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Impact of Holocene environmental change on the
evolutionary ecology of an Arctic top predator
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The Arctic is among the most climatically sensitive environments on Earth, and the disappearance of multiyear
sea ice in the Arctic Ocean is predicted within decades. As apex predators, polar bears are sentinel species for
addressing the impact of environmental variability on Arctic marine ecosystems. By integrating genomics, iso-
topic analysis, morphometrics, and ecological modeling, we investigate how Holocene environmental changes
affected polar bears around Greenland. We uncover reductions in effective population size coinciding with in-
creases in annual mean sea surface temperature, reduction in sea ice cover, declines in suitable habitat, and
shifts in suitable habitat northward. Furthermore, we show that west and east Greenlandic polar bears are mor-
phologically, and ecologically distinct, putatively driven by regional biotic and genetic differences. Together, we
provide insights into the vulnerability of polar bears to environmental change and how the Arctic marine eco-
system plays a vital role in shaping the evolutionary and ecological trajectories of its inhabitants.
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INTRODUCTION
The Arctic is among the most climatically sensitive environments
on Earth, with increases in temperatures being two- to threefold
higher at the northern latitudes than the global mean (1, 2).
Within decades, increasing temperatures resulting from Arctic am-
plification of global warming are expected to lead to the disappear-
ance of multiyear sea ice in the Arctic Ocean (2). These changes in
temperature and sea ice cover represent thresholds in Earth’s
climate system, potentially leading to irreversible ecosystem
change (3, 4).
Although the Arctic is currently experiencingmarked alterations

associated with anthropogenic climate change (5), past environ-
mental and ecological changes linked to climatic shifts in the
region are well preserved in paleo-archives (6–8). Paleo-archives
reveal, for example, the impact of the Greenland Ice Sheet on the
biogeochemistry and productivity of surrounding marine ecosys-
tems (9, 10). These Greenlandic marine ecosystems are further in-
fluenced by sea ice cover, sea level fluctuations, changes in ocean
circulation, and the availability of nutrients and light for biological

productivity, among others (11). The impact of these changes on the
evolutionary ecology of Arctic species is yet to be fully explored.
Changes under environmental conditions can greatly affect the

base of the Arctic food web (12). These shifts at the base of the food
web drive bottom-up changes in ecosystem structure and function
by altering pelagic secondary production, the main food source for
all higher trophic-level organisms (13). Shifts in food sources can
influence the mobility and connectivity of species (14) and
disrupt gene flow among populations, altering evolutionary path-
ways (15). Nearly all organisms within an ecological community
are directly or indirectly tied to the top of the food chain (16).
Therefore, an approach to assessing the impacts of environmental
change on ecosystems is to investigate apex predators, providing
top-down insights into the ecosystem as a whole (17). In the
Arctic marine realm, polar bears (Ursus maritimus) occupy the
top predatory niche. They are found on ice-covered waters across
the region and depend on sea ice primarily for hunting pinnipeds
(18). Polar bears have been found to inhabit multiyear pack ice in
the central Arctic basin, and their preferred habitat is seasonal sea
ice, including landfast ice, around the coastline of the Arctic Ocean
region (19). This reflects the exploitation of relatively higher levels
of biological productivity around seasonal sea ice by seal
species (20).
Polar bears have evolved a novel and distinct ecology, behavior,

