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ABSTRACT Some of the most pronounced ecological responses to climatic warming are expected to occur in polar marine regions, where
temperature increases have been the greatest and sea ice provides a sensitive mechanism by which climatic conditions affect sympagic (i.e., with
ice) species. Population-level effects of climatic change, however, remain difficult to quantify. We used a flexible extension of Cormack—Jolly-
Seber capture-recapture models to estimate population size and survival for polar bears (Ursus maritimus), one of the most ice-dependent of
Arctic marine mammals. We analyzed data for polar bears captured from 1984 to 2004 along the western coast of Hudson Bay and in the
community of Churchill, Manitoba, Canada. The Western Hudson Bay polar bear population declined from 1,194 (95% CI=1,020-1,368) in
1987 to 935 (95% CI =794-1,076) in 2004. Total apparent survival of prime-adult polar bears (5-19 yr) was stable for females (0.93; 95% CI
=0.91-0.94) and males (0.90; 95% CI = 0.88-0.91). Survival of juvenile, subadult, and senescent-adult polar bears was correlated with spring
sea ice breakup date, which was variable among years and occurred approximately 3 weeks earlier in 2004 than in 1984. We propose that this
correlation provides evidence for a causal association between earlier sea ice breakup (due to climatic warming) and decreased polar bear survival.
It may also explain why Churchill, like other communities along the western coast of Hudson Bay, has experienced an increase in human~polar
bear interactions in recent years. Earlier sea ice breakup may have resulted in a larger number of nutritionally stressed polar bears, which are
encroaching on human habitations in search of supplemental food. Because western Hudson Bay is near the southern limit of the species’ range,
our findings may foreshadow the demographic responses and management challenges that more northerly polar bear populations will experience

if climatic warming in the Arctic continues as projected. (JOURNAL OF WILDLIFE MANAGEMENT 71(8):2673-2683; 2007)
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Recent changes in climatic conditions have been associated
with changes in physiology, phenology, and distribution for
a wide range of species (Stenseth et al. 2002, Walther et al.
2002, Parmesan and Yohe 2003). The effects of climatic
change on population size and trend, however, have been
difficult to quantify because the robust estimation of
demographic parameters requires longitudinal individual-
based data (Williams et al. 2002, Amstrup et al. 20054),
which are often expensive and difficult to collect. We used
long-term data for polar bears (Ursus maritimus) collected
under 2 sampling protocols to simultaneously evaluate
survival in relation to climatic conditions and derive
estimates of population size.

Polar bears depend upon sea ice for survival; it is their only
predictable substrate for foraging and is also critical to
movement and some aspects of reproduction (Amstrup
2003). Polar bears are most common on annual sea ice that
occurs over shallow coastal or interisland waters, where
biological productivity is high (Amstrup and DeMaster
1988, Stirling and Lunn 1997, Durner et al. 2004). In many
parts of the Arctic, warming temperatures and altered
atmospheric circulation have resulted in significant changes
to the extent, duration, and character of annual sea ice
(Vinnikov et al. 1999, Lindsay and Zhang 2005, Stroeve et
al. 2005). These changes have raised concerns regarding the
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long-term conservation of polar bears (Stirling 2002,
Derocher et al. 2004, Aars et al. 2006, Regehr et al. 2006).
The Western Hudson Bay (WH) polar bear population
occurs near the southern limit of the species’ range and is
relatively discrete from adjacent populations (Derocher and
Stirling 1990, Stirling et al. 2004). In winter and spring, the
WH population disperses over the ice-covered bay to hunt
seals (Phoca hispida, Erignathus barbatus, and P. vitulina;
Iverson et al. 2006). In summer and autumn when Hudson
Bay is ice-free, the WH population is confined to a restricted
area of the western coast, where polar bears are cut off from
their seal prey and must rely on fat reserves for approximately
4 months until freeze-up. Pregnant females are food-
deprived for 8 months because they must remain on land
in maternal dens, give birth, and nurse until their cubs are
large enough to venture onto the sea ice in the early spring
(Ramsay and Stirling 1986). In the past 50 years, spring air
temperatures in western Hudson Bay have increased by 2-3°
C (Skinner et al. 1998, Gagnon and Gough 2005).
Consequently, the sea ice now breaks up approximately 3
weeks earlier than it did 30 years ago (Stirling and Parkinson
2006). This forces the WH population off the sea ice earlier,
shortening the spring foraging period when seals are most
available and reducing polar bears’ ability to accumulate the
fat reserves needed to survive while stranded onshore.
Previous studies have shown a correlation between rising
temperatures, earlier sea ice breakup, and declining recruit-
ment and body condition for polar bears in western Hudson
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Figure 1. Western Hudson Bay, Canada, showing the management area for
the Western Hudson Bay polar bear population and the study area where
the Canadian Wildlife Service captured polar bears during the ice-free
season, 1984-2004.

