ARCTIC
VOL. 63, NO. 2 (JUNE 2010) P. 206—-212

Changes in Land Distribution of Polar Bears in Western Hudson Bay
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ABSTRACT. We examined the capture locations of polar bears (Ursus maritimus) on land in western Hudson Bay over 19
years (1986—2004) to assess temporal trends in the distribution of the population. We found that the distribution of bears
of most age and sex groups shifted northward and eastward over the study. The causes of these shifts may be related to an
altered population structure, changing environmental conditions, or a combination of both factors. Segregation by age, sex,
and reproductive status persisted over time as found in earlier studies, but more females with young were within 5 km of the
coast after 2001 than before. The distribution changes were correlated with the timing of sea-ice breakup, which now occurs,
on average, about three weeks earlier than it did 30 years ago. While environmental conditions may have influenced polar bear
distribution, the reduction in the number of large adult males along the coast may also have affected distribution patterns,
allowing adult females to remain closer to the coast in more recent times.
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RESUME. Nous avons examiné les lieux de capture d’ours polaires (Ursus maritimus) sur la terre ferme dans Pouest de la baie
d’Hudson pendant 19 ans (de 1986 a 2004) afin d’évaluer les tendances temporelles caractérisant la répartition de la population.
Nous avons remarqué que la répartition des ours de la plupart des groupes d’age et de sexe se déplacait vers le nord et vers I’est
au cours de I’étude. Cela pourrait étre attribuable a une structure de population modifié¢e, a ’évolution des conditions environ-
nementales ou a un ensemble des deux facteurs. La ségrégation en fonction de I’age, du sexe et de 1’état reproducteur a persisté
avec le temps, tel que dénoté dans le cadre d’études antérieures, mais plus de femelles avec des jeunes se trouvaient en-dedans
de cinq kilometres de la cote apreés 2001 qu’avant. Les changements en matiére de répartition ont été corrélés au moment de la
débacle de la glace de mer qui maintenant se produit, en moyenne, environ trois semaines plus tot qu’il y a 30 ans. Bien que les
conditions environnementales puissent avoir exercé une influence sur la répartition des ours polaires, la réduction du nombre
de gros males adultes le long de la cote pourrait également avoir modifié les tendances caractérisant la répartition, permettant
ainsi aux femelles adultes de rester plus pres de la cote ces derniéres années.

Mots clés : ours polaire, Ursus maritimus, ouest de la baie d’Hudson, répartition, structure de population, débacle de la glace
de mer, tendances temporelles

Traduit pour la revue Arctic par Nicole Giguére.

INTRODUCTION

Climate is a primary factor that influences the distri-
bution of animals and the geographic range of species
(Andrewartha and Birch, 1982). Climate change has been
occurring at an accelerated rate and is predicted to be ampli-
fied at high latitudes (Manabe et al., 1992; Comiso, 2003).
If temperatures continue to increase as predicted (IPCC,
2007; Walsh, 2008), the range of some Arctic and alpine
species is expected to shift northward or to higher eleva-
tions as the animals seek suitable habitats or environmental
conditions. Such distribution shifts have been documented
for several species (Parmesan et al., 1999; Thomas and Len-
non, 1999; Root et al., 2003; Parmesan, 2006). Arctic sea

ice is particularly sensitive to change as a result of climate
warming. Reductions in extent, thickness, and duration of
ice cover are well documented (Maslanik et al., 1996; Par-
kinson, 2000; Tucker et al., 2001; Rigor and Wallace, 2004;
Serreze et al., 2007), and these declines are predicted to
continue (Holland et al., 2006; Stroeve et al., 2007). The
changes in sea ice have affected Arctic marine mammals
through loss of habitat (Laidre et al., 2008), declining health
and condition (Burek et al., 2008), altered prey availabil-
ity and foraging behaviour (Bluhm and Gradinger, 2008),
and increased human activities (Hovelsrud et al., 2008).
The polar bear (Ursus maritimus) is an ice-dependent spe-
cies that has been identified as sensitive to climate warm-
ing and alterations to sea ice (Stirling and Derocher, 1993;
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Derocher et al., 2004; Stirling and Parkinson, 2006; Laidre
et al., 2008; Wiig et al., 2008).