and morphology in response to life in the high Arctic (21). The
species is split into 19 management units, determined from a com-
bination of traditional knowledge, radiotelemetry, movements of
adult females with satellite radio collars, and genetics (22–24).
Greenland is home to at least three management units: Kane
Basin and Baffin Bay on the west coast and East Greenland on the
east coast (25). A distinct and previously unknown subpopulation
was recently documented in the southern coast of east Greenland
(26), highlighting that much is still unknown regarding the com-
plexity of polar bear populations around Greenland.
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The dependence of polar bears on sea ice makes them a sentinel
species for detecting ecosystem tipping points (18). To assess the
vulnerability of polar bears to past and future climate and environ-
mental change, it is vital to apply a complementary suite of ap-
proaches that combines insights from the present with those of
the past (7, 27). Population genomics provide insights into popula-
tion subdivision and the longer-term demographic history of polar
bear populations (21, 28). However, it is difficult to elucidate the
drivers underpinning these changes using genetics alone. Dietary
tracer analysis of stable carbon (δ13C) and nitrogen (δ15N)
isotope data and ecological models can provide important addition-
al information for determining biotic and abiotic drivers of past de-
mographic change (29, 30). Stable isotopes can elucidate
population-specific foraging behavior and regional primary pro-
ductivity (31), while ecological models can be used to reveal shifts
in the size and area of ecologically suitable habitats in response to
climate and environmental changes (7, 30). The incorporation of
morphological data can be used to consolidate evolutionary and
ecological insights, as changes in morphological phenotype can
be shaped by both genetics and the environment (32).
Here, we aim to better characterize the current genomic, mor-

phometric, and dietary relationships among polar bears around
Greenland, as well as the role the environment played in shaping
their evolutionary ecologies and distributions throughout the Holo-
cene. We focus on integrating independent yet complementary da-
tasets and analyses for polar bears sampled along the coasts of
Greenland (Fig. 1A) and make inferences about their evolutionary
history and the ecological drivers of similarities and differences
between contemporary bears inhabiting the west and east coasts.

RESULTS
Genomics
After mapping to the polar bear reference genome (21), we obtained
106 polar bear nuclear genomes ranging in coverage from 1.7× to
32.8× (including a single 114.1× individual) (table S1). Population
structure analyses—principal components analysis (PCA) and ad-
mixture proportions—showed clear differentiation between polar
bears sampled from the west (n = 48) and east (n = 37) coasts of
Greenland (Fig. 1, B and C, and fig. S1). We did not observe
genetic structuring between polar bears sampled from the Kane
Basin and Baffin Bay management units of the west coast (fig.
S1), in accordance with previous results (22). We found a closer af-
finity of bears from the west coast to Canadian individuals and of
bears from the east coast to the neighboring individuals from Sval-
bard (fig. S1). The fixation index (FST) between polar bears sampled
from the west and east Greenland coasts was significant (0.0173; P <
2.2 × 10−16), further supporting clear genomic differentiation
between the two coastlines.
We found that the higher mean observed heterozygosity in west

bears (0.000831) compared to east bears (0.000773) (table S2) was
significant (t = 2.6804, P = 0.01985). We did not observe signifi-
cantly higher mean levels of nucleotide diversity in west Greenland-
ic bears (0.00033) compared to the east (0.00033) (t =−0.94269, P =
0.3458). We found three individuals with inbreeding coefficients
(probability of two alleles being identical by descent, F ) greater
than 1%; all three individuals were from the east coast (PB_9, F =
26.8%; PB_28, F = 3.8%; D24082, F = 2.8%).

Estimates of the deeper [>20 thousand years (ka) ago] demo-
graphic history of the bears using the pairwise sequential Markovian
coalescent (PSMC) model (33) yielded identical demographic tra-
jectories for all individuals analyzed, regardless of their geographic
origin or management unit (fig. S2). Results showed relatively stable
effective population sizes (Ne) from 150 to ~50 ka, after which the
joint population experienced a decline in Ne culminating in an ap-
proximately 50% decline in Ne by ~20 ka. The PSMC results indi-
cated an increase in Ne ~ 15 ka, but the reliability of the PSMC
model to infer changes in Ne within the past 20,000 years is negli-
gible (33).
Estimates of the more recent (<20 ka) demographic dynamics

using stairway plots (34) revealed similar overall demographic tra-
jectories in the west and east groups, with overlapping confidence
intervals (CIs) (Fig. 1D). In bears from both coasts, we see a major
overall decline in Ne, caused by a pattern of several punctuated,
rapid declines through time. We investigated the impact of
sample size and found the overall trajectories to be similar (fig.
S3). The only noticeable difference was an earlier decrease inNe ob-
served ~11 ka in the larger dataset (n = 12), which shifted to ~13 ka
when the number of individuals was downsampled to 9. Hence, the
timing of earlier demographic events may be shifted backward in
the east Greenland bears (n = 9) relative to west Greenland (n =
12), due to lower sample size. The trajectories of the stairway
plots of the full datasets were similar when specifying the giant
panda (Ailuropoda melanoleuca), instead of the spectacled bear
(Tremarctos ornatus), as the ancestral state (fig. S4).
Calculations of genome-wide Tajima’s D values uncovered pos-

