour seals,
and beluga whales Delphinapterus leucas are occa-
sional prey (Thiemann et al. 2008). Because polar
bears depend on sea ice as a platform from which
to forage, an increase in the duration of the open-
water period can influence their foraging ecology and
therefore body condition, survival, reproduction, and
population persistence (Stirling et al. 1999, Regehr et
al. 2007, Lunn et al. 2016). The open-water period is
an important monitoring metric for polar bears be-
cause of their dependence upon sea ice habitat, but
the open-water period has increased by >4 wk in
western Hudson Bay in the past 3.5 decades (Stern
& Laidre 2016).

We used biomarkers of diet to study the foraging
ecology of WH polar bears during the critical spring/
early summer period when they are largely inacces-
sible. Stable isotope analysis (SIA), primarily involv-
ing the use of stable nitrogen (8'°N) and carbon
(8'3C) isotope ratios, has been used to study foraging
ecology (e.g. Hilderbrand et al. 1996, Young & Fer-
guson 2014), trophic interactions (Hobson & Welch
1992), and to estimate the diet of polar bears (Cherry
et al. 2011, Rogers et al. 2015). In marine systems,
3!°N values increase trophically (DeNiro & Epstein
1981) whereas 8'*C values indicate benthic versus
pelagic and nearshore versus offshore sources of pri-
mary production (Hobson & Welch 1992). Guard hair
(outer layer of hair) §'*C and 8!°N values can provide
insights into the foraging ecology of bears (Hilder-
brand et al. 1996, Hobson et al. 2000), reflecting the
spring/early summer molt period when polar bear
hair is produced (St. Louis et al. 2011). Changes in
environmental conditions can alter baseline isotopic
values in marine systems and these changes can be
passed onto higher trophic levels (Lowther et al.
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2. MATERIALS AND METHODS
2.1. Study area

Hudson Bay (Fig. 1) is a shallow
inland sea (Jones & Anderson 1994)
that is ice-covered from January—-April
but ice-free from August-October/
November (Maxwell 1986, Castro de
la Guardia et al. 2017). Three polar
bear populations occur in Hudson Bay:

Foxe Basin, Southern Hudson Bay,
and WH (Peacock et al. 2010). The 3
populations overlap on the sea ice
during the ice-cover period, but are
largely segregated from one another
during the ice-free period due to
fidelity to terrestrial summering areas
(Peacock et al. 2010).

2.2. Sample collection and
preparation

Polar bears were captured in Wa-
pusk National Park and adjacent areas
in Manitoba, Canada from August to
early October in 1993-1994 and 2004 -
2016. They were located by helicop-
ter, captured using standard chemical
immobilization techniques (Stirling
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Fig. 1. Western Hudson Bay, Canada, showing Wapusk National Park and
adjacent areas where polar bears were captured in 1993-1994 and 2004-2016.
Dashed lines: management boundaries of the Western Hudson Bay (WH),
Southern Hudson Bay (SH) and Foxe Basin (FB) polar bear populations

(Peacock et al. 2010)

2017). As such, stable isotope analyses, especially
when applied through time, can reveal changes in
ecosystem responses to perturbations such as climate
change. Despite long-term monitoring of polar bears
in Hudson Bay, the investigation of diet and linkages
to the food web have not been examined using WH
polar bear hair stable isotopes.

We used 8'°N and §'*C analysis for WH polar bears
to determine (1) whether there are within-population
dietary differences related to age and sex; (2) whether
polar bear foraging ecology has changed over time
from samples collected in 1993-1994 and 2004-2016;
and (3) if there is a relationship between temporal
variation in foraging ecology and changes in sea ice
phenology.

using numbered ear tags and perma-
nent lip tattoos. Sex and reproductive
status were recorded, and age was
determined from counts of cementum
annuli within an extracted vestigial
premolar (Calvert & Ramsay 1998) or
in the field for dependent offspring based on tooth
eruption patterns. We classified adults as =25 yr old
and subadults as 3-5 yr old. Dependent offspring
(cubs-of-the-year, yearlings, and 2 yr old cubs cap-
tured with mother) and juveniles (<3 yr old) were
excluded from analyses because of the complexities
of maternal transfer (Polischuk et al. 2001) and
dependence on maternal dietary input (Stirling
1974). Adult females with and without cubs were
analyzed separately to assess if there was a differ-
ence in stable isotope values between these 2 groups.
Thus, there were 5 age/sex classes used in the analy-
ses: adult males, adult females with young, solitary
adult females, subadult females, and subadult males.
Guard hair samples for SIA were collected from a
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shaved patch on the rump approximately 15 cm
lateral to the tail. We obtained 806 hair samples
from 559 individual polar bears (Table S1 in Supple-
ment 1 at www.int-res.com/articles/suppl/619p187_
supp.pdf). The mean (+SE) number of samples yr~!
was 54 + 6.0 (range: 17-106). There were 397
females, 409 males, 699 adults, and 107 subadults. All
capture and handling methods were conducted in
accordance with the Canadian Council on Animal
Care (www.ccac.ca) guidelines and approved by the
University of Alberta BioSciences Animal Care and
Use Committee and Environment and Climate
Change Canada's Western and Northern Animal
Care Committee. Research was conducted under
wildlife research permits issued by the Government
of Manitoba and by the Parks Canada Agency.