Bay (Derocher and Stirling 1996, Stirling et al. 1999,
Stirling and Parkinson 2006). Based on forecasts of
continued warming and progressively earlier breakup
(Zhang and Walsh 2006), Stirling and Parkinson (2006)
predicted that conditions will become increasingly difficult
for the WH population. Conversely, in recent years an
increasing number of polar bears have been sighted around
Churchill, Manitoba, Canada, and around Inuit commun-
ities along the Nunavut coast of western Hudson Bay. Some
have interpreted the increased sightings as evidence that the
WH population is growing, leading to the implementation
in 2005 of a 19% increase in the annual harvest quota
(Stirling and Parkinson 2006).

We hypothesized that sea ice breakup influences polar bear
survival because of its direct effect on the time available for
foraging, and that survival rates would reflect both interannual
variation in breakup date and the long-term trend toward
earlier breakup. We further hypothesized that declines in
survival contributed to a decline in population size; increased
sightings of polar bears do not reflect a larger population but
rather are the result of nutritionally stressed polar bears
encroaching upon human settlements in search of food.

STUDY AREA

Historically, Hudson Bay has been covered with annual ice
for approximately 8 months of the year and has been ice-free
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Figure 2. Number of individual polar bears captured in western Hudson
Bay, Canada, by the Canadian Wildlife Service (CWS) and the Manitoba
Department of Conservation (MDOC), 1984-2004. Bar heights are
stacked. For example, in 1994 185 individual polar bears were captured:
110 by the CWS, 75 by the MDOC.

for 4 months (Jul-Nov; Gough et al. 2004). The Canadian
Wildlife Service (CWS) captured free-ranging polar bears
during the ice-free period, mainly in a 12,000-km? study
area between the community of Churchill and the Nelson
River (Fig. 1). The coastline of the study area was
characterized by raised beaches surrounded by mud flats,
sedge and grass meadows, and willow (Sa/ix spp.); the
interior was characterized by wet tundra with stands of scrub
spruce (Picea spp.) along lake edges, riparian corridors, and
areas of discontinuous permafrost (Dredge and Nixon
1992).

During spring breakup, counterclockwise marine currents
in Hudson Bay carry the last large ice floes along the
Manitoba and Ontario coastline (Saucier et al. 2004),
resulting in a high degree of fidelity of the WH population
to the CWS study area (Derocher and Stirling 1990, Lunn
et al. 2004, Stirling et al. 2004). Although the management
boundary for the WH population extended approximately
500 km to the north of Churchill, polar bears were seldom
seen along that section of the coast until freeze-up begins in
late autumn (Derocher and Stirling 1990; N. J. Lunn and 1.
Stirling, CWS, unpublished data). While on land, polar
bears were greatly concentrated relative to their winter
distribution on the sea ice and were easily sighted against a
snow-free background (Lunn et al. 2002). Adult males
predominated on coastal beaches, whereas single females,
females with dependent young, and subadults generally used
inland areas (Derocher and Stirling 1990, Lunn et al. 2004,
Stirling et al. 2004).

METHODS

From 1984 to 2004, we (the CWS) used helicopters to
capture polar bears each year between late August and early
October (Stirling et al. 1989). Although sample size varied
with project funding (Fig. 2), we attempted to evenly
distribute capture effort over the entire study area in every
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year after 1986. We captured all observed polar bears
regardless of sex, age, or reproductive status, with the
exception of some pregnant females that took refuge in dens,
which they had excavated in anticipation of maternal
denning, and a few individuals that entered water or
otherwise could not safely be sedated. We ear-tagged all
captured polar bears with a unique identification number
and applied permanent tattoos to both sides of the inner
surface of the upper lip. We extracted a vestigial premolar
from polar bears >1 year old for age determination (Calvert
and Ramsay 1998). Cubs-of-the-year (COYs; approx. 8
months old in autumn) were always with their mothers and
we could visually age them without error (Ramsay and
Stirling 1988). In our analyses, we excluded data for polar
bears that we located by radiotelemetry and data for a few
previously marked polar bears that we could not individually
identify.

The Manitoba Department of Conservation (MDOC)
captured problem bears in and around Churchill as part of
the community’s Polar Bear Alert Program (Lunn et al.
2002). Beginning in 1984, this program followed explicit
rules regarding when to haze, capture, or kill polar bears that
were considered a threat to human life or property.
Therefore, all polar bears that entered the Churchill vicinity
were treated similarly. The MDOC immobilized polar bears
from the ground and either detained them in a holding
facility or transported them out of town. Marking and aging
procedures were similar to those used by the CWS. The
Animal Care Committee of the CWS (Prairie and Northern
Region) and the University of Alberta BioSciences Animal
Policy and Welfare Committee approved the immobiliza-
tion and handling protocol for free-ranging polar bears. The
MDOC and Parks Canada issued annual permits under
which we conducted our research.