itive values for both west (mean value of 0.196) and east (mean value
of 0.030) Greenland bears. A positive score signifies low levels of
both low- and high-frequency polymorphisms and may reflect
recent population contractions (35). However, only west Greenland
bears showed a significant deviation from 0 (west, P = 0.0003; east, P
= 0.2837).
We identified 53 highly differentiated windows (top 1% FST

values) with at least two single-nucleotide polymorphisms (SNPs)
among the top 1% of SNPs found to be driving differentiation in
the PCA analysis. Eight of these windows contained genes (table
S3). Two genes, SDCCAG8 (36) and DNASE1L3 (37), have previ-
ously been identified as related to body height in human genome-
wide association studies, and one,MAST3 (37), has been associated
with body mass.

Stable isotopes
Our δ13C (feeding habitat) and δ15N (trophic level) data from 31
polar bears comprising 7 bears sampled from the Kane Basin man-
agement unit, 6 bears from the Baffin Bay management unit (both
west Greenland), and 18 bears sampled from the East Greenland
management unit, and their predominant pinniped prey species
sampled from the two coasts (n = 110; west = 54, east = 56) (table
S4) enabled us to assess how the taxonomic composition of diets
compared between coasts. After accounting for a decline in δ13C
values caused by the burning of fossil fuels (the Suess effect),
bears from the west coast of Greenland had significantly higher
δ13C (U = 14, P < 0.001) and δ15N (t = 8.10, P < 0.001) values, rel-
ative to bears sampled from the east coast of Greenland (Fig. 2, A
and B). Although west coast bears were sampled from two adjoining
management units, we did not observe any significant differentia-
tion in their isotopic compositions (P > 0.05) (fig. S5).

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Westbury et al., Sci. Adv. 9, eadf3326 (2023) 8 November 2023 2 of 12

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 10, 2023



Fig. 1. Sample localities, population structure, and demographic history results. (A) Map of the study area. Shaded areas show the approximate spatial area of
sampling locations of the polar bear specimens analyzed from the west (orange) and east (blue) coasts of Greenland. Stars indicate sample sites. Polar bear sample
sizes are indicated for genomics (DNA), geometric morphometrics (GM), and stable isotopes (SIA). The study also included genomic data from polar bears sampled
in adjoining areas in Canada and Svalbard, and δ13C and δ15N stable isotope data from the five predominant pinniped prey species of polar bears (bearded seal,
harp seal, hooded seal, ringed seal, and walrus); see Materials and Methods for further details. Arrows show ocean currents, modified after (66, 67). (B and C)
Genomic population structure analyses based on 85 Greenland polar bears; (B) PCA, with the percentage of variance explained by each component indicated in paren-
theses; and (C) admixture proportion analysis. (D) Changes in effective population size (Ne) through time inferred using individuals with genome-wide coverages of >20×
(west, n = 12; east, n = 9) using the site frequency spectrum and stairway plots. Thick lines show the mean Ne values, and shaded areas show 97.5% CIs.
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A qualitative comparison of the polar bear and prey isotopic
compositions, accounting for trophic discrimination, revealed that
bears sampled in west Greenland clustered most closely with ringed
seals (Pusa hispida), suggesting a diet dominated by this species
(Fig. 2A), in agreement with previous work (38). In contrast,
bears from the east coast hadmore varied diets. However, they qual-
itatively clusteredmost closely with harp seals (Pagophilus groenlan-
dicus) and bearded seals (Erignathus barbatus), indicating that their
primary prey was harp seal, followed by bearded seal, as well as
hooded seal for a few individuals (Fig. 2B).
Within bears from the west, there were no significant sex-based

differences in δ13C (U = 20, P = 0.94) or δ15N (U = 17, P = 0.62).
Although males from the east had higher δ13C values than females,
this difference was not statistically significant (t = 2.06, P = 0.07).
Males from the east had significantly higher δ15N (U = 11.5, P =
0.01) values relative to females from the same area. The higher
δ13C and significantly higher δ15N values in the male relative to
female polar bears in the east (Fig. 2B) suggest that females con-
sumed primarily ringed seals and harp seals, while males consumed
larger amounts of bearded seals and hooded seals (Cystophora cris-
tata). A similar pattern was not observed in polar bears in the west.