Surface contaminants (e.g. fat, skin, dirt) on the
guard hair samples were removed with a clean
scalpel and the hair was then washed in 500 ml milli-
Q water with 6 drops of Ivory dish soap at 40°C,
rinsed thoroughly, and then dried overnight. Each
dried sample was cut into small pieces from which
1 mg was placed into a tin capsule (Rogers et al. 2015).
Values of §'°C and §'°N were determined via combus-
tion in a EuroVector EA3028-HT elemental analyzer
(Eurovector) at 1030°C coupled to a GV Instruments
IsoPrime (Manchester) continuous-flow isotope ratio
mass spectrometer. Internal laboratory standards
NIST 8415 whole egg powder standard reference
material (3'°N = 6.89 %o, §!3C = —=23.99 %0) were placed
for every 20 unknowns in sequence. Values are
reported in the standard 8-notation relative to atmos-
pheric nitrogen (Air) and Vienna Pee Dee belemnite
limestone for 8'°N and §'°C, respectively. Based on
within-run replicate measurements of standards, we
estimate analytical precision to be +0.2 %o for 8'°N and
+£0.1%o for 8°C. SIA was conducted at the Biogeo-
chemical Analytical Service Laboratory at the Univer-
sity of Alberta, Edmonton, Canada.

2.3. Age- and sex-related patterns

We used Kruskal-Wallis tests to determine whether
there were significant differences in §'°N and §3C
values among age/sex classes and post hoc Dunn's
tests when significant differences were detected.

The package Stable Isotope Bayesian Ellipses in R
(SIBER) was used to compare isotopic niche size and
overlap among age/sex classes (Jackson et al. 2011,
Young & Ferguson 2014, Yurkowski et al. 2016). Iso-
topic niches are a subset of ecological niches and can
be used to study differences in foraging ecology

between groups (Layman et al. 2007, Jackson et al.
2011). We used the isotopic niche size to indicate the
diversity of prey in the predator’s diet, where a larger
isotopic niche size reflects a broader prey diversity
(Jackson et al. 2011, Yurkowski et al. 2016). For each
group, approximately 40 % of the isotopic data was
encompassed to create the standard ellipse with a
standard ellipse area corrected for small sample sizes
(SEA() to plot the isotopic niche (Jackson et al. 2011,
Young & Ferguson 2014, Yurkowski et al. 2016). We
then calculated the percentage overlap in isotopic
niches between groups (Jackson et al. 2011, Young &
Ferguson 2014, Yurkowski et al. 2016). We estimated
the isotopic niche size using a Bayesian technique
(iterations: 50 000; burn-in: 10000; thin: 10; Markov
chain Monte Carlo [MCMC] chains: 2; covariance
matrix prior: inverse Wishart; means prior: vague
normal) to determine the mode standard ellipse area
and 95% credible interval (SEAgp) (Jackson et al.
2011, Yurkowski et al. 2016). Lastly, we quantita-
tively compared isotopic niche sizes among age/sex
classes and among years by calculating the probabil-
ity that a group's posterior distribution of ellipse area
was smaller than that of the other groups (i.e. the pro-
portion of posterior distributions that were smaller)
(Yurkowski et al. 2016). Unlike previous methods of
estimating the isotopic niche width that were sensi-
tive to sample size bias (i.e. convex hull), the stan-
dard ellipse area is calculated using a Bayesian
technique and thus allows for robust quantitative
comparisons between groups with different sample
sizes (Jackson et al. 2011).