We estimated the date of spring sea ice breakup in the
WH management area using the methods of Stirling and
Parkinson (2006) and derived the covariate ice for use in
capture—recapture models by standardizing the Julian date of
breakup (Franklin 2001). We used ice rather than a large-
scale climatic index, such as the Arctic Oscillation, because
ice directly quantified our hypothesized link between
environmental conditions and polar bear survival (Hallett
et al. 2004). We used standard regression techniques to
describe trends in the sex and age composition of the CWS
and MDOC capture samples (e.g., Zar 1996, Hosmer and
Lemeshow 2000). Supplemental materials for the analyses
in this paper are provided in Regehr et al. (2007).

Goodness-of-Fit

We used program RELEASE (Burnham et al. 1987) to
investigate patterns in both the CWS-only and the
combined CWS and MDOC data, and to quantify how
well the standard Cormack—Jolly-Seber (CJS) model fit
various subsets of the data (Regehr et al. 2007). This
allowed us to identify homogenous strata (i.e., groups of
polar bears with similar survival and recapture probabilities)
and to establish a general model that allowed for all
detectable sex- and age-based variation. We estimated the

variance inflation factor (¢) by applying program RELEASE
to each independent stratum in the global model and
dividing the summed chi-square statistics by the total
degrees of freedom (e.g., Sendor and Simon 2003).

Valid estimation of population size and trend requires a
consistent, well-defined study population (Hines and
Nichols 2002). If the area exposed to capture effort changes
with time, demographic parameters will reflect individuals
added to and lost from the study population as the effective
boundaries change. We captured free-ranging polar bears in
a geographically restricted portion of the study area from
1984 to 1986. From 1987 to 2004, we attempted to search
the entire study area each year. We quantified the
spatiotemporal distribution of capture effort by overlaying
the study area with 25-km? grid cells and calculating #like
statistics to determine whether the relative distribution of
capture locations changed for sequential 3-year periods

(Amstrup et al. 2004, 20054).

Capture—Recapture Analysis

The CJS model conditions on first capture and estimates the
probabilities of survival (¢) and recapture (p) that are most
likely to explain the observed capture history data for an
open population (Lebreton et al. 1992). We fit CJS models
using program MARK (Cooch and White 2005) and R-
language software for the general regression approach to
capture-recapture (McDonald et al. 2005). The 2 ap-
proaches fit identical likelihoods and result in identical
parameter estimates, but the latter approach makes it easier
to construct complex models with time-dependent individ-
ual covariates.

Model selection.—We based model selection on
Akaike’s Information Criterion (AIC; Akaike 1981), bio-
logical realism, and model interpretability. We corrected
AIC for small sample size (AIC,) and used ¢ =1.0 from the
goodness-of-fit analysis (Anderson and Burnham 2002).
When appropriate, we based inference regarding important
hypotheses on the strength of evidence across multiple
models. For pairwise comparisons, we quantified relative
support using AAIC, where AAIC, <2 indicated similar
support for both models and AAIC, >10 indicated strong
support for the lower-AIC, model (Burnham and Anderson
2002). For each fitted model, we also considered the
magnitude and variance of the estimated parameters. This
was necessary because AIC attempts to optimize the overall
tradeoff between model fit and precision; it does not indicate
how many of a model’s parameters are estimable, nor does it
indicate which of a model’s parameters explain appreciable
variation in the data (Stephens et al. 2005).

Model fitting—We estimated survival and population
size from the most supported model for the combined CWS
and MDOC data, which we developed in several steps. We
began by modeling the CWS-only data because they
represented a random sample from free-ranging polar bears,
whereas the MDOC data were nonrandom in that polar
bears effectively sampled themselves by coming into
Churchill. This simplified the analysis and allowed us to
perform initial investigations of biological hypotheses using
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a relatively unbiased data set. Starting with the general
model, we evaluated models with restricted parameter-
izations for p while retaining the general parameterization
for ¢. To reflect interannual variation in sample size, we
modeled p as time dependent and as a function of the annual
number of helicopter hours flown in capture operations. We
fit models with sex- and age-specificity in p to reflect
potential differences in sighting probability due to the
spatial segregation of polar bears while on land. Throughout
the study, the sex ratio in the CWS capture sample
remained approximately 1:1 despite observations of field
crews that there were fewer large males in the study area
since the late 1990s. We hypothesized that as the number of
male polar bears declined, a larger proportion of them
occupied the limited coastal beaches where they were highly
visible. We modeled this change in the relative p of female
and male polar bears as an additive sex effect, which differed
for the periods 1985-1995 and 1996-2004.

After establishing a parsimonious parameterization for p,
we evaluated models with restricted parameterizations for ¢.
We hypothesized a sex effect in survival due to sex-selective
harvest (Derocher et al. 1997). Based on the life history of
polar bears, we considered 5 age classes: COYs, juveniles
(COYs and yearlings combined), subadults (2—4 yr), prime-
adults (5-19 yr), and senescent-adults (>20 yr; Derocher
and Stirling 1992, 1996; Amstrup 2003). We first modeled
¢ for prime-adult polar bears while retaining the general
parameterization for other age classes, based on the
hypothesis that interannual variation in survival was lowest
for prime-adults (Bunnell and Tait 1981, Amstrup and
Durner 1995, Eberhardt 2002). We then modeled ¢ for the
other age classes and evaluated support for combining age
classes.