Geometric morphometrics
Investigations into shape differences revealed highly significant
shape differences (P < 0.0001) between polar bear individuals
sampled in the west (from both Kane Basin and Baffin Bay manage-
ment units) and east (from the East Greenland management unit).
Despite being from different management units, bears sampled on
the west coast did not show significant differences and so were
pooled together.
Relative to skulls sampled in the east, skulls from bears sampled

in west Greenland were slightly narrower posteriorly and had a tem-
poral fossa that was extended dorsoposteriorly, but anteriorly trun-
cated, an orbit that was slightly compressed dorsally, while the
anterior point of the premaxilla was slightly elevated (Fig. 3, A
and B). Moreover, 82.1% of the skulls could be correctly reclassified
to sampling coast (west versus east) by shape after cross-validation
(Table 1). Skulls tended to be largest (centroid) for both sexes in the
individuals from the west. However, this difference was only statisti-
cally significant for females (P = 0.006) but not for males (P =
0.077) (Fig. 3C).

Habitat suitability
Ecological niche modeling (ENM) tuning and cross-validation re-
sulted in the optimized model having high geographic transferabil-
ity shown by low differences between spatial cross-validation folds
according to the area under the receiver operating curve values
(AUCdiff = 0.05), low 10th percentile training omission rates
(OR10 = 0.13), and moderate AUC values (0.75 ± 0.05). The
model had a greater regularization multiplier (i.e., complexity pe-
nalization; RM = 3) and fewer feature classes (FC = 3) than the
MaxEnt default (RM = 1 and FC = 4). The ENM had good ability
to discriminate between areas of high suitability at known occur-
rences and background sites for the contemporary period that the
model was built on (Boyce index = 0.82; fig. S6).
Our ENM revealed increasing probability of occurrence [hereaf-

ter habitat suitability (39)] of polar bears at sea surface temperatures
(SSTs) between 0° and ≲4.5°C (fig. S7), declining to 0 suitability by

Fig. 2. Comparison of Greenland polar bears and five potential prey bone collagen δ13C and δ15N values. (Left) West coast and (Right) east coast. Polar bears have
been adjusted by −0.5 per mil (‰) for δ13C and −4.0‰ for δ15N to account for the offset between predator and prey. VPBD, Vienna Peedee Belemnite reference.

Table 1. Success rate of reclassification of specimens to geographical
area by skull shape using jackknife cross-validation.

Allocated to

West coast East coast Total % Correct

Origin West coast 24 4 106 85.7

East coast 20 86 28 81.1

All skulls 28 106 134 82.1
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an SST of 15°C. Habitat suitability was positively correlated with
annual average sea ice cover and decreased slightly with increasing
sea surface salinity. Habitat suitability was not affected by changes
in annual variation in fractional sea ice cover or annual variation in
SST (fig. S7).
Habitat suitability was high at the beginning of the Holocene

(~11 ka) when areal average SST was around 1.5°C, declining
sharply with warmer SST values and lower annual average sea ice
cover (Fig. 4, A and B, and figs. S8 and S9). The ENM projected a
decreasing trend in average habitat suitability from 11 to 4.5 ka,
whereafter mean habitat suitability values fluctuated around a
long-term stable average (Fig. 4C). Analysis of the center of
gravity of habitat suitability indicated a northward shift in the
highest habitat suitability values, which correspond to declines in
areal habitat suitability (Fig. 4D). All predictor variables show
similar patterns to habitat suitability with the exception of SST sea-
sonality, which decreased steadily from a peak of ~7.5 ka (fig. S9).
Animations of habitat suitability through time for the study region
are provided as a supplementary video (movie S1).