2.4. Temporal patterns

We used linear regression to assess the relationship
between §'°N values and year. Due to the observed
pattern of a decrease then increase in §!3C values, we
used a broken stick regression to determine the
breakpoint in 813C values over time; linear regression
analyses were conducted to examine the relationship
between §'°C values and year before and after the
breakpoint. To determine if the effect of year differed
among age/sex classes, we used multiple linear re-
gression to analyze the relationship between §°N
and §!3C values and age/sex class, year, and the
interaction of these 2 factors. In addition, we used
SIBER to compare the population’s isotopic niches for
each year from 1993-1994 and 2004-2016 to further
evaluate trends in foraging over time. SIBER was also
used to compare the yearly isotopic niches for adult
females and adult males separately.
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2.5. Relationship between bear isotopic values and
sea ice cover

We calculated annual dates of sea ice breakup and
freeze-up for the WH management zone portion
(Fig. 1) of Hudson Bay from 25 x 25 km resolution
passive microwave satellite raster imagery from the
National Snow and Ice Data Center in Boulder, Col-
orado (Cavalieri et al. 1996). Date of breakup was
defined as the first ordinal date in spring on which
sea ice concentration was <50% for 3 consecutive
days and date of freeze-up as the first ordinal date
in autumn on which sea ice concentration was 210 %
for 3 consecutive days (Etkin 1991, Stirling et al.
1999, Lunn et al. 2016). We derived the variable
‘open-water period’ as a proxy for the length of time
bears spend onshore by subtracting date of break-
up from date of freeze-up and then subtracting 25 d
because bears typically come ashore 20-30 d after
the 50 % breakup date (Stirling et al. 1999, Castro de
la Guardia et al. 2017). Pearson's correlation analyses
were used to examine the relationship between
foraging ecology (mean yearly 8N values, mean
yearly 8'3C values, or yearly isotopic niche sizes)
and the sea ice variable (length of the open-water
period).

We used Shapiro-Wilk's tests for normality of all
variables. When non-normally distributed (Shapiro-
Wilk p < 0.05), non-parametric tests were used if
standard transformations (log;, and square root)
did not normalize the data: Kruskal-Wallis tests
were used to analyze §°N and §"*C values among
age/sex classes, while log;, transformation was
used to normalize yearly isotopic niche size. All sta-
tistical analyses were conducted in R v.3.4.0 (R
Core Team 2017).

2.6. Stable isotope mixing models

We created stable isotope mixing models to esti-
mate the contributions of various prey species to the
diet of WH polar bears (Inger et al. 2006, Cherry et al.
2011, Rogers et al. 2015). Mixing models were cre-
ated using the package Bayesian Mixing Models in R
(MixSIAR), which uses Bayesian methods to estimate
possible diet combinations as probability distribu-
tions (iterations: 1000 000; burn-in: 500 000; thinned
by 500) (Stock & Semmens 2016). We obtained prey
isotopic information from published data on species
that constitute WH polar bear diet (Thiemann et al.
2008): ringed seal muscle (mean + SD of adults and
pups from 2006: §°N = 13.8 + 0.7 %o, 31°C = -20.0 =

0.5%o), harbour seal muscle (pups from 1999-2006:
315N = 16.3 £ 1.0%0; 8'3C = -19.7 + 0.8%0), bearded
seal muscle (pups from 2005-2006: §"°N = 16.8 =+
0.9%0; 8°C = -18.1 + 0.3%0) (Young et al. 2010), and
harp seal muscle (from 1996: "N = 13.5 + 0.7 %o;
313C = -18.0 £ 0.5%0) (Hammill et al. 2005). Muscle
was used because it was the most common tissue
type available for prey stable isotope data and the
protein from prey muscle tissue would be routed to
the polar bear protein metabolic pathway (Cherry et
al. 2011). Trophic enrichment factors (TEFs) were
included in mixing models to account for the differ-
ence in isotope values between a predator's tissue
and its diet (Rode et al. 2016). Diet-to-hair TEFs of
4.5 + 1.51%o (SD) for 8N (brown bears Ursus arctos;
Rode et al. 2016) and 2.23 + 1.86%. for 8'3C (esti-
mated using the package Stable Isotope Discrimina-
tion Estimation in R [SIDER]; Healy et al. 2017) were
used in the mixing models.

3. RESULTS
3.1. Age- and sex-related patterns

Values of 8!°N were significantly different among
age/sex classes (Kruskal-Wallis y2 = 406.0, df =4, p <
0.001). There was a significant difference in §*°N val-
ues between all comparisons of age/sex classes ex-
cept between subadult females and subadult males.
Adult males had significantly higher hair §'°N values
than all other classes, solitary adult females had
significantly higher §'°N values than subadults, and
adult females with young had significantly lower
85N values than all other classes (Table 1; Table S2
in Supplement 2). Similarly, 8!3C values were signifi-
cantly different among age/sex classes (Kruskal-
Wallis x2 =46.9, df = 4, p £ 0.001). Adult males had
significantly higher §!3C values than all other classes
while there were no significant differences in §'3C
values among the other age/sex classes (Table 1;
Table S3 in Supplement 2).

