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Capture-based studies of the Western Hudson Bay (WH) polar bear population in Canada have reported
declines in abundance, survival, and body condition, but these findings are inconsistent with the percep-
tions of local people. To address this uncertainty about current status, we conducted a comprehensive
aerial survey of this population during August, 2011, when the region was ice-free and bears were on
shore. We flew a combination of overland transects oriented perpendicular to the coastline, coastal tran-
sects parallel to shore, and transects across small islands. We used distance sampling and sight-resight
protocols to estimate abundance. Bears were concentrated along the coast in central and southern Man-
itoba and Ontario portions of the population, although sightings >10 km inland were not uncommon in
central Manitoba. We analyzed 2 combinations of data and derived an abundance estimate of 1030 bears
(95% CI: ~754-1406). This figure is similar to a 2004 mark-recapture estimate but higher than projec-
tions indicating declining abundance since then. Our results suggest that mark-recapture estimates
may have been negatively biased due to limited spatial sampling. We observed large numbers of bears
summering in southeastern WH, an area not regularly sampled by mark-recapture. Consequently, previ-
ous mark-recapture estimates are not directly comparable to our aerial survey of the entire population.
Whereas our results do not necessarily contradict the reported declines in this population, we believe
that improvements are needed in monitoring, and methodological limitations and inconsistencies must
be resolved to accurately assess status and the impacts of climate change.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction decline in abundance has been attributed to earlier sea ice breakup
in Hudson Bay (Regehr et al., 2007). This trend in sea ice breakup

Polar bears (Ursus maritimus) span the circumpolar Arctic, with and the resultant extension of the ice-free season have forced bears

an estimated 20,000-25,000 bears inhabiting 19 populations
across 5 range states (Obbard et al., 2010). Although there are sig-
nificant gaps in basic demographic information from portions of
their range (Obbard et al., 2010), the Western Hudson Bay popula-
tion (WH) in Canada ranks as one of the most intensively studied
large mammal populations worldwide, with a research program
dating back more than 4 decades (Jonkel et al., 1972; Stirling
et al., 1977; Derocher and Stirling, 1995a; Regehr et al., 2007).
Scientific evidence from the long-term capture and tagging pro-
gram in WH suggests that the abundance of polar bears increased
during the 1970s, remained stable for a period in the 1980s, and
decreased by about 22% between 1984 and 2004 (Derocher and
Stirling, 1995a; Lunn et al., 1997; Regehr et al., 2007). The recent
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to spend longer periods on land without access to seals, their pri-
mary food source, leading to declines in survival, reproductive out-
put, and body condition (Stirling et al., 1999; Regehr et al., 2007).
Concurrently, an increase in incidences of human-polar bear con-
flicts in WH has been interpreted as a sign that the population is
undergoing significant change and has created public safety con-
cerns (Stirling and Parkinson, 2006; Towns et al., 2009; Peacock
et al.,, 2010; Government of Nunavut, unpublished data). Bears in
poor condition may exhibit an increased tendency to seek alterna-
tive food sources such as those around settlements and camps
(Stirling and Parkinson, 2006). Population viability analysis based
on 2004 demographic data (Regehr et al., 2007) predicts that WH
abundance has continued to decline over the past decade (Obbard
et al., 2010). Additionally, climate models project that sea ice hab-
itats in Hudson Bay will deteriorate, resulting in further impacts on
polar bears (Amstrup et al., 2008).

There is general consensus between science and the traditional
ecological knowledge (TEK) and observations of Inuit living along
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Hudson Bay that polar bear abundance in WH increased during the
1970s (Tyrrell, 2006). There is also agreement that polar bear dis-
tribution has changed, bear sightings have increased around com-
munities, sea ice breakup is occurring earlier, and climate change is
negatively influencing seal populations (Nunavut Wildlife Manage-
ment Board [NWMB], 2007). However, in contrast to scientific evi-
dence, Inuit perceptions do not support the notion that abundance
in WH has declined since the 1980s (Tyrrell, 2006). Reports of more
bears summering on land in northwestern Hudson Bay and in-
creased incidences of problem bears around camps and communi-
ties instead have been attributed to several factors including
increased abundance and an overpopulation of bears (Stirling
and Parkinson, 2006; NWMB, 2007). This disparity between scien-
tific findings and TEK has generated significant debate over the
management and conservation of WH and led to calls for new re-
search to inform status assessment and resolve apparent differ-
ences between knowledge sources.