We modeled temporal variation in ¢ using time-constant,
time-dependent, and linear trend parameterizations. We
investigated the relationship between sea ice and survival by
modeling ¢; (i.e., survival from the autumn of calendar yr ;
to the autumn of yr /+1) as a linear function of ice breakup
date in the spring of year ; (the covariate ice). We also
modeled ¢, using the centered, 3-year running mean of ice
breakup date to investigate whether survival was a
cumulative function of environmental conditions over
several years. Finally, we modeled ¢; for COYs using
breakup date in the year /~1 to investigate whether COY
survival was predominately a function of birth weight,
which is related to maternal body condition at the time of
den entry the preceding year (Derocher and Stirling 1998).
We constructed all CJS models using the logit link function
(Cooch and White 2005). After establishing a parsimo-
nious parameterization for ¢, we revisited the parameter-
ization for p to ensure that it was still valid (Lebreton et al.
1992).

Once we had identified the most supported model for the
CWS-only data, we extended the CJS analysis to the
combined CWS and MDOC data. Because the CWS often
avoided capturing polar bears in the immediate vicinity of
Churchill, it is possible that some polar bears were

consistently missed by the CWS but were included in the
MDOC sample. Also, the nonrandom sex and age
composition of the MDOC sample suggested that some
strata within the WH population (e.g., subad M) were
concentrated around Churchill at the time of sampling. We
estimated survival and population size from the combined
data to ensure that our analysis represented all possible polar
bears. To minimize potential bias associated with differences
in sampling protocols, we explicitly allowed CJS model
parameters to differ for polar bears that came into Churchill
versus polar bears that remained to the south in the CWS
study area. For both ¢ and p, we modeled capture-history
dependence following capture by the MDOC (e.g., the
individual covariate #rap’) using temporary, permanent, and
sex- and age-specific effects (Nichols et al. 1984, Pradel
1993). Age-specific effects in year j were conditional upon
age in year ;. After identifying a final model that allowed for
major sources of variation in the combined data, we revisited
the relationship between sea ice and survival and other
important hypotheses.

Survival.—The CJS model produces estimates of total
apparent survival (¢), which is the cumulative probability of
remaining alive and available for capture (Lebreton et al.
1992). Because the CJS model right-censors data for
animals that were not released following capture, our
estimates of ¢ do not reflect the mortality contribution of
problem bears that were killed in Churchill. Polar bears
from the WH population were harvested as part of an
annual, regulated hunt by Inuit from the communities of
Arviat, Whale Cove, and Rankin Inlet, located north of
Churchill along the Nunavut coast of western Hudson Bay
(Fig. 1). We estimated natural apparent survival (C3) by
adjusting the CJS estimates of ¢ using tag-return data from
the harvest (Regehr et al. 2007).

Population size—We estimated population size (V) by
applying a Horvitz-Thompson estimator to recapture
probabilities using the formula

. .
N, = Ty' s
’ ;Pij

where 7; is the total number of polar bears captured at
occasion j, I;; is an indicator variable equal to 1 if the b
polar bear was captured at occasion 7 and 0 otherwise, and p;;
is the estimated recapture probability of the i polar bear at
occasion j (McDonald and Amstrup 2001, Williams et al.
2002). This approach is a generalization of the multiple-age
Jolly—Seber model (Pollock 1981, Pollock et al. 1990) and
has several advantages: 1) it retains the flexibility of the CJS
modeling framework, 2) it is straightforward to estimate the
size of multiple strata within the population, and 3) it is
possible to estimate N from models in which p;; is a function
of individual covariates. We estimated the variance of N;
using the method of Taylor et al. (2002).

For interpretive purposes, we needed to summarize ]\71 ina
way that reduced the variability (and presumably the bias) of
the point estimates but preserved biologically meaningful
trends. We fit a curve through N; using a variable span
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bivariate smoother (S-PLUS 6.2 function supsmu with
default parameters; Insightful Corporation 2001) and used a
bootstrap procedure to estimate the variance of the
smoothed curve (Manly 1997). We resampled the individual
capture histories and covariates with replacement to
generate 500 new data sets, and fit the most supported
model to each. We then reprocessed the resulting N; with
the smoother and assumed that the distribution of smoothed
values represented the sampling distribution of true
population size at each occasion ;. We also used ]\‘(, from
the CJS analysis to derive estimates of mean annual
population growth rate (A) by fitting a least-squares
regression of In(N)) versus year, weighted by 1/(N,), and
cxpongntiating the slope coefficient (B) from the regression:
}"j =e.