There was variation in percentage overlap of iso-
topic niches between age/sex classes. Adult females
with and without young overlapped to a high degree
(79%). However, adult females with young over-
lapped less with adult males (50 %) than did solitary
adult females (75%). Adult males overlapped the
least with subadults (43-44 %), whereas subadult
males and subadult females overlapped the most
with each other (81 %) (Fig. S1, Table S4 in Supple-
ment 2). Isotopic niche sizes of adult males and adult
females (solitary and with young) were larger (0.7-
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0.8%0%) than isotopic niche sizes of subadult males
and subadult females (0.5%.2) (Table 1; Fig. S1). All
age classes had a high probability of their isotopic
niche size being smaller than adult males: adult
females with young (72 %), solitary adult females
(97 %), subadult males (99.8%), and subadult
females (99.9 %) (Fig. S1). The probability of the iso-
topic niche size of solitary adult females being
smaller than adult females with young was high
(91 %). Solitary adult females and adult females with
young had a high probability of their isotopic niche
size being larger than subadult males (93 and 99 %,
respectively). Similarly, solitary adult females and
adult females with young had a high probability of
their isotopic niche size being larger than subadult
females (95 and 99.7 %, respectively). Lastly, the
probability of the isotopic niche size of subadult
females being smaller than subadult males was inter-
mediate (49 %).

Table 1. Median 8'°N values and §!°C values + median absolute deviation (%o) and the iso-
topic niche sizes (i.e. mode standard ellipse area [SEAg]) with its 95% credible interval
(95% CI) for each age/sex class of Western Hudson Bay polar bears. Significant differ-
ences are indicated by superscript letters (groups with different letters were significantly
< 0.05; Tables S2 & S3 in Supplement 2 at
www.int-res.com/articles/suppl/619p187_supp.pdf)

different from each other; Dunn's test p

3.2. Temporal patterns

There was a significant increase in §'°N values from
1993 (mean + SD: 18.8 + 0.5%0) to 2016 (19.5 £ 0.7 %o),
with a peak in 2014 (19.7 + 0.6 %0) (Fig. 2A; linear re-
gression, R? = 0.07, F, gy = 57.2, p < 0.001). A similar
pattern was noted when data from 2004-2016 were
analyzed separately. The broken stick regression in-
dicated a breakpoint in §'*C values in 2011: §'3C val-
ues decreased significantly from 1993 (-16.2 + 0.3 %o)
t0 2011 (=17.7 = 0.2%o) (Fig. 2B; linear regression, R? =
0.5, F; 575 = 521.8, p < 0.001) then increased signifi-
cantly from 2011 to 2016 (-17.0 + 0.3%.) (Fig. 2B;
linear regression, R? = 0.2, F 294 =94.3, p < 0.001). We
found that there were no significant interactions for
the effects of age/sex class and year on §'°N (R? = 0.46,
F; 205 = 96.04, p > 0.05) and §'3C values (R? = 0.27,
F; 795 =41.93, p > 0.05) and therefore the effect of year
did not differ among age/sex classes.

Isotopic niche sizes dif-
fered among years: isotopic
niche size was highest in
2005, 2006, and 2008, and
was lowest in the 1990s and
2011-2013 (Figs. S2 & S3 in
Supplement 3). Years 1993

Age/sex class n 5N (%) $15C (%)  SEAg (95%CI) (%?) and 1994 had high prob-
abilities of their isotopic
Adult female with young 218 18.8+0.4%* -173+0.5% 0.8 (0.7, 0.9) niche sizes being smaller
Solitary adult female 117 19.3+04° -173 = 0.5]":J 0.7 (0.5, 0.8) than most years (>69%,
Adult male 364 19.8+0.5° -17.0+0.6 0.8 (0.7, 0.9)
except when compared to
Subadult female 62 1914050 -17.2+0.4° 0.5 (0.4, 0.6) hp . b
Subadult male 45  19.0+03% —17.2+0.5° 0.5 (0.4, 0.7) each other and 2011-2013)
(Table S5 in Supplement 3).
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Fig. 2. Mean (+SE) (A) §'°N and (B) §'*C values for Western Hudson Bay polar bears in each year (1993-1994, 2004-2016).
Dashed lines: regression line for the relationship between (A) §'°N values and year and (B) §*C values and year before and
after the breakpoint in 2011
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Similarly, 2011-2013 had
high probabilities of their
isotopic niche sizes being
smaller than most years
(>60%, except when
compared to each other,
1993, and 1994). In con-
trast, 2005, 2006, and
2008 had high proba-

Table 2. Mean estimated proportion (%) of each prey item in the diet of each Western Hudson Bay
polar bear age/sex class from the stable isotope mixing model (and 95 % Bayesian credible intervals)

Age/sex class n Prey contribution to diet (95 %CI) (%)