Physical capture forms the basis for our current understanding
of polar bear ecology and facilitates a variety of research initiatives
(e.g., habitat use and movements via satellite telemetry). However,
among Inuit in the region, requests for new information also have
included a desire to see alternative research methods employed.
These concerns fall into 3 categories. First, although several studies
have failed to detect impacts on body condition, survival, and
reproduction resulting from polar bear capture and handling
(Ramsay and Stirling, 1986; Amstrup, 1993; Derocher and Stirling,
1995b; Messier, 2000), concerns remain about the invasiveness of
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Fig. 1. Strata and planned survey transects for the Western Hudson Bay polar bear
aerial survey, August, 2011. The Western Hudson Bay population is highlighted in
red in the inset. Hashed lines denote territorial and provincial borders, and red stars
mark communities.

this method (e.g., Dyck et al., 2007 but see Stirling et al., 2008).
Second, the capture and marking of polar bears is viewed by many
Inuit to be inconsistent with their cultural beliefs regarding human
interactions with animals. Third, most polar bear research in WH
has focused on the capture of bears in Manitoba, within a core
study area that comprises the central and most densely occupied
portion of the population’s summer range (Fig. 1). Multiple
capture-based studies suggest that focusing research in this region
has not significantly biased mark-recapture (MR) estimates of
abundance and survival (e.g., Lunn et al.,, 1997; Regehr et al,,
2007). Nevertheless, Inuit contend that a significant and increasing
number of bears are spending the ice-free period outside the core
study site; if true, failure to extend sampling across the entire WH
would have negatively biased abundance and survival estimates
(NWMB, 2007).

To better inform status assessment, we conducted a compre-
hensive aerial survey of WH during the 2011, late summer ice-free
period. Whereas aerial surveys are well-established and widely
used to estimate abundance of other species, their application to
polar bears has been limited. Recent studies in the Barents Sea
(Aars et al., 2009) and Foxe Basin (Stapleton et al., 2012) suggest
that aerial surveys may be used to successfully estimate polar bear
abundance in certain conditions. Because WH has been the site of
an intensive capture program, it provides the opportunity to ad-
vance aerial survey development. Specifically, although capture re-
search has focused in a core study area, MR estimates are
considered to represent the entire WH population (e.g., Obbard
et al., 2010). Direct comparison of aerial survey and capture-based
estimates enables an assessment of the methods’ potential biases
and precision, promotes the acceptance of new techniques in the
scientific community, and may suggest possible modifications in
monitoring methods.

2. Methods
2.1. Study area

WH, located at the southern extent of the global polar bear dis-
tribution, stretches across roughly 435,000 km? of Hudson Bay and
the adjacent coastal regions including portions of the Nunavut Ter-
ritory and the provinces of Manitoba and Ontario (Fig. 1). The re-
gion is seasonally free of sea ice, the primary habitat of polar
bears, from about July to November.

WH shares borders with the Southern Hudson Bay and Foxe Ba-
sin populations. Boundary delineation was based on data derived
from a variety of sources, including capture and recovery (Stirling
et al., 1977; Derocher and Stirling, 1990; Kolenosky et al., 1992;
Taylor and Lee, 1995; Derocher et al., 1997; Lunn et al., 1997), aer-
ial surveys (Stirling et al., 2004), satellite telemetry (Stirling et al.,
1999; Peacock et al., 2010), and genetic analysis (Paetkau et al.,
1995, 1999; Crompton et al., 2008). Although the boundaries are
semi-discrete and interchange occurs among neighboring popula-
tions (Stirling et al., 1999; Crompton et al., 2008), their separation
is most complete during the late summer and early fall ice-free
period (Peacock et al., 2010).

2.2. Survey design and field methods

We conducted an aerial survey during August, 2011, early in
Hudson Bay’s ice-free season. This period was selected for a num-
ber of reasons. First, bears are largely confined to land at this time,
minimizing the survey area. Second, overlap with neighboring pop-
ulations is at a minimum, since polar bears exhibit a high degree of
site fidelity when ashore (Derocher and Stirling, 1990; Lunn et al.,
1997; Stirling et al., 2004; Parks et al., 2006). Third, the absence of
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ice and snow in late summer makes polar bears readily observable
against a dark landscape. Finally, during August, few bears were
likely to have started maternity denning (Clark et al., 1997; Clark
and Stirling, 1998; Lunn et al., 2004; Richardson et al., 2005) or
making the seasonal, directional movements that typically occur
prior to the formation of new sea ice (e.g., Stirling et al., 1977,
2004; Derocher and Stirling, 1990).