DISCUSSION
Using an integrative, multiproxy approach, we reveal similar evolu-
tionary trajectories, but distinct ecologies, of polar bears sampled
from the west and east coasts of Greenland. In doing so, we form
hypotheses about the abiotic and biotic factors that have differen-
tially affected the connectivity, demographic history, diet, and mor-
phology of polar bears around Greenland.
Our genomic demographic reconstruction of the past 20,000

years shows a clear pattern of several punctuated, rapid declines
in polar bear effective population size (Ne) (Fig. 1D). Although
our paleoclimate data and habitat suitability reconstruction
extend across the Holocene only, the initial rapid decline in Ne ob-
served in west Greenland bears of ~19 ka may signal the end of the
Last Glacial Maximum in the region, a period of massive sea ice loss
and increasing temperatures (40, 41). An association between Ne
and changes in environment is further evidenced when comparing
our genomic demographic reconstructions with paleoclimate and
suitable habitat over the past 11,000 years (Fig. 4). Overall, we
observe a clear pattern of Ne decline when suitable habitat de-
creased, which was associated with periods of warmer SST and
reduced sea ice cover. SST and sea ice cover are highly correlated,
with the latter more likely to be the causative factor driving declines
in polar bears, which rely on sea ice for movement, mating, and

Fig. 3. Geometric morphometric comparisons of 134 polar bears. Samples are pooled into the west (orange, n = 28; 14♀, 14♂) and east (blue, n = 106; 58♀, 48♂) of
Greenland. (A) Mean area-specific shapes of polar bear skulls in dorsal and lateral aspects. Correction for allometric effects was performed (see Materials and Methods for
further details). Significance of differences ascertained by jackknife cross-validation (P < 0.0001). (B) Procrustes distances of specimens to themean of the relevant sample
of thewhole dataset combined and separated by sex. (C) Centroid sizes (square root of sum of squared distances of landmark positions to configuration centroid) of skulls
frommale and female polar bears from thewest and east coasts of Greenland. Differences were statistically significant for females (P = 0.006) but not for males (P = 0.077).
Significance of differences in (B) and (C) were determined using Student’s t tests. Asterisks in (A) indicate significant overall shape differences between west and east
Greenland bears, whereas in (C) indicate significant differences in centroid size in females.
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hunting (42). There is evidence from contemporary populations of
declines in polar bear survival and body condition associated with
sea ice loss (43–45), and increased overall vulnerability of modern
populations has been predicted as sea ice continues to decrease in
the near future (46).
Although associated with large CIs, the major and rapid decline

inNe in west Greenland bears observed at the onset of the Holocene
of ~11 ka (Fig. 1D) coincided with a simultaneous (i) decline in
Greenland-wide mean suitable habitat of ~1.5% (range =

−41:21% change in habitat suitability across the entire study
area); (ii) increase in range-wide mean SST of ~0.5°C (range =
−0.2:1.2°C); and (iii) reduction in range-wide mean annual sea
ice cover of ~4% (range = −25:0% sea ice cover) (Fig. 4, A to C).
We also observed a coincident shift in the center of gravity of
habitat suitability to higher latitudes (Fig. 4D), suggesting that the
decrease in suitable habitat caused a northward shift of the bears,
potentially driven by decreasing annual sea ice cover in the southern
range. We observe a decline in mean Ne in the east Greenland bears

Fig. 4. Areal means of the variables used in the ecological niche modeling and predicted habitat suitability from 11 to 0 ka. The panels show the areal mean
values in (A) sea surface temperature (SST), (B) percentage sea ice cover, (C) mean habitat suitability, and (D) average latitude of suitable habitat for the Greenland study
region. Pink lines in each plot show 1000-year smoothed mean values. The inset map shows the circumpolar distribution of polar bears in gray and the Greenland
subregion in pink.
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at a slightly older time period of ~13 ka (Fig. 1D). The discordance
between the demography of the east Greenland bears and climate
could reflect a smaller dataset (12 bears in west versus 9 bears in
east); we show that estimates of population fluctuations may
become artificially older when fewer individuals are included in
the analysis (fig. S3).
We also observe a rapid decline in Ne in polar bears from east