Ringed seal Bearded seal Harbourseal Harp seal
Adult female with young 218 7 (44, 85) 8.8 (2.3, 23) 1(3.3,24) 14 (4.2, 32)
Solitary adult female 117 1 (29, 74) 14 (4.4, 33) 20 (7.0,40) 14 (4.3,31)
Adult male 364 8 (12, 48) 9 (12, 55) 32 (13, 55) 11 (3.3, 24)
Subadult female 62 9 (35, 80) 15 (4.4, 35) 16 (5.1,33) 10 (3.0, 24)
Subadult male 45 3 (28, 75) 20 (6.6, 43) 18 (5.6, 36) 9.2 (2.5, 21)

bilities of their isotopic

niche sizes being larger

than most years (>95 %,

except when compared to each other). The isotopic
niche sizes of adult females were largest in 2005,
2006, and 2010, and smallest in 2013 (Figs. S4 & S5 in
Supplement 3). Similarly, the isotopic niche sizes of
adult males were largest in 2004 and 2005, and
smallest in the 1990s and 2013 (Figs. S4 & SJ5).

3.3. Relationship between bear isotopic values and
sea ice cover

The mean yearly bear 8°C values were signifi-
cantly negatively correlated with the length of the
open-water period (Pearson's correlation, t=-2.4, p=
0.03, r = -0.6; Fig. 3). The mean yearly bear §!°N val-
ues and the mode yearly SEAg values (i.e. isotopic
niche sizes) were not significantly correlated with the
length of the open-water period (Pearson's correla-
tion, p > 0.095).
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Fig. 3. Significant correlation between mean yearly §*C

values for Western Hudson Bay polar bears and the length
of the open-water period (Pearson's correlation p < 0.05)

3.4. Stable isotope mixing models

Ringed seals (49 %) comprised the majority of the
overall population diet, followed by harbour seals
(20%), bearded seals (19 %), then harp seals (12 %).
Ringed seals were the largest component of the diet
for adult females with young (67 %), solitary adult
females (51 %), subadult females (59 %), and sub-
adult males (53 %), as well as a large part of the diet
of adult males (28 %) (Table 2). Harbour seals were
the largest part of the diet of adult males (32%) and
were relatively high contributions to the diet of soli-
tary adult females (20 %), subadult females (16 %),
and subadult males (18 %). Adult males had higher
proportions of bearded seals (29 %) than the other
age/sex classes (<20%). Harp seals were generally
low in the diet for all age classes (<14 %).

Ringed seals were estimated to be lowest in bear
diet in the 1990s (17-21 %) and highest in 2008 (72 %)
(Fig. 4, Table S6 in Supplement 3). Harbour seals
comprised lower proportions of the diet in the 1990s
(3 %), then increased in the diet over time after 2009
(>15%). Bearded seals comprised a large part of the
diet in the 1990s (23-24 %), decreased in 2004-2007
(<20%), then increased in 2008 (26%) and 2013
(29 %). Harp seals contributed a larger proportion to
the diet in the 1990s and 2004-2005 (29-56 %) but
were a smaller proportion of the diet in most years
(<22 %).

4. DISCUSSION

We found significant variation in polar bear hair
815N and 8'3C values both within the WH and over
time from 1993-2016, as well as a correlation be-
tween 8'*C values and sea ice dynamics. Our results
suggest that (1) the food web baseline (i.e. primary
producer) isotope values have changed, (2) the Hud-
son Bay ecosystem has changed (e.g. food web re-
organization), (3) there have been alterations in polar
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Fig. 4. Mean estimated proportion (%) of each prey item in the diet of Western Hudson Bay polar bears (all age/sex classes) in
each year from the stable isotope mixing model

bear foraging ecology, and/or (4) there have been
changes to polar bear fasting.

4.1. Age- and sex-related patterns

Adult males had the highest §'°N (median 0.5-1 %o
higher) and 83C values (median 0.2-0.3%. higher),
and largest isotopic niche size compared to the other
age/sex classes, as well as the lowest amounts of iso-
topic niche overlap with the other classes. Higher
hair §'°N values may result from differences in diet;
for example, the consumption of bearded seal pups in
western Hudson Bay which have higher §'°N values
(muscle mean: 16.8%o) than other prey (Young et al.
2010). Similarly, the higher §'*C values of adult male
polar bears suggests they are consuming higher
proportions of prey with a benthic source, such as
bearded seals (McKinney et al. 2009). These results
are consistent with Thiemann et al. (2008, 2011), who
used quantitative fatty acid signature analysis of WH
polar bears and showed that adult males consumed
more bearded seals than other age/sex classes. Simi-
larly, our mixing model estimated that adult males
consumed more bearded seals and harbour seals
than the other age/sex classes. Additionally, bearded
seals and harbour seals use broken ice areas (Cam-
eron & Boveng 2009, Bajzak et al. 2013), which is
habitat used more by adult male polar bears, and
adult males hunt larger prey than other bears (Stir-
ling & Derocher 1990). Furthermore, spatial differ-
ences between males and females may have in-
fluenced isotopic values, whereby the use of coastal/
nearshore areas by adult males in the summer may