We implemented a systematic, stratified study design. We con-
sidered multiple sources of information to define the inland extent
of the study area and delineate strata, including: (1) published
information on the distribution of bears (e.g., Derocher and Stirling,
1990; Lunn et al., 1997; Stirling et al., 2004; Richardson et al.,
2005; Towns et al., 2010); (2) pilot aerial survey data collected dur-
ing 2010 in northern WH, outside the historical core study area
(Stapleton et al., unpublished data); (3) local knowledge about bear
distribution in northern WH provided by Inuit hunters from Nun-
avut; (4) capture records in Manitoba from 2003 to 2010 (n = ~700
records of independent bears; Environment Canada, unpublished
data); (5) coastal and denning aerial surveys of portions of central
and southern WH (Stirling et al., 2004; Manitoba Conservation,
unpublished data); and (6) recent satellite telemetry data on the
movements of collared polar bears (n=12 bears in summer,
2010; A. Derocher, University of Alberta, and Environment Canada,
unpublished data).

We defined 4 strata based on expected polar bear densities: (1)
a high density zone corresponding to the historical core study area,
including Wapusk National Park and extending up to 100 km in-
land; (2) a moderate density stratum, extending from the shoreline
to 15 km inland elsewhere in Manitoba as well as Ontario; (3) a
low density zone, from 15 km to 60 km inland in Manitoba and On-
tario; and (4) a low density Nunavut stratum, extending from the
coastline to 60 km inland from the Nunavut-Manitoba border to
the community of Arviat, and from the shoreline to 50 km inland
from Arviat to the northern boundary of WH (Fig. 1). The Nunavut
stratum also included 2 large islands.

We used a combination of overland transects, coastal contour
transects, and small island sampling to survey WH. Polar bears
tend to congregate along or near the shoreline during the ice-free
season (Derocher and Stirling, 1990; Towns et al., 2010), so over-
land transects were oriented roughly perpendicular to the coast
(i.e., against the coastal density gradient; hereafter perpendicular
transects) to improve precision and minimize potential biases
using distance sampling (Fig. 1; Buckland et al., 2001). Transects
also were extended over any exposed tidal flats. Because it was
not possible to accurately delineate exposed flats in a GIS, polar
bears sighted on tidal flats were considered to have occurred on
the closest land for analysis. Sampling of tidal flats with perpendic-
ular transects occurred at the same intensity as the nearshore in-
land strata, so any effect on the abundance estimate was negligible.

Perpendicular transects spanned from the shoreline up to 50-
100 km inland. After reaching the most inland point, we flew
roughly parallel to the shoreline to join the adjacent perpendicular
transect and returned to the coast. Data collected during this cross-
leg were generally not included in analyses. However, for 3 pairs of
transects, we were unable to reach the far inland extent of the stra-
tum due to logistical constraints. To incorporate sampling in the far
inland portions of the strata in these instances, we included data
collected along this cross leg.

Survey effort was allocated to maximize encounters while
ensuring adequate coverage of all strata. Because polar bears are
concentrated along the coast, we focused sampling in the near-
shore inland zone. We also heavily sampled the high density stra-
tum, which is a well-documented denning site (e.g., Richardson
et al., 2005). Perpendicular transects were systematically spaced
at 6, 7, and 10-km intervals in the high density, moderate density,
and Nunavut low density strata, respectively (Fig. 1). Every other

pair of transects in the moderate density zone in Manitoba and On-
tario was extended through the low density (far inland) stratum,
such that transect spacing there averaged 14 km.

We also conducted separate surveys following the contour of
the entire WH coastline. These coastal contour transects were
flown at or slightly below the high water line with one side of
the aircraft dedicated to monitoring tidal flats and nearshore
waters as the other side surveyed the strip of land along the shore-
line. We flew coastal contours as close to high tide as possible to
minimize tidal flat exposure. Because perpendicular transects were
extended to the shoreline and over tidal flats, some bears along the
shore could be sighted from both perpendicular and coastal tran-
sects. This design enabled us to estimate the abundance of bears
in the coastal region with either perpendicular transects or coastal
contour transects. Independent coastal and perpendicular transect
data were treated separately to ensure that bears were not double-
counted in abundance estimates (see Analyses). As with perpendic-
ular transects, bears sighted on tidal flats or in nearshore waters
were considered to be on land in order to calculate density and
extrapolate to unsurveyed areas. We additionally sampled as many
small islands as possible.