RESULTS

The CWS data consisted of 3,306 captures of 1,963 polar
bears (Fig. 2), including 19 that were not released. The
mean date of capture was 10 September. The MDOC data
consisted of 1,417 captures of 963 polar bears, including 95
that were not released (mostly killed as problem bears). The
mean date of capture was 31 October. From 1984 to 1990,
the number of polar bears captured by the MDOC was
variable (annual %= 51; SD = 22) but did not exhibit a linear
trend (f = —1.71 bears/yr, SE(B) = 4.41, P = 0.71). From
1991 to 2004, the number of polar bears captured by the
MDOC increased (B = 4.7 bears/yr, SE(B) = 1.66, P =
0.02).

From 1984 to 2003, 792 polar bears were harvested along
the Nunavut coast of western Hudson Bay. Most of the
harvest occurred toward the end of the ice-free season, as
polar bears left the CWS study area and moved northward
along the coastline in anticipation of freeze-up (median date
of harvest was 5 Nov). The number of polar bears in the
harvest that carried research marks deployed by the CWS or
MDOC was variable (annual % = 22; SD = 7) but did not
exhibit a linear trend (B 0.14 bears/yr, SE(B) 0.29, P=
0.64). The proportions of marked polar bears in the CWS,
MDOC, and harvest samples varied with time (5-yr period
model vs. time-constant model; G = 111.6, df = 3, P <
0.001) but were consistently similar for the 3 samples
(sample X 5-yr period model vs. 5-yr period model; G =
14.2, df = 8, P=0.08). Overall, the marked proportions in
the CWS, MDOC, and harvest samples were 0.59 (SE =
0.01), 0.59 (SE = 0.01), and 0.55 (SE = 0.02), respectively.
The sex and age composition of the samples is described in
Regehr et al. (2007).

The covariate ice was based on breakup data for 1984-
2003 only (Fig. 3d), because CJS models do not estimate
survival following the final sampling occasion. Using linear
regression, the mean sea ice breakup date in 2003 (21 Jun)
occurred 19.5 days earlier than in 1984 (12 Jul; B =-1.03 d/
yT, SE(B) = 0.47, P = 0.04). The trend toward earlier
breakup during the current study was consistent with the
entire available time series (linear regression from 1971 to
2004, B =-0.59 d/yr, SE(ﬁ) 0.19, P < 0.001). From 1984

to 2003, there was not a statistically significant change in the
date of freeze-up in western Hudson Bay (Gagnon and
Gough 2005).

Goodness-of-Fit

Program RELEASE indicated that future recapture rates
were consistently lower for first-time captures than for
recaptures, which suggests lower survival of young polar
bears (Cooch and White 2005). We also found evidence for
positive capture-history dependence (i.e., increased p
following capture) among young males in the combined
data (Pradel 1993). The standard CJS model adequately fit
the CWS-only and the combined data after partitioning by
sex and 2 age classes: prime-adults versus all other ages
(Regehr et al. 2007). We began the CJS analysis with a
model based on these 4 independent strata, which we
further generalized to allow for an additive effect in ¢
between juveniles and an aggregate age class of subadults
and senescent-adults. We estimated ¢ = 0.72 (x% = 197.8, df
= 274) for the CWS-only data and 0.81 (x?=2515, df =
311) for the combined data, and we used ¢ = 1.0 for all
modeling because the goodness-of-fit analysis did not detect
any overdispersion or un-modeled heterogeneity in the WH
data after partitioning by sex and age (Burnham and
Anderson 2002).

The spatiotemporal analysis of capture locations suggested
that we evenly distributed capture effort throughout the
CWS study area from 1987 to 2004. Prior to 1987, we were
more likely to capture polar bears in the northern part of the
study area and along the coast. This was corroborated by the
proportion of adult males in the CWS capture sample,
which decreased from 0.37 (1984-1986) to 0.25 (1987-
1989) as capture operations expanded inland to include
more of the habitat typically used by females and family
groups. In the last years of the study, more polar bears were
again captured along the coast. However, Global Position-
ing System flight logs (available 2001-2004) indicated that
we searched the entire study area in these years and that the
shift in capture locations reflected a change in polar bear
distribution.

Survival

We estimated survival and population size from the most
supported model for the combined CWS and MDOC data.
That model included 7 beta coefficients for ¢ and 24 for p,
all of which were individually identifiable (Regehr et al.
2007).