The range of the Western Hudson Bay (WH) polar
bear population is near the southern limit for the species.
Although the primary habitat of polar bears is sea ice, dur-
ing the summer and autumn, when Hudson Bay is ice-free,
the WH population shows a high degree of fidelity to terres-
trial summering areas (Stirling et al., 1977, 2004; Derocher
and Stirling, 1990a; Ramsay and Stirling, 1990). Sea-ice
breakup along the Manitoba coast occurs from mid-June
to mid-July as northwest winds and counter-clockwise cur-
rents push the melting ice southward until the last ice melts
along the Ontario coast about three weeks later (Wang et
al., 1994). The bears come ashore along the southwest coast
of the Bay. The ice begins to re-form along the northwest-
ern coast of Hudson Bay to Cape Churchill in late October
to mid November (Markham, 1986; Wang et al., 1994). The
bears return to the sea ice to resume hunting seals, except
for pregnant females, which remain on land in birthing dens
to rear cubs until spring (Watts and Hansen, 1987).

While ashore, bears segregate by age, sex, and reproduc-
tive status (Derocher and Stirling, 1990a). Pregnant females
and females with young show a high degree of fidelity to
an inland denning area, whereas adult males remain near
the coast (Latour, 1981; Derocher and Stirling, 1990b). Sub-
adults are broadly distributed throughout the area (Latour,
1981; Derocher and Stirling, 1990b). The most likely
hypothesis to explain this segregation is female avoidance
of adult males, which are more abundant along the coast
(Taylor et al., 1985; Derocher and Stirling, 1990a). Summer
fidelity of females to the denning area was also suggested
to familiarize cubs with suitable denning areas, whereas
the predominance of adult males along the coast was attrib-
uted to energy conservation (Derocher and Stirling, 1990a).
During their four to five months on land, the bears eat lit-
tle, reduce their activity, and rely on their fat reserves for
energy (Knudsen, 1978; Derocher and Stirling, 1990b; Hob-
son and Stirling, 1997).

In western Hudson Bay, sea ice has been breaking up ear-
lier over three decades (1971-2001) because of significant
increases in temperature (particularly in spring) (Skinner et
al., 1998; Stirling et al., 2004; Gagnon and Gough, 2005a;
Stirling and Parkinson, 2006). The progressively earlier
breakup has resulted in declines in bear condition, reproduc-
tive success, survival of younger bears, and population size
(Stirling and Derocher, 1993; Derocher and Stirling, 1995;
Stirling and Lunn, 1997; Stirling et al., 1999; Stirling and
Parkinson, 2006; Regehr et al., 2007). During field studies,
female bears with young were seen closer to the coast in
recent years (2002—04) (N.J. Lunn, unpubl. data).

The WH population is the most studied polar bear popu-
lation in the world, providing an opportunity to examine the
temporal dynamics of distribution in relation to a changing
climate. In this study, we examine the distribution of polar
bears of all age, sex, and reproductive groups during the
ice-free period over 19 years (1986—2004) and the relation
of changes in distribution to the timing of sea-ice breakup.
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FIG. 1. The study area in western Hudson Bay, northern Manitoba, showing
the distribution of polar bear captures from 1986 to 2004.

MATERIALS AND METHODS

From 1986 to 2004, polar bears were captured non-selec-
tively from a helicopter in northeastern Manitoba between
August and October by the Canadian Wildlife Service (Stir-
ling et al., 1989). During the study period, capture effort
was widely and completely distributed over the study area
between 5849’ N and 57°00’ N, and inland to 94°10' W
(Fig. 1). We captured all observed polar bears regardless of
age, sex, or reproductive status, except the few individu-
als that entered water and could not be safely sedated. We
recorded the location, sex, and reproductive status of the
bears. Age of bears was determined by cementum annuli
counts from a premolar extracted at capture (Calvert and
Ramsay, 1998). Each individual was uniquely marked with
a numbered tag in each ear and a tattoo applied to the inside
of the upper lip. Where applicable, the Environment Canada
Prairie and Northern Region Animal Care Committee and
the University of Alberta BioSciences Animal Policy and
Welfare Committee approved handling protocols for free-
ranging polar bears, which were consistent with the Cana-
dian Council on Animal Care guidelines.