Greenland at approximately 4.5 ka (Fig. 1D). This broadly coincides
with the end of the Holocene Thermal Maximum (~5 ka) (47), a
decline in habitat suitability of ~1.3% (range = −50:22%), an in-
crease in range-wide mean SST of ~0.2°C (range = −0.5:1.4°C),
and a reduction in annual range-wide average sea ice cover of
~3% (range = −34:3%) (Fig. 4). These align with a shift in the
center of gravity of habitat suitability to higher latitudes, again sug-
gesting that the decreases in suitable habitat may be caused by a loss
of suitable habitat in the south of the range.
A decline in Ne may reflect either decreasing census population

size or loss of population connectivity. The latter was not supported
by our habitat models. We did not observe any increase in fragmen-
tation of suitable habitat at 11 ka or during the Holocene Thermal
Maximum (movie S1) and therefore propose that the observed de-
clines were driven by a decrease in census population size.
We observed additional recent rapid declines in Ne over the past

3000 years, with a sharp decrease in east Greenland ~3 ka and in
west Greenland ~2 ka and additional decreases on both coasts
from ~1 ka. However, we did not observe any notable concurrent
changes in suitable habitat nor in the individual paleoclimate
proxies used in our analysis (including SST, sea ice cover, and sal-
inity) (Fig. 4, A and B, and fig. S8). This may reflect the temporal
resolution of our climate data (48), which is based on long-term cli-
matic means that have been shown to affect ecological responses to
environmental and climatic variables (49). It is noticeable that the
recent population declines beginning ~1 ka coincide with the me-
dieval climate anomaly, a period in which marine and lake multi-
proxy records suggest that the North Atlantic was atypically warm
(6). Similar to our findings at the end of the Holocene and during
the Holocene Thermal Maximum, this further supports that in-
creased temperatures and concurrent declines in sea ice cover
may have detrimental effects on polar bear population size and/or
connectivity.
The long-term association between declines in Ne and corre-

sponding increases in SST and decreases in sea ice cover across
the past 11,000 years suggests that ongoing global warming may
consequently have major detrimental effects on polar bear popula-
tions around Greenland. Simulated ocean warming patterns under a
range of different future climate scenarios [Shared Socioeconomic
Pathways (SSP)] show extensive SST warming around Greenland
(90% CI SSP1 to SSP2.6 = −0.8 | 2.4°C; 90% CI SSP5 to SSP8.5 =
0.6 | 5.4°C, above 1981 to 2010 baseline) and reductions in annual
sea ice extent by the end of the century (90% CI SSP1 to SSP2.6 =
−17.3 | −1.9%; 90% CI SSP5 to SSP8.5 = −32.8 | −13.7%, from 1981
to 2010 baseline), even under reduced emission scenarios (50). It is
expected that the Arctic will become essentially ice-free in summer
before the end of the 21st century but is very likely to remain sea ice
covered during winter for all warming scenarios (51).
We observed notably similar patterns of demographic change

throughout the past 150,000 years in our PSMC results, suggesting
that bears from the two coasts either responded in identical
manners to past environmental changes or that they comprised a

single evolutionary unit and were likely panmictic until the very
recent past (fig. S2). The latter is congruent with our analyses of
population subdivision that showed significant, albeit low (FST =
0.0173), levels of genomic differentiation between bears sampled
from west and east Greenland, with some degree of admixture
(Fig. 1C). Differentiation between coasts was further documented
by our dietary and morphological analyses of the bears, which indi-
cated distinct foraging ecologies, with significant differences in skull
shape and size based on locality (Figs. 2 and 3). Our findings across
datasets (genetics, stable isotopes, and morphometrics) indicate
clear differentiation and a putative ecologically driven genetic divi-
sion rather than through longer-term evolutionary forces.
Further supporting a recent divergence is our finding of consis-