Total apparent survival probability (¢;) was time-constant
for prime-adult polar bears, at 0.93 (95% CI = 0.91-0.94)
for females and 0.90 (95% CI = 0.88-0.91) for males.
Survival of juvenile, subadult, and senescent-adult polar
bears varied from year to year as a function of sea ice
breakup date (B =0.23, 95% CI =0.07-0.38; Fig. 3). For
these age classes, survival decreased by 2-5% for each week
earlier than average that the sea ice broke up. We derived
estimates of average §; using the average breakup date for
1984-2003 (Table 1), where the associated confidence
intervals represent sampling variance only, not the inter-

Regehr et al. ® Polar Bears in Western Hudson Bay

2677

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




a) Juv (0-1yr)

b ) Subad (2-4 yr)

2 — 2
T i o
5 :
: LI nE
i i+ ] H“’ﬁ [ﬁfﬂ* {8
o F
=M
° 1985 1990 1995 2000 ° 1985 1990 1995 2000
Yr Yr
c) Senescent-ad (> 20 yr) d) Timing of sea ice breakup
" 26 Jul /.\ .
sl bt e AR
AR AL SRR Y \ '\;---A/'\
: | o F : 14 Jun \VI - \'/. . +
= M
3 01 Jun "
1985 1950 Yr15;595 2000 1985 1990 ‘v 995 2000

Figure 3. Total apparent survival and 95% confidence intervals for (a) juvenile, (b) subadult, and (c) senescent-adult polar bears in western Hudson Bay,
Canada, estimated from the most supported model fit to capture-recapture data collected by the Canadian Wildlife Service and the Manitoba Department of
Conservation (MDOC), 1984-2004. Reduced survival rates for subadults and senescent-adults captured around Churchill by the MDOC are not shown. (d)
Timing of sea ice breakup in the Western Hudson Bay polar bear management area, which was the best predictor of survival for juvenile, subadult, and
senescent-adult polar bears.

annual variation in survival due to changing environmental

Table 1. Average total apparent survival and 95% confidence intervals for
polar bears in western Hudson Bay, Canada, estimated from the most
supported model fit to capture—recapture data collected by the Canadian

Wildlife Service and the Manitoba Department of Conservation (MDOC),

1984-2004
F M

Age class Survival 95% CI  Survival 95% CI
Juv (0-1 yr) 0.70 0.65-0.74 0.62 0.57-0.66
Subad (2—4 yr) 0.86 0.82-0.89 0.81 0.76-0.84
Subad (24 yr)* 0.78 0.74-0.82 0.72 0.68-0.76
Prime-ad (5-19 yr) 0.93 0.91-0.94 0.90 0.88-0.91
Senescent-ad (>20 yr) 0.81 0.77-0.84 0.75 0.70-0.79
Senescent-ad (>20 yr)* 0.72 0.66-0.78 0.65 0.58-0.71

* Reduced survival rates for subad and senescent-ad captured around

Churchill by the MDOC.

conditions. For subadult and senescent-adult polar bears,
capture around Churchill was associated with a permanent
decrease of 8-14% in both total survival (B"% = —0.49,
95% CI =—-0.21 to —0.77) and natural survival (Table 2).

Population Size

Recapture probabilities (p) were time dependent and
differed for females and males by an additive sex effect.
The magnitude of the sex effect differed for the periods
1985-1995 and 1996-2004. Polar bears that were captured
around Churchill were more likely to be recaptured on
subsequent occasions, conditional upon survival. This effect
was stronger for juveniles and subadults (odds ratio = 2.68,
95% CI = 2.19-3.28) than for prime-adults and senescent-
adults (odds ratio = 2.01, 95% CI = 1.73-2.33).
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Table 2. Average natural apparent survival for polar bears in western
Hudson Bay, Canada, estimated by adjusting total apparent survival rates
from the most supported model fit to capture—recapture data collected by
the Canadian Wildlife Service and the Manitoba Department of
Conservation (MDOC), 1984-2004, using tag-return data from the
harvest.

Age class F M
Juv (0-1 yr) 0.73 0.71
Subad (24 yr) 0.92 0.94
Subad (2-4 yr)* 0.82 0.78
Prime-ad (5-19 yr) 0.93 0.94
Senescent-ad (>20 yr) 0.82 0.82
Senescent-ad (>20 yr)* 0.72 0.68

* Reduced survival rates for subad and senescent-ad captured around

Churchill by the MDOC.

We derived final estimates of population size by fitting a
smoothed curve to the 1987-2004 point estimates of
population size (1\7j; Fig. 4). We excluded Nj for 1985 and
1986 because incomplete sampling of the CWS study area
resulted in a large negative bias for those years. The WH
polar bear population declined by approximately 22% from
1,194 (95% CI = 1,020-1,368) in 1987 to 935 (95% Cl =
794-1,076) in 2004. For this period, the mean annual
population growth rate (A ) was 0.986 (95% CI = 0.978-
0.995), which indicates that the probability of a stable or
increasing population (5:, > 1) was negligible (P = 0.002).
Ancillary estimates of A; derived from CJS models other
than the most supported model indicated that the trend in
population size was insensitive to model selection.