For bears captured more than once in a given year,
we used only the first capture location in analyses. Bears
captured near Churchill (between 58°47' N and 58°35' N,
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94°12" W and 93°48" W) were excluded from analyses
because their distribution may have been influenced by
humans (Towns et al., 2009). We analyzed locations of
bears captured from 23 August to 7 October because at
that time bears have reached their preferred habitat, are
relatively inactive, and show limited movements (Derocher
and Stirling, 1990a; Lunn et al., 2004). Following Derocher
and Stirling (1990a), we categorized polar bears into five
groups based on age and sex: adult males (> 5 years of age),
solitary adult females (> 5 years of age), family groups
(adult females with dependent cubs), independent subadult
females (1—4 years of age), and independent subadult males
(1—4 years of age).

The Manitoba coastline provided the baseline for quanti-
fication of the east-west distribution of polar bears (Fig. 1).
We constructed a baseline at the southern edge of the study
area (57°00' N) as a reference for the north-south distribu-
tion. The shortest distance from the capture location of a
bear to the coast provided the east-west distribution, and
that to the southern baseline, the north-south distribution.
These distances were determined using ArcGIS 9.0 (Envi-
ronmental Systems Research Institute (ESRI), Redlands,
California, USA).

To examine the distribution of the population quantita-
tively, we constructed 95% and 50% areas of use from fixed
kernel estimates for 1986—96 and 1997-2004. Kernel esti-
mates were constructed using default parameters from the
Animal Movements extension program for ArcView GIS
3.2 (Hooge et al., 1999). For each of the two time periods,
we calculated a centroid of the 95% and 50% kernels; then
we calculated the difference in distances between the cen-
troids using ArcGIS 9.3. We selected these two periods
because visual inspection of the data suggested that a shift
in distribution occurred in 1996-97.

Following Stirling et al. (1999), breakup dates for 1986—
2004 were based on ice concentration values within the
population management boundaries of the WH and South-
ern Hudson Bay polar bear populations. We calculated
dates of sea-ice breakup using weekly regional ice charts
for Hudson Bay (Canadian Ice Service, http://ice-glaces.
ec.gc.ca/WsvPageDsp.cfm?ID=11715&Lang=eng&QryRsr
t=true). We defined sea-ice breakup as the date by which
total ice cover was 50% during spring melt (Etkin, 1991).

We tested distance measures for each age and sex group
for normality and homogeneity of variance using Kol-
mogorov-Smirnov and Levene’s tests (Zar, 1999). We used
non-parametric tests when data could not be normalized
with standard transformations (Zar, 1999). We used Spear-
man rank correlations to examine relationships between
polar bear distance from the coast and southern baseline
against 1) time and 2) sea-ice breakup. Because our sub-
jective impression was that more females with offspring
were near the coast in 2002—04 than in 1986—2001, a one-
tailed Fisher’s exact test compared the proportion of family
groups within 5 km of the coast for the two periods. Linear
regression was used to estimate how much the distribution
changed for the five polar bear groups using 1986 locations

relative to 2004 locations. We examined the segregation
of each polar bear group using a Kruskal-Wallis test and
Mann-Whitney post-hoc test.

All tests were considered significant at p < 0.05 except
when a Bonferroni adjustment was used for age and sex
segregation analysis, in which case pairwise comparisons
were considered significant at p < 0.005. Medians + 1 SE
are presented unless otherwise stated. Statistical analyses
were conducted using SPSS 13.0 software (SPSS Inc., Chi-
cago, Illinois).