have increased their §'°N and §'*C values relative to
females in inland areas. We also found that adult
males had a larger isotopic niche size than other
bears. A similar finding was noted by Thiemann et al.
(2011) and indicates that adult males have a more
generalist and broader foraging strategy than adult
females and subadults that rely mainly on ringed
seals. A more generalist foraging strategy may en-
able adult males to hunt a larger range of prey than
other age/sex classes and allow them to alter forag-
ing behaviour in response to changes in prey avail-
ability (Thiemann et al. 2011). In contrast, as a conse-
quence of having a narrower range of prey in their
diet, adult females and subadults may be at greater
risk from changes in prey availability due to sea ice
loss (Thiemann et al. 2011). Lastly, adult males may
have higher 8'°N values because during the spring
breeding season their primary activity is mating (Stir-
ling et al. 2016) so they hunt less and are more
dependent on fasting, which, in extreme cases, can
increase 8'°N values (Hobson et al. 1993).

Adult female reproductive status influenced both
85N values and isotopic niche size, most likely as a
result of the physiological demands of gestation and
lactation. Solitary females may have mated in the
spring and were potentially pregnant during the
fall capture. Reproductive female black bears Ursus
americanus have more than twice the rate of protein
loss as nonreproductive females (Harlow et al. 2002);
thus, pregnant female polar bears in our study may
have consumed more muscle to increase their protein
intake to support reproduction, leading to an in-
crease in their hair 8'°N values. Lactation by females
with cubs may also lead to lower 8'°N values (Polis-
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chuk et al. 2001). Alternatively, the significantly
higher 8N values of solitary females (19.3%.) sug-
gests that they are feeding at a higher trophic level
than females with young (18.8%.). However, there
was no significant difference in 8!°C values between
adult females with or without young, suggesting little
variation in the carbon sources of the prey consumed;
that is, similar proportions of benthic-feeding prey
(bearded seals) versus pelagic-feeding prey (ringed,
harbour, and harp seals) (McKinney et al. 2009).
Therefore, the variation in 8N values between
females with and without cubs may reflect differ-
ences in the proportion of pelagic-feeding species in
their diets. For example, ringed seal pups have the
lowest 85N values of western Hudson Bay seal spe-
cies (Young et al. 2010) and female polar bears with
cubs rely on ringed seal pups (Stirling et al. 1993),
which would result in their having lower hair §'°N
values. This is supported by our mixing model result
that adult females with young consumed higher pro-
portions of ringed seals than solitary females, while
solitary females consumed more harbour seals than
adult females with young. Furthermore, adult fe-
males with young had a larger isotopic niche size
(indicating a more generalist foraging strategy) than
solitary adult females. The number and age of the
cubs may influence the mother's habitat use and for-
aging behaviour due to different energetic require-
ments and hunting abilities of the accompanying
cubs (Stirling 1974, Stirling et al. 1993, Sciullo et al.
2017). Future research on isotopic patterns of family
groups (females with different numbers of cubs and
cubs of different ages) would improve our under-
standing of variation in foraging ecology within WH.
Females with cubs may have a wider range of forag-
ing strategies (e.g. scavenging), which would in-
crease dietary variation (Thiemann et al. 2011, Sci-
ullo et al. 2017). In contrast, solitary adult females
had smaller isotopic niche sizes, suggesting that they
targeted particular resources (Yurkowski et al. 2016).
These females would not be constrained by cubs and
could therefore forage optimally to maximize energy
gain without needing to avoid infanticidal males
(Stirling et al. 1993) or open water. Lastly, larger
overlap between solitary adult females and adult
males in isotopic niches and diet suggests similarities
in foraging ecology. In contrast, the lower amount of
isotopic niche and dietary overlap between adult
females with young and adult males is consistent
with their occupying different areas and isotopic
niche spaces.