We surveyed the Nunavut and Manitoba-Ontario portions of
the aerial survey from fixed wing (de Havilland DHC-2 MKIII Turbo
Beaver) and helicopter (Bell 206L) platforms, respectively. Separate
platforms were used to complete the survey within a narrow win-
dow of time and to enhance opportunities for participation by local
people. The fixed wing survey crew consisted of 4 dedicated
observers, with front and rear observer teams each comprised of
2 spotters, as well as a data recorder. With the helicopter, the pilot
and observer in the co-pilot seat comprised the first team, and 2
individuals seated in the rear comprised the second team.

For each aircraft, we employed sampling protocols that facili-
tated the collection of data for both distance sampling (Buckland
et al., 2001) and sight-resight (i.e., double observer; Pollock and
Kendall, 1987) analyses. Front and rear seat observers could not
see each other, and their sightings were not announced until both
teams were afforded a full opportunity to independently spot a
bear. Transects were flown at an above-ground level altitude of
about 120 m and groundspeed of roughly 160 km/h with both
platforms.

We recorded flight paths and bear locations at the time of first
observation via GPS and measured perpendicular distances from
sighted bears to the flight path in a GIS (adapted from Marques
et al. (2006)). We recorded group size and estimated sex and age
class based on morphological characteristics. We defined a group
as multiple individuals whose detections were non-independent
(e.g., a family group including an adult female and her cubs or a
fraternity of 2 or more adult males). For each sighting, we also re-
corded factors that may have influenced detection probability,
including weather conditions, activity when first observed, and
habitat characteristics (e.g., habitat structure within 30 m of an
individual bear that may impede detection; qualitative 1-3 scale).

During the late summer and early fall, polar bears in WH, par-
ticularly pregnant females, may retreat to earthen dens (Jonkel
et al., 1972; Lunn et al., 2004). Denning bears that are completely
unavailable for sighting would be excluded from an aerial survey
abundance estimate. We flew close to dens with recent digging
or other signs of activity to determine if a bear was present.

2.3. Analyses

2.3.1. Perpendicular transects

We used distance sampling (Buckland et al., 2001) to estimate
abundance with data collected from perpendicular transects. We
created 2 perpendicular transect datasets that (1) included sam-
pling in the coastal zone and (2) excluded data from the coastal
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zone (bears instead were estimated with coastal contour tran-
sects). Histograms of sighting distances from the flight path sug-
gested that detection declined predictably with increasing
distance from the aircraft, indicating that distance sampling was
an appropriate analytical method (Fig. 2).

A key assumption of distance sampling is that sampling is ran-
dom with respect to the distribution of bears (Buckland et al.,
2001). Since polar bears concentrate along the shore during the
ice-free season, we only used distance sampling to analyze data
from perpendicular transects, which cut across this density gradi-
ent. Sighting distances from coastal contour transects may partially
reflect the bears’ density gradient, not just their sightability, and
thus were inappropriate for distance sampling.

Detection of all objects on the transect line is another funda-
mental assumption of distance sampling (Buckland et al., 2001);
violation of this assumption yields a negatively biased abundance
estimate. Whereas conventional distance sampling and multiple
covariate distance sampling (Marques and Buckland, 2003) require
perfect detection at distance O (i.e., from the flight path) to gener-
ate reliable abundance estimates, mark-recapture distance sam-
pling (MRDS; Laake and Borchers, 2004) can correct for imperfect
detection on the line using sight-resight data. In the helicopter,
front observers could see the flight path, but rear observers had a
75-m blind spot on either side of the aircraft. Therefore, we initially
examined a left-truncated dataset in which observations within
75 m of the helicopter were censored and 75 m was subtracted
from all other sighting distances (Borchers et al., 2006). This proce-
dure established the transect line such that all bears were available
to both teams of observers. Both teams of observers in the fixed
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Fig. 2. Distribution of polar bear sighting distances from the original transect line
on perpendicular transects, Western Hudson Bay, August, 2011. All strata are
pooled. The top histogram includes all sightings, including perpendicular transects
extending through the coastal zone. The bottom only includes sightings inland of
the coastal zone.

wing had a blind spot of nearly 170 m on either side of the aircraft,
so 170 m was subtracted from all observations to establish the
transect line. Preliminary analyses of left-truncated double-obser-
ver data indicated that the probability of a bear near the transect
line being detected by at least 1 observer was >97%. We thus con-
sidered the assumption of perfect detection at distance 0 to be
approximately valid and proceeded with conventional and multi-
ple covariate distance sampling analyses. By using the untruncated
helicopter data, we were able to incorporate all sightings from per-
pendicular transects (i.e., including those within the rear observer
blind spot), thereby increasing the number of observations and
improving estimation of the detection function.