DISCUSSION

Western Hudson Bay provides a unique opportunity to
quantify the demographic response of a polar bear
population to changing environmental conditions, both
because of the availability of capture data for both free-
ranging polar bears and problem bears that came into
Churchill, and because of the long duration and intensity of
the study (approx. 80% of ad bore research marks). Several
lines of evidence indicate that the relationship between early
breakup and decreased survival was a biological phenomen-
on, common to all WH polar bears. First, although more
polar bears generally came into Churchill in years of early
breakup (B =—0.87 bears/d, SE(B) 0.49, P=0.09), direct
human-caused mortality among these bears had no impact
on survival estimates. Second, the most supported model
allowed for a decrease in survival for subadults and
senescent-adults captured around Churchill, in addition to
fluctuations in survival associated with breakup date. This
decrease was likely due to both an increased probability of 1)
natural mortality, because polar bears that came into town in
search of food were more likely to be in poor nutritional
condition, and 2) anthropogenic mortality, because some
polar bears were relocated to the north where they were
more likely to encounter Inuit hunters. Third, there was not
a significant correlation between breakup date and the
number of marked juvenile, subadult, and senescent-adult
polar bears killed in the harvest (B =—0.10 bears/d, SE(B) =
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Figure 4. Population size and 95% confidence intervals for polar bears in
western Hudson Bay, Canada, estimated from the most supported model fit
to capture-recapture data collected by the Canadian Wildlife Service and
the Manitoba Department of Conservation, 1984-2004. Smoothed values
and bootstrapped 95% confidence intervals are shown for the 1987-2004
point estimates of population size only, because the 1985-1986 point
estimates were biased by incomplete sampling of the study area and are not

valid.

0.08, P=0.21). Finally, CJS models fit to a reduced data set
that excluded individual capture histories for polar bears that
were either captured or killed by the MDOC, or killed in
the Nunavut harvest, corroborated support for breakup date
as the best predictor of juvenile, subadult, and senescent-
adult survival. A model analogous to the most supported
model for the combined CWS and MDOC data estimated
B“ = 0.39 (95% CI = 0.14-0.65; likelihood ratio test vs. a
null model excluding the covariate ice: y2=937,df=1, P=
0.002).

The breakup—survival relationship likely reflects increased
starvation associated with entering the winter in poor
nutritional condition. Previous studies have suggested that
cub survival in the first year of life is related to maternal
body condition at the time of birth (Ramsay and Stirling
1988; Derocher and Stirling 1996, 1998). We found that
COY survival beyond the age of 8 months (when we first
captured them) was predominately a function of environ-
mental conditions in the current year. As the study
progressed, the proportion of females in the CWS capture
sample remained stable (approx. 0.52) despite an increasing
proportion of females in the WH population (to 0.65 in
2004). It is likely that declines in juvenile survival shortened
the average inter-birth interval; females produced cubs, lost
them, and bred again instead of keeping cubs with them for
>2 years until weaned. This pattern, also observed in the
southern Beaufort Sea (Regehr et al. 2006), meant that adult
females may have been progressively more likely to be
pregnant and in dens where they were largely unavailable for
capture. Such reproductively based temporary emigration
should not have introduced a consistent bias into estimates
of female population size because recapture probabilities
were time dependent and the most supported model allowed
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for a change in female p relative to male p toward the end of
the study (Kendall et al. 1997).

Survival of prime-adult polar bears was stable, most likely
because prime-adults were in better body condition than
other polar bears (E. Richardson, CWS, unpublished data),
able to divert resources from reproduction to survival in
times of nutritional stress (Bunnell and Tait 1981,
Eberhardt 2002), better at catching seals, and more able to
take seal kills away from subordinate polar bears. Natural
survival of senescent-adult polar bears (>20 yr), however,
was 12-25% lower than for prime-adults and was sensitive
to interannual variation in environmental conditions.
Although variation in survival has been shown for some
animals with long life spans and delayed maturation (e.g.,
Eberhardt 1985, Jorgenson et al. 1997, Cameron and Siniff
2004), our study is one of the few to have investigated
senescence in survival in a statistically rigorous way (Gaillard
et al. 1994, Pistorius and Bester 2002).

Evidence from capture-recapture, radiotelemetry, and tag-
return studies suggests that exchange between the WH
polar bear population and adjacent populations was low
(Derocher and Stirling 1990; Stirling et al. 1999, 2004).
Thus, it is likely that total apparent survival (¢) in this study
closely approximated true survival, although the right-
censoring of capture histories for polar bears killed in
Churchill may have introduced a slight positive bias into our
estimates. For prime-adult polar bears, our estimates of ¢
were approximately 5% higher than the estimates reported
by Lunn et al. (1997) for all WH polar bears age >1 year.
Our estimates of natural apparent survival (&™) were similar
or slightly lower than those reported for adult polar bears in
other populations (Larsen 1986; Taylor et al. 2005, 2006)
and were at the lower limit assumed necessary to maintain
populations of long-lived mammals (Taylor et al. 1987,
Eberhardt 2002). The similarity between female and male
¢V for most age classes supports the hypothesis that
observed sexual differences in polar bear survival are due
to sex-selective harvest (Ramsay and Stirling 1986, Der-
ocher et al. 1997).