Differences in isotopic values between adults and
subadults suggests that WH polar bears differ in their

foraging ecology based on age class, provided iso-
topic discrimination between diet and hair is inde-
pendent of age. The intermediate 8'°N values for
subadults (males: 19.0%o; females: 19.1%o0) suggests
that they may have fed at lower trophic levels than
adult males (19.8%o), potentially reflecting increased
predation of juvenile ringed seals (which have mid-
range 8'°N values; mean: 13.8%.) (Young et al. 2010).
The smaller isotopic niches of subadult polar bears
suggest they are limited in their prey, likely because
of their lack of hunting experience. Thiemann et al.
(2011) also found that subadults had narrower diets
than adults and suggested that subadults foraged
mainly on ringed seals, with little scavenging on
other prey. In contrast, adults had larger isotopic
niches than subadults, indicating that they had
greater variation in foraging ecology. The larger iso-
topic niche of adults may be the result of the spatial
separation and thus prey differences between adult
females and males (Stirling et al. 1993) as well as the
ability of adults to adopt different foraging strategies
in response to changes in prey availability (Thie-
mann et al. 2011). Subadult females and subadult
males had high isotopic niche overlap with each
other, which indicates that they occupy similar iso-
topic niche spaces. Subadults had the most amount of
isotopic niche overlap with solitary adult females and
secondly with adult females with young, which is
similar to Thiemann et al.'s (2011) results and our
mixing model estimates that these groups rely heav-
ily on ringed seals. In contrast, there was low overlap
between subadults and adult males, which may be
because adult males kleptoparasitize subadults (Stir-
ling 1974), and subadults may therefore avoid adult
males, resulting in different isotopic niche spaces.

4.2. Temporal patterns and sea ice

The Hudson Bay ecosystem underwent a regime
shift after the mid-1990s as a consequence of warm-
ing-induced distribution shifts of forage fish (Gaston
et al. 2003, 2012). Subsequent dietary shifts from
Arctic cod Boreogadus saida towards sub-Arctic spe-
cies such as capelin Mallotus villosus and sandlance
Ammodytes sp. have been observed in lower trophic
level predators such as thick-billed murres Uria lom-
via (Gaston et al. 2003) and ringed seals (Young &
Ferguson 2014, Yurkowski et al. 2016). Similarly, the
lengthening of the open-water period due to sea ice
decline in the Arctic supports an increase in sub-
Arctic marine mammals such as harbour seals (Florko
et al. 2018).
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The variation in the WH polar bear population's
yearly isotopic niche size may reflect differences in
the diversity of polar bear prey over time. Larger
isotopic niches in 2005, 2006, and 2008 suggest that a
larger variety of prey were consumed. The larger iso-
topic niche sizes corresponded with higher propor-
tions of harbour/harp seals in the diet of female polar
bears in 2004/2005 (Sciullo et al. 2017), similar to our
mixing model results of higher proportions of har-
bour seals in 2005, harp seals in 2005/2006, and
bearded/ringed seal in 2008 relative to most other
years. We found that WH polar bears had smaller iso-
topic niche sizes in the 1990s and 2011-2013, which
indicates lower prey diversity. Similarly, our mixing
model results and Sciullo et al. (2017) indicate that
certain species dominated the diet in those years
(ringed seals in 2011/2012 and bearded/harp seals in
2013). The isotopic niche sizes of adult females and
adult males showed a similar pattern as the overall
population, with larger isotopic niches in the early
2000s followed by a decline until 2013. We found that
adult females had larger isotopic niches than males
in 2010, while Sciullo et al. (2017) also reported that
adult female diet had an increase in bearded and
harp seals in 2010. While we found the overall popu-
lation's isotopic niche size increased slightly after
2013, the isotopic niche sizes of adult females and
adult males both initially increased in 2014 but then
declined, suggesting a decrease in dietary variation
in more recent years.

Temporal changes in hair stable isotope values may
be associated with 4 different processes that are not
necessarily mutually exclusive: (1) changes in the
food web baseline isotope values (primary produc-
ers); (2) ecosystem changes (e.g. reorganization of
the food web); (3) alterations in polar bear foraging
ecology; and/or (4) changes in the duration and
intensity of fasting. However, data required to con-
clusively differentiate between these hypotheses is
lacking. Nonetheless, we found that isotopic values
in WH polar bears changed from the early 1990s to
2016. First, the observed increase in hair 8'°N values
may reflect an increase in the baseline (primary pro-
ducer) 8N values over this period (McKinney et al.
2009, Yurkowski et al. 2016, Lowther et al. 2017). For
example, Yurkowski et al. (2016) showed that §'°N
values in ringed seal muscle throughout the Arctic
increased from 1990 to 2011 (e.g. from 16.1 to 17.3 %o
in Resolute, Nunavut, Canada), which was attributed
to the effect of sea ice variability on prey availability.
Increased polar bear §'°N values may thus have been
driven by prey 8N value increases or may have
been similarly influenced by changes to prey avail-