RESULTS

For 1986 to 2004, we had 2304 locations of 1213 bears
captured between August and October (adult males, n=771;
family groups, n = 580; solitary adult females, n = 458; sub-
adult females, n = 262; subadult males, n = 233). Bears were
caught at 0—82 km (median: 23 km) from the coast. Adult
males, solitary adult females, family groups, and subadult
males were found closer to the coast over time (Spearman
rank correlations: r, = -0.26, p < 0.001; r, =-0.17, p < 0.001;

. =-0.13, p=0.001; r,=-0.16, p = 0.014, respectively), indi-

cating an eastward shift in distribution. Subadult females
did not show any trend (r, = 0.05, p = 0.46). From 1986 to
2004, the eastward shift averaged 13 km for adult males,
14 km for solitary adult females, 10 km for family groups,
and 7 km for subadult males. Inspection of the data sug-
gested that 1989 was a possible outlier, although reana-
lyzing the data without that year did not alter results. In
2002-04, more family groups (35.1%, 27/77) were 5 km or
less from the coast than in 1986—2001 (11.1%, 50/451) (one-
tailed, Fisher’s exact test: p <0.0001).

Bear locations ranged from 10 to 200 km (median:
119 km) from the southern baseline. Using Spearman rank
correlations, we found a northward shift over time for adult
males (r, = 0.10, p = 0.006) and family groups (r, = 0.11,
p = 0.007), but no north/south trend over time was noted
for solitary adult females (p = 0.061), subadult females (p =
0.058), or subadult males (p = 0.12). From 1986 to 2004, on
average, adult males shifted 18 km north and family groups
20 km north.

The 95% fixed kernel area estimate of locations in 1986—
96 encompassed 13594 km?, while the 50% core area esti-
mate encompassed 2055 km? (Fig. 2). During 1997-2004,
the 95% (12 167 km?) and 50% (1113 km?) kernel estimates
reflect 10% and 46% decreases in areas of use. The dif-
ference in distance between centroids for 1986—96 and
1997-2004 was 5 km for the 95% fixed kernel estimate
and 32 km for the 50% fixed kernel estimate (Fig. 2). The
north and eastward shift in the population is evident largely
in the 50% core area, which is concentrated in the NE in
1997-2004.

Overall, polar bear groups were segregated from one
another in the east-west (Mann-Whitney U post hoc test:
p < 0.001) and north-south directions (Mann-Whitney U
post hoc test: p < 0.019), with two exceptions: the north-
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FIG. 2. Centroids of the 95% (light grey) and 50% (dark grey) fixed kernel distribution of the western Hudson Bay polar bear population for A) 1986—96 and

B) 1997-2004.

south distances of adult males did not differ from those of
either subadult males or subadult females.

Distance from the coast was positively correlated with
date of sea-ice breakup for adult males (Spearman-rank
correlations: r, = 0.16, p < 0.001), solitary adult females
(r;=10.22, p < 0.001), subadult females (r, = 0.13, p = 0.034),
and subadult males (r, = 0.18, p = 0.007), but not for fam-
ily groups (r; = 0.03, p = 0.52). In contrast, the distances
from the southern baseline showed no correlation with date
of breakup (Spearman-rank correlations: adult males: r, =
-0.03, p = 0.38; solitary adult females: r, = -0.02, p = 0.70;
family groups: r, = -0.03 p = 0.51, subadult females: r, =
-0.07, p = 0.24; subadult males: r, = 0.03, p = 0.62).

DISCUSSION

The distribution of polar bears of the WH popula-
tion changed over the study period. Although differences
between age and sex groups were found, a general shift
eastward and northward was evident. Both the Hudson Bay
ecosystem and the WH polar bear population have under-
gone significant change over the last several decades (Skin-
ner et al., 1998; Stirling et al., 1999, 2004; Stirling and
Parkinson, 2006; Regehr et al., 2007). In particular, sea-ice
breakup is about three weeks earlier than 30 years ago, the

population has decreased in size by about 22% since 1987,
and the proportion of adult males in the population has
declined (Stirling and Parkinson, 2006; Regehr et al., 2007).
We hypothesize that both altered population structure and
changes in the date of breakup as a result of climate warm-
ing play a role in explaining the distributional shifts that we
observed. However, their respective effects are not mutu-
ally exclusive, making it difficult to determine the leading
factor in the distributional shift.