tent and continuous suitable habitat over the north of Greenland
throughout the Holocene (movie S1), which is likely to have facili-
tated movement and connectivity between west and east. The ability
of polar bears to migrate vast distances over the northern Arctic has
been demonstrated using telemetry tracking; a single female moved
from Kane Basin (west coast) northward around Greenland to
Russia, a distance of ~2000 km (52). Our habitat models are
based exclusively on coarse-scale abiotic factors and thus assume
no demographic or local-scale geographic barriers. Therefore, the
observed differentiation between west and east coast bears may
well reflect biotic factors. Our stable isotope ecological proxy data
support this and reveal ecological distinctions between bears
sampled from each coast (Fig. 2). Different ocean currents result
in a longer open-water season and higher productivity along the
west Greenland coast and a much less productive marine environ-
ment along the east coast, where sea ice cover is more extensive in
both time and space (Fig. 1A) (53). These differing ocean currents
and levels of productivity could be the ecological driver, as variation
at the base of food webs has bottom-up effects on ecosystem struc-
ture and function as a whole (13). In addition, our stable isotope
analysis of five pinniped species (Fig. 2) revealed that differences
between geographic localities reflect both discrepancies in the
type of prey species consumed and in the underlying primary pro-
ducers, i.e., relative abundance of sea ice microalgae and phyto-
plankton, as has been shown in narwhals, another Arctic marine
predator (31).
The dietary plasticity of polar bears indicated by our findings

may be a key attribute in the resilience of the species, acting to
buffer the relatively low levels of genetic variation on which selec-
tion can act (21, 28, 54). Prey abundances are much lower in east
Greenland, and, therefore, bears in this region may be especially
prone to dietary shifts (55). Dietary shifts in east Greenland polar
bears due to sea ice reduction in recent decades have been reported,
with a decline in ringed seal consumption and an increase in harp
seals and hooded seals (56, 57)—a finding supported by our data
(Fig. 2). In addition, polar bear population density may also play
an important role. However, we are limited in our ability to eluci-
date this further as census size estimates for the East Greenland
management unit are unavailable (55).
The tendency for larger skull size, and by proxy larger body size/

mass (58), in bears sampled in west Greenland (Fig. 3) may reflect
underlying genetic mechanisms.We did detect two genes associated
with body height [SDCCAG8 (36) and DNASE1L3 (37)] and one
associated with body mass [MAST3 (37)] to be in genomic
regions highly differentiated between populations. Furthermore,
we uncovered several highly differentiated regions in noncoding
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regions of the genome, which, while their function is currently
unknown, may play an important role in gene regulatory networks
(59). An alternative hypothesis is that differences may be driven by
phenotypic plasticity and adaptation to the unique diets on each
coast; the ability of west Greenland bears to grow larger than their
east Greenland counterparts may reflect the relatively higher
amounts and/or more nutrient-rich food in the more productive
west (53).
In east Greenland, size differences between sexes may have

driven additional ecological divergence; higher δ13C and δ15N
values in males (Fig. 2B) indicated the incorporation of larger
amounts of bearded seals in their diets, while females consumed
primarily ringed seals and harp seals. Larger males have a greater
capacity to successfully hunt larger prey than smaller females, and
bearded and hooded seals are larger (60). Therefore, because of a
decline in the availability of smaller prey, east Greenland males
may hunt larger prey. This is supported by their wider posterior
skulls (Fig. 3A)—particularly around the temporal fossa, where
the temporalis muscle that operates the mandible attaches, suggest-
ing more muscular heads and adaptation to larger prey species. If
ringed seals are the optimal polar bear prey species in terms of en-
ergetic return for energy input, the finding in west Greenland may
be driven by higher productivity and greater prey availability, allow-
ing both males and females to converge on the same diet (61).
Our study demonstrates the long-term association between de-