ability. Alternatively, increasing 8'°N values of hair
may indicate that WH polar bears may be feeding at
a higher trophic level more recently (mean in 2014:
19.7%o0) than in the early 1990s (mean in 1994:
18.7%o0). For instance, harbour seals in western Hud-
son Bay had higher §'°N values (mean: 16.3%.) than
ringed seals (mean: 13.8%o) (Young et al. 2010) and
the increase in polar bear §'°N values over time may
reflect increased consumption of harbour seals. This
hypothesis is supported by our mixing model esti-
mates of higher proportions of harbour seals in the
diet over time. Changes in sea ice conditions may
affect prey availability, as harbour seals increased
and ringed seals decreased in WH polar bear diet
from 1994 to 1998, which was correlated with earlier
breakup (Iverson et al. 2006). Furthermore, harbour
seals increased in abundance as sea ice cover de-
clined in western Hudson Bay from 1996 to 2016
(Florko et al. 2018). Lastly, higher 8N values have
also been associated with fasting (Hobson et al.
1993) and WH polar bears have been reported to be
spending more time on land, without access to prey,
because of earlier breakup and later freeze-up
(Stirling et al. 1999, Regehr et al. 2007, Lunn et al.
2016), potentially leading to an increase in 8N
values.

Similar to hair 8'°N values, changes in bear hair
813C values over time may be the result of shifts in
lower trophic level dynamics and/or polar bear forag-
ing ecology (McKinney et al. 2009, Yurkowski et al.
2016, Lowther et al. 2017). The temporal pattern of
313C values was more variable than §'°N and was cor-
related with the open-water period. Firstly, the high-
est 8"3C values in the 1990s suggest a focus on ben-
thic-foraging prey (e.g. bearded seals) (McKinney et
al. 2009), and high §'°C values were associated with
a shorter open-water period (which would increase
access to ice-associated prey). These results corre-
spond with the mixing model estimates of high
proportions of bearded seals in the 1990s. Secondly,
the decrease in 8'°C values from the 1990s (mean:
-16.2%0) to 2010 (mean: —17.7%o) suggests a shift
towards more pelagic-foraging prey (McKinney et al.
2009), coinciding with higher proportions of harp
seals in WH female diets (Sciullo et al. 2017) and
harbour seals from our results in 2010. Thirdly, the
increase in bear §'°C values in 2013 (mean: —16.8 %o)
indicates more benthic-foraging prey, which corre-
sponds with a decline in ringed seal density and pup
recruitment in western Hudson Bay (Young et al.
2015, Ferguson et al. 2017). Similarly, our diet esti-
mates and Sciullo et al. (2017) indicate a decrease in
ringed seals and increase in bearded seals in 2013
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diets. Lastly, 8'3C values decreased again after 2013
(mean: —-17.3%.), suggesting further dietary shifts
towards pelagic species. Lower bear §°C values
were correlated with a longer open-water period,
similar to the relationship between lower polar bear
813C values and earlier sea ice breakup in western
Hudson Bay (McKinney et al. 2009). Further, these
results suggest that sea ice decline may drive shifts in
polar bear foraging ecology between ice-associated
and open-water prey, which will likely continue as
the open-water period increases (Thiemann et al.
2008).

The change in the Hudson Bay ecosystem composi-
tion over our study period may have influenced the
observed temporal patterns in WH polar bear §"°N
values, 8'3C values, isotopic niche size, and dietary
estimates. We found that temporal patterns in polar
bear isotopic values were related to phenological
changes in western Hudson Bay. Sea ice phenology
drives ecosystem processes in the Arctic, such as ice-
associated algae production (Sibert et al. 2010), with
consequences for the foraging ecology of higher
trophic levels (Sereide et al. 2010, Brown et al. 2018).
Furthermore, sea ice decline and subsequent changes
to Arctic primary productivity may lead to a shift
from a sea ice-dominated ecosystem towards a
pelagic ecosystem (Leu et al. 2011), thus affecting
polar bear prey availability and Arctic trophic inter-
actions. The WH population has experienced declines
in reproduction, survival, and abundance (Stirling et
al. 1999, Regehr et al. 2007, Lunn et al. 2016) and
future climate projections predict earlier breakup
and later freeze-up (Castro de la Guardia et al. 2013),
which have the potential to further alter WH polar
bears and Hudson Bay food web dynamics. SIA can
be a powerful method for monitoring ecological
dynamics in the changing Arctic. However, there are
challenges associated with this technique, including
the ability to separate shifts in predator diet from
changes in lower trophic levels (e.g. baseline shifts or
changes in prey species). Polar bear isotopic values
may therefore be a useful but complex tool for moni-
toring changes in Arctic trophic dynamics, which
would benefit from additional data on the food web
baseline and changes in prey isotopic values over
time to better understand ecosystem changes. Cli-
mate change-induced sea ice loss is predicted to con-
tinue to affect Arctic marine ecosystem structure and
biodiversity. Research employing stable isotope ana-
lysis at multiple trophic levels will provide more
refined means to detect potential changes in food
web structure and foraging ecology of individual
species in this rapidly changing ecosystem.
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