As in earlier findings (Derocher and Stirling, 1990a),
spatial segregation of age and sex groups was retained over
time. Although the proportion of adult male bears is lower,
they are still more common in the coastal areas, while soli-
tary adult females still prefer the inland area. The east-
ward shift, however, indicates that males are not traveling
as far inland or there are fewer males inland. Solitary
adult females did not show a statistically significant north-
ward shift over time; however, a northward shift in den
sites occurred between the 1970s and the 1980s and may
have been related to sea-ice conditions (Ramsay and Stir-
ling, 1990). Similarly, a landward and eastward distribution
shift due to changes in sea ice (e.g., reduced availability and
quality of ice) was noted in the denning areas of polar bears
in the northern Alaskan region (Fischbach et al., 2007).

Studies of other ursids have documented age and sex
segregation. Avoidance of adult males may affect the
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distribution, movement, and habitat use of subordinate con-
specifics (Wielgus and Bunnell, 1994; McLoughlin et al.,
2002; Gende and Quinn, 2004). Changes in the abundance
and structure of the population may have influenced the shift
in polar bear distribution over time. From 1987 to 2004, the
WH population declined from 1194 (95% CI = 1020—1368)
to 935 bears (95% CI = 794—1076) (Regehr et al., 2007).
The majority of polar bears harvested from this population
are young males, skewing the population towards females in
a 2:1 ratio (Derocher et al., 1997). The high harvest of young
males may have reduced recruitment into the adult male
population and thus resulted in fewer adult males along the
coast. A reduction in the number of adult males may lessen
their role in the distribution of other age and sex groups,
allowing subordinate animals to occupy the coastal areas, as
demonstrated by the increase in the proportion of females
with young near the coast in recent years. The distributional
shift is small relative to the distances over which polar bears
can travel (Amstrup et al., 2000; Mauritzen et al., 2001), but
it suggests a behavioural change.

Shifts in polar bear distribution were correlated with
sea-ice breakup. While the timing of sea-ice breakup was
correlated with the distance from the coast of all age and
sex groups of polar bears except family groups, the tim-
ing of breakup was not related to the northward shift. Bears
need to accumulate sufficient fat reserves while on the sea
ice to sustain them through the ice-free period. Earlier ice
breakup means less time to hunt. As a result, bears come
ashore in poorer condition (Stirling et al., 1999). Remain-
ing closer to the coast reduces the energetic cost of moving
inland and may allow bears to conserve fat stores (Derocher
and Stirling, 1990a). Even though sea-ice breakup was not
related to the distributional shift of family groups, breakup
may indirectly affect the distribution of family groups on
land through effects on body condition. Milk is energeti-
cally costly to produce (Arnould and Ramsay, 1994), and the
declining condition of mothers with young may influence
the energy mothers allocate to movement while on land.
Changes in distribution relative to sea ice have also been
documented in other polar bear populations. During the fall
open-water season in the southern Beaufort Sea, there are
more polar bears coming ashore in years when the sea ice
retreats farthest from the shore (Schliebe et al., 2008).

Determining the relative roles of environmental factors
(e.g., sea-ice breakup) and population structure on the dis-
tributional shifts of the WH polar bear population was diffi-
cult because both factors changed simultaneously. We know
that climate change, through warming temperatures, has
adversely affected the population, its habitat, and its prey.
The distribution shift has management implications since
nutritionally stressed polar bears are moving northward
towards the town of Churchill, resulting in a rising number
of human-bear interactions (Towns et al., 2009). The WH
population is at or near the southernmost range of polar
bear populations and thus will likely show the first impacts
of climate change. Climate projections predict that warming
will continue, with significant loss of sea-ice cover (Gough

and Wolfe, 2001; Comiso, 2003; Gagnon and Gough, 2005b;
Holland et al., 2006; Walsh, 2008). Continued monitoring of
this population is therefore essential.