mographic change and environmental perturbations in an Arctic
top predator. The indirect connection of the polar bear to lower
trophic levels can therefore be used to infer ecological dynamics
across millennia. Collectively, our results suggest that the size and
connectivity of polar bear populations around Greenland have been
negatively influenced by past increases in SST, decreases in sea ice
cover, and losses in the southern parts of the range, in line with pre-
dictions of contemporary populations (46). However, our findings
also suggest that bears may ecologically adapt relatively rapidly. This
ability is crucial for their resilience to ongoing rapid shifts in the
distribution and abundance of prey caused by anthropogenic
climate change (62). Adaptation through phenotypic and/or ecolog-
ical shifts is more rapid than by DNA nucleotide changes and is a
major factor allowing species to survive conditions of accelerating
changes in climate and food availability (63). However, even with
behavioral and phenotypic plasticity, the pace and scale of predicted
near-future ecological change in the Arctic (51), coupled with a long
generation time, are likely to leave polar bears vulnerable to climate
and environmental change in the near future.

MATERIALS AND METHODS
This study focused on polar bear individuals sampled around
Greenland, which were analyzed using a combination of genomics,
stable isotopes, morphometrics, and ecological modeling. The polar
bears were divided by geographic locality into the west and east
coasts, the former representing the management units of Kane
Basin and Baffin Bay and the latter representing the East Greenland
management unit.
Using genome-wide resequencing data (raw paired-end Illumina

fastq files) available from polar bear individuals sampled around
Greenland (Kane Basin, n = 27; Baffin Bay, n = 18; East Greenland,
n = 37) (21, 26, 28, 64), we performed genomic analyses to investi-
gate (i) patterns of diversity and substructuring among bears

inhabiting the different coasts, (ii) each coast’s respective demo-
graphic history, and (iii) the potential selective outcomes driven
by the different environments of each coast. To understand the evo-
lutionary relationships of the Greenland individuals within a wider
geographic context, we also included available genomic data from
polar bears of the adjoining subpopulations on either side of Green-
land: Canada, n = 3 (64), and Svalbard, n = 18 (28). All data are
available from the National Center for Biotechnology Information
under the following Bioproject IDs: PRJNA169236, PRJNA196978,
PRJNA210951, and PRJNA669153.
We used stable isotope analyses of bone collagen carbon (δ13C)

and nitrogen (δ15N) to investigate the differences in prey choice
between bears inhabiting the west and east coasts and between
males and females on the same coast (Kane Basin, n = 7; Baffin
Bay, n = 6; and East Greenland, n = 18) (table S4). To control for
region-specific differences in primary productivity, we also per-
formed bone collagen stable δ13C and δ15N isotope measurements
of the five main putative pinniped prey species of polar bears (20,
65): bearded seals, harp seals, hooded seals, ringed seals, and wal-
ruses (Odobenus rosmarus). The total of 110 pinniped specimens
analyzed represented 54 individuals from the west coast and 56 in-
dividuals from the east coast of Greenland (table S4).
We used geometric morphometric analyses to investigate any

differences in skull size and shape between bears inhabiting the
two coasts and between males and females within coasts. We ana-
lyzed a total of 134 specimens [Kane Basin, n = 14 (7♀, 7♂); Baffin
Bay, n = 14 (7♀, 7♂); East Greenland, n = 106 (58♀, 48♂)] (table S5).
The skulls were sampled between 1936 and 2015, and we make the
assumption that skull size and shape did not change through
this period.
There was partial overlap between the polar bear samples used

for the genomic, stable isotope and geometric morphometric anal-
yses (tables S1, S4, and S5). One sample overlapped in the genomic
and stable isotope analyses, 6 samples overlapped between the
genomic and geometric morphometric analyses, and 26 samples
overlapped between the stable isotope and geometric morphometric
analyses.
To understand Holocene climatic and environmental changes

around Greenland and how they may have influenced the degree
of suitable habitat for polar bears, we compiled polar bear occur-
rence records from the early 20th century to the end of 2019 and
used ecological niche modeling (ENM) to estimate the area of suit-
able habitat over the past 11,000 years. Detailed information of all
analyses is provided in the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Methods
Supplementary Text
Figs. S1 to S13
Legends for tables S1 to S6
Legend for movie S1
Legend for data S1
References

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S6
Movie S1
Data S1
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