Our estimates of population size were robust to minor, un-
modeled heterogeneity in recapture probabilities because
mean p was relatively high (approx. 0.25; e.g., Pollock et al.
1990, Pledger and Efford 1998). The mean percent relative
difference between the point estimates of NV from the most
supported model and the bootstrapped estimates of NV was
<1%, suggesting that small-sample bias was minimal.
Furthermore, our modeling approach explicitly allowed for
heterogeneity associated with differences between the CWS
and MDOC sampling protocols, by incorporating time-
dependent individual covariates for capture-history depend-
ence. The increase in p following capture around Churchill
was likely due to recidivist behavior with respect to the
potential food reward at the Churchill dump (Lunn and
Stirling 1985) and to the fact that polar bears with fidelity to
the northern part of the CWS study area were potentially
exposed to sampling by both the CWS and MDOC.

Our point estimate of the size of the WH population in

1995 was 1,236 (SE = 190), similar to the previous estimate
of 1,199 (SE = 251; Lunn et al. 1997). Because polar bears
are K-selected and populations cannot fluctuate radically
among years, we fit a curve through the point estimates
using a relatively insensitive smoothing algorithm, which
resulted in a lower mean coefficient of variation (9%)
compared to the point estimates (12%). We assessed the
contribution of the MDOC data to estimates of population
size by deriving secondary estimates from the CWS-only
data. Whereas estimates of adult population size were
similar for the 2 data sets (x % relative difference approx.
2%), estimates of total population size were larger for the
combined data. This difference increased from 73 polar
bears in 1987 to 173 polar bears in 2004 (i.e., in 2004 the
smoothed estimate of total population size was 762 for the
CWS-only data vs. 935 for the combined data). Apparently,
the CWS missed an increasing number of young polar bears
as more subadults came into Churchill each year.

We attribute the decline of the WH polar bear population
to increased natural mortality associated with earlier sea ice
breakup and to the continued harvest of approximately 40
polar bears per year (Lunn et al. 2002), which at some point
ceased to be sustainable. We found no support for
alternative explanations. Long-term observations suggest
that the WH population continues to exhibit a high degree
of fidelity to the CWS study area during the early part of the
ice-free season (Stirling et al. 1977, 1999, 2004; Taylor and
Lee 1995), which precludes permanent emigration as a cause
for the decline. Consistently similar proportions of research-
marked polar bears in the CWS, MDOC, and harvest
samples suggest that the same polar bears were first exposed
to capture around the CWS study area and were
subsequently exposed to harvest. This refutes the hypothesis
that large-scale changes in the onshore distribution of polar
bears in western Hudson Bay have created a separate
subpopulation that spends the entire ice-free season along
the Nunavut coast. Finally, capture—recapture data collected
from 2003 to 2005 for the adjacent southern Hudson Bay
population included very few polar bears with a previous
capture in the WH management area, which suggests that a
major distributional shift to the southeast did not occur (M.
E. Obbard, Ontario Ministry of Natural Resources,
unpublished data).

Polar bears in western Hudson Bay are likely to be among
the first to show population-level effects of climatic
warming because they occur near the southern limit of the
species’ range (Lunn et al. 2002) and because recent
temperature increases in the region have been among the
largest in the Arctic (Ferguson et al. 2005). We propose the
following explanation for the concurrent observations of an
increasing number of polar bears coming into Churchill and
a declining WH population. Sea ice breakup in western
Hudson Bay has been occurring progressively earlier due to
rising air temperatures (Gagnon and Gough 2005). This
shortens the time that polar bears can hunt seals on the sea
ice, thereby forcing them ashore in poorer nutritional
condition (Stirling et al. 1999) and increasing their risk of
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starvation. As polar bears exhaust their fat reserves toward
the end of the ice-free period, they are more likely to
encroach upon human settlements in search of alternative
food sources to sustain themselves until freeze-up (Stirling
and Parkinson 2006).

MANAGEMENT IMPLICATIONS

Although climatic warming may initially improve conditions
for polar bears in high-latitude regions of heavy ice
(Derocher et al. 2004), forecasted declines in the sea ice
for most parts of the Arctic are long term and severe
(Parkinson 2000, Comiso 2003, Arctic Climate Impact
Assessment 2004, Holland et al. 2006). Ultimately, we
predict that more northerly polar bear populations will
experience declines in demographic parameters similar to
those observed in western Hudson Bay, along with changes
in distribution and other currently unknown ecological
responses (Derocher et al. 2004, Aars et al. 2006). If sea ice
loss becomes the limiting factor determining population
growth rate, reduced harvest (e.g., Taylor et al. 2006) may
be insufficient to slow population declines or impractical due
to increasing human—polar bear conflicts. Innovative and
flexible management will be necessary to mitigate the
negative effects of climatic warming on polar bears in ways
that are socially and economically acceptable.
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