ACKNOWLEDGEMENTS

Support was provided by the ArcticNet, Canadian Circumpo-
lar Institute, Canadian Wildlife Federation, Canadian Wildlife
Service, Churchill Northern Studies Centre, Manitoba Conser-
vation Sustainable Development Innovations Fund, Natural Sci-
ences and Engineering Research Council, Northern Scientific
Training Program of Indian and Northern Affairs Canada, Parks
Canada Agency, Nunavut Wildlife Research Trust Fund, Polar
Bears International, Polar Continental Shelf Project, World
Wildlife Fund (Canada and International), and the University
of Alberta. We thank Wendy Calvert, Environment Canada, for
assistance with the polar bear database and John lacozza, Univer-
sity of Manitoba, for providing sea-ice breakup dates.

REFERENCES

Amstrup, S.C., Durner, G.M,, Stirling, I., Lunn, N.J., and Messier,
F. 2000. Movements and distribution of polar bears in the
Beaufort Sea. Canadian Journal of Zoology 78:948—966.

Andrewartha, H.G., and Birch, L.C. 1982. Seclections from
the distribution and abundance of animals. Chicago: The
University of Chicago Press.

Arnould, J.PY., and Ramsay, M.A. 1994. Milk production and
milk consumption in polar bears during the ice-free period
in western Hudson Bay. Canadian Journal of Zoology 72:
1365-1370.

Bluhm, B.A., and Gradinger, R. 2008. Regional variability in
food availability for Arctic marine mammals. Ecological
Applications 18 Supplement:S77—S96.

Burek, K.A., Gulland, F.M.D., and O’Hara, T.M. 2008. Effects of
climate change on Arctic marine mammal health. Ecological
Applications 18 Supplement:S126—S134.

Calvert, W., and Ramsay, M.A. 1998. Evaluation of age
determination of polar bears by counts of cementum growth
layer groups. Ursus 10:449—-453.

Comiso, J.C. 2003. Warming trends in the Arctic from clear sky
satellite observations. Journal of Climate 16:3498—3510.

Derocher, A.E., and Stirling, I. 1990a. Distribution of polar bears
(Ursus maritimus) during the ice-free period in western Hudson
Bay. Canadian Journal of Zoology 68:1395—1403.

. 1990b. Observations of aggregating behaviour in adult

male polar bears (Ursus maritimus). Canadian Journal of

Zoology 68:1390—1394.

. 1995. Temporal variation in reproduction and body mass
of polar bears in western Hudson Bay. Canadian Journal of
Zoology 73:1657-1665.

Derocher, A.E., Stirling, 1., and Calvert, W. 1997. Male-biased
harvesting of polar bears in western Hudson Bay. Journal of
Wildlife Management 61:1075—1082.




Derocher, A.E., Lunn, N.J,, and Stirling, 1. 2004. Polar bears
in a warming climate. Integrative and Comparative Biology
44:163-176.

Etkin, D.A. 1991. Breakup in Hudson Bay: Its sensitivity to
air temperatures and implications for climate warming.
Climatological Bulletin 25:21 —34.

Fischbach, A.S., Amstrup, S.C., and Douglas, D.C.2007. Landward
and eastward shift of Alaskan polar bear denning associated
with recent sea ice changes. Polar Biology 30:1395—1405.

Gagnon, A.S., and Gough, W.A. 2005a. Trends in the dates of
ice freeze-up and breakup over Hudson Bay, Canada. Arctic
58(4):370—382.

. 2005b. Climate change scenarios for the Hudson Bay
region: An intermodel comparison. Climate Change 69:
269-297.

Gende, S.M., and Quinn, T.P. 2004. The relative importance of
prey density and social dominance in determining energy
intake by bears feeding on Pacific salmon. Canadian Journal
of Zoology 82:75-85.

Gough, W.A., and Wolfe, E. 2001. Climate change scenarios for
Hudson Bay, Canada, from general circulation models. Arctic
54(2):142—148.

Hobson, K.A., and Stirling, I. 1997. Low variation in blood 8"*C
among Hudson Bay polar bears: Implications for metabolism
and tracing terrestrial foraging. Marine Mammal Science
13:359-367, doi:10.1111/j.1748-7692.1997.tb00645.x.

Holland, M.M., Bitz, C.M., and Tremblay, B. 2006. Future abrupt
reductions in the summer Arctic sea ice. Geophysical Research
Letters 33, 1L.23503, doi:10.1029/2006GL028024.

Hooge, P.N., Eichenlaub, W., and Solomon, E. 1999. The animal
movement program. Anchorage: Alaska Biological Science
Center, USGS.

Hovelsrud, G.K., McKenna, M., and Huntington, H.P. 2008.
Marine mammal harvests and other interactions with humans.
Ecological Applications 18 Supplement:S135—S147.

IPCC (Intergovernmental Panel on Climate Change). 2007.
Climate change 2007: The physical science basis. Working
Group I Contribution to the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change. Cambridge:
Cambridge University Press. 1009 p.

Knudsen, B. 1978. Time budgets of polar bears (Ursus maritimus)
on North Twin Island, James Bay, during summer. Canadian
Journal of Zoology 56:1627—1628.

Laidre, K.L., Stirling, I., Lowry, L.F., Wiig, 0., Heide-Jorgensen,
M.P., and Ferguson, S.H. 2008. Quantifying the sensitivity of
Arctic marine mammals to climate-induced habitat change.
Ecological Applications 18 Supplement:S97—S125.

Latour, P.B. 1981. Spatial relationships and behavior of polar bears
(Ursus maritimus Phipps) concentrated on land during the
ice-free season of Hudson Bay. Canadian Journal of Zoology
59:1763—1774.

Lunn, N.J., Stirling, I., Andriashek, D., and Richardson, E. 2004.
Selection of maternity dens by female polar bears in western
Hudson Bay, Canada, and the effects of human disturbance.
Polar Biology 27:350—-356.

Manabe, S., Spelman, M.J., and Stouffer, R.J. 1992. Transient
responses of a coupled ocean-atmosphere model to gradual

CHANGES IN WHB POLAR BEAR DISTRIBUTION - 211

changes of atmospheric CO,, Part II: Seasonal response.
Journal of Climate 5:105—-126.

Markham, W.E. 1986. The ice cover. In: Martini, I.P., ed. Canadian
inland seas. Elsevier Oceanography Series 44. Amsterdam:
Elsevier. 101—116.

Maslanik, J.A., Serreze, M.C., and Barry, R.G. 1996. Recent
decreases in Arctic summer ice cover and linkages to
atmospheric circulation anomalies. Geophysical Research
Letters 23:1677—-1680.

Mauritzen, M., Derocher, A.E., and Wiig, @. 2001. Space-use
strategies of female polar bears in a dynamic sea ice habitat.
Canadian Journal of Zoology 79:1704—1713.

McLoughlin, P.D., Case, R.L., Gau, R.J., Cluff, H.D., Mulders, R.,
and Messier, F. 2002. Hierarchical habitat selection by barren-
ground grizzly bears in the central Canadian Arctic. Oecologia
132:102—-108.

Parkinson, C.L. 2000. Variability of Arctic sea ice: The view from
space, an 18-year record. Arctic 53(4):341—-358.

Parmesan, C. 2006. Ecological and evolutionary responses
to recent climate change. The Annual Review of Ecology,
Evolution, and Systematics 37:637—669.

Parmesan, C., Ryrholm, N., Stefanescu, C., Hill, J.K., Thomas,
C.D., Descimon, H., Huntley, B., et al. 1999. Poleward shifts
in geographical ranges of butterfly species associated with
regional warming. Nature 399:579—583.

Ramsay, M.A., and Stirling, 1. 1990. Fidelity of female polar bears
to winter den sites. Journal of Mammalogy 71:233—-236.

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

Rigor, I.G., and Wallace, J.M. 2004. Variations in the age of Arctic
sea-ice and summer sea-ice extent. Geophysical Research
Letters 31, L09401, doi:10.1029/2004GL019492.

Root, T.L., Price, J.T., Hall, K.R., Schneider, S.H., Rosenzweig,
C., and Pounds, J.A. 2003. Fingerprints of global warming on
wild animals and plants. Nature 421:57—60.

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

Serreze, M.C., Holland, M.M., and Stroeve, J. 2007. Perspectives
on the Arctic’s shrinking sea-ice cover. Science 315:
1533-1536.

Skinner, W.R., Jefferies, R.L., Carleton, T.J., Rockwell, R.F., and
Abraham, K.F. 1998. Prediction of reproductive success and
failure in lesser snow geese based on early season climatic
variables. Global Change Biology 4:3—16.

Stirling, 1., and Derocher, A.E. 1993. Possible impacts of climatic
warming on polar bears. Arctic 46(3):240—245.

Stirling, I., and Lunn, N.J. 1997. Environmental fluctuations
in Arctic marine ecosystems as reflected by variability in
reproduction of polar bears and ringed seals. In: Woodin,
S.J., and Marquiss, M., eds. Ecology of Arctic environments.
Oxford: Blackwell Science. 167—181.



212 « L. TOWNS et al.

Stirling, 1., and Parkinson, C.L. 2006. Possible effects of climate
warming on selected populations of polar bears (Ursus
maritimus) in the Canadian Arctic. Arctic 59(3):261-275.

Stirling, 1., Jonkel, C., Smith, P., Robertson, R., and Cross, D.
1977. The ecology of the polar bear (Ursus maritimus) along
the western coast of Hudson Bay. Canadian Wildlife Service
Occasional Paper 33.

Stirling, 1., Spencer, C., and Andriashek, D. 1989. Immobilization
of polar bears (Ursus maritimus) with Telazol in the Canadian
Arctic. Journal of Wildlife Diseases 25:159—168.

Stirling, I., Lunn, N.J., and lacozza, J. 1999. Long-term trends in
the population ecology of polar bears in western Hudson Bay
in relation to climatic change. Arctic 52(3):294—-306.

Stirling, I., Lunn, N.J., lacozza, J., Elliott, C., and Obbard, M. 2004.
Polar bear distribution and abundance on the southwestern
Hudson Bay coast during open water season, in relation to
population trends and annual ice patterns. Arctic 57(1):15-26.

Stroeve, J., Holland, M.M., Meier, W., Scambos, T., and Serreze, M.
2007. Arctic sea ice decline: Faster than forecast. Geophysical
Research Letters 34, L09501, doi:10.1029/2007GL029703.

Taylor, M., Larsen, T., and Schweinsburg, R. 1985. Observations
of intraspecific aggression and cannibalism in polar bears
(Ursus maritimus). Arctic 38(4):303-3009.

Thomas, C.D., and Lennon, J.J. 1999. Birds extend their ranges
northwards. Nature 399:213.

Towns, L., Derocher, A.E., Stirling, 1., Lunn, N.J., and Hedman,
D. 2009. Spatial and temporal patterns of problem polar bears
in Churchill, Manitoba. Polar Biology 32(10):1529—-1537, doi:
10.1007/s00300-009-0653-y.

Tucker, W.B., Weatherly, JW.I., Eppler, D.T., Farmer, D., and
Bentley, D.L. 2001. Evidence for the rapid thinning of sea ice in
the western Arctic Ocean at the end of the 1980s. Geophysical
Research Letters 28:2851 —2854.

Wang, J., Mysak, L.A., and Ingram, R.G. 1994. A numerical
simulation of sea ice cover in Hudson Bay. Journal of Physical
Oceanography 24:2515-2533.

Watts, P.D., and Hansen, S.E. 1987. Cyclic starvation as a
reproductive strategy in the polar bear. Symposium of the
Zoological Society of London 57:305-318.

Wielgus, R.B., and Bunnell, F.L. 1994. Sexual segregation and
female grizzly bear avoidance of males. Journal of Wildlife
Management 58:405—413.

Walsh, J.LE. 2008. Climate of the Arctic marine environment.
Ecological Applications 18 Supplement:S3 —S22.

Wiig, @., Aars, J., and Born, E-W. 2008. Effects of climate change
on polar bears. Science Progress 91:151—173.

Zar, J. 1999. Biostatistical analysis, 4th ed. Upper Saddle River,
New Jersey: Prentice-Hall Inc.