We initially fit detection functions using only data collected
from the helicopter. We had insufficient data from the fixed wing
to model a separate detection function, so we pooled sighting data
from the helicopter with left-truncated data from the fixed wing
(because none of the observers could sight bears within 170 m of
the flight path). For the most highly supported models, this pooling
had a negligible impact on average detection probability and abun-
dance estimates for the strata surveyed only from a helicopter.
Hence, we proceeded with analyses incorporating untruncated
data collected from the helicopter and the left-truncated data from
the fixed wing. Additionally, we condensed the Nunavut stratum
and the low density, far inland zone in Manitoba and Ontario into
a single stratum due to limited encounters in these areas. Although
sampling intensity was greater in Nunavut, estimated densities
were very low in these strata and individual encounter rates were
similar.

We fit conventional distance sampling models in program Dis-
tance (Version 6.0, Release 2; Thomas et al.,, 2010) to evaluate
detection functions and to assess whether group size influenced
detection. Following this preliminary review, we fit all distance
sampling models in the MRDS engine of Distance. Both datasets
were modeled as single observer studies. Data were right-trun-
cated at roughly 5% to smooth the tail of the detection function
and improve model fit and parsimony (Buckland et al., 2001).

We fit distance sampling models with hazard and half-normal
key functions, and we considered visibility (weather) and habitat
structure within 30 m of a sighting as covariates in these models.
We evaluated all combinations of key functions and covariates.
Covariates were scored in the field on a 3-point scale, but we con-
densed these into binary categories because of underrepresenta-
tion of some values. We specified a global detection function and
used stratum-specific encounter rates and group sizes to estimate
density and abundance by stratum. Stratum abundance estimates
were subsequently summed to obtain an overall abundance
estimate.

We employed Akaike’s Information Criteria for model selection
(Burnham and Anderson, 2002) and examined g—q plots and chi-
square, Kolmogorov-Smirnov, and Cramér-von Mises tests to eval-
uate goodness of fit. Individual transects, within stratum, were
considered sampling units for variance estimation. We used the
Innes et al. (2002) method to estimate variance, since this
technique does not require independence among variance compo-
nents (i.e., stratum-specific abundance estimates were not fully
independent because we estimated a global detection function).
We obtained model-averaged estimates for models within 2 AAIC
for each dataset combination (Burnham and Anderson, 2002).
Model-averaging enabled us to account for variability in the
estimation of the detection functions and associated densities.

2.3.2. Coastal transects and small islands

We used mark-recapture models to obtain a separate estimate
of coastal zone abundance from coastal contour transects with
sight-resight data. We employed the Huggins model (Huggins,
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1989, 1991) to facilitate the inclusion of covariates to model vari-
ability in detection probabilities.

Front and rear observer teams comprised our first and second
sampling periods, respectively, and we considered discrete
groups of polar bears (as defined above) as the sampling unit.
We sampled the coastal zone 500 m inland of the high-water
line (since coastal contour transects were often flown below this
line to improve coverage of the tidal flats) and censored sight-
ings farther inland. We allowed detection probabilities to remain
constant or vary between observers and used forward stepwise
selection to evaluate covariates [habitat structure (binary); group
size (1, 2, 3, =4); activity (binary)] potentially impacting detec-
tion. There was insufficient variability in other covariates to war-
rant their inclusion in modeling. Models were fit in Program
MARK (White and Burnham, 1999) and AIC adjusted for small
sample sizes (AIC.) was employed for model selection. We used
detection probabilities from the most supported model and a
generalized Horvitz-Thompson estimator to estimate the num-
ber of groups present in the sampled areas.

For small islands, the front team of observers spotted all groups
that were sighted within the surveyed strip half-width of 750 m.
Therefore, it was unnecessary to estimate individual detection
probabilities via the Huggins model. For both the coastal contour
transects and the small island sampling, we extrapolated group
density estimates across the coastal zone and small islands and
multiplied estimates by mean group sizes. We calculated group
sampling variance following Buckland et al. (2001) and extrapo-
lated and multiplied variances via the delta method (Powell, 2007).

2.3.3. Total abundance

Sampling and analytical protocols enabled us to generate 2
abundance estimates. One estimate was based on the complete
set of perpendicular transects plus the small islands. The second
was derived by summing estimates from perpendicular transects
excluding coastal zone data, coastal contour transects, and small
island sampling. We added point estimates from these components
and summed their variances to obtain 2 population-wide abun-
dance estimates. We averaged them with equal weighting to ob-
tain a final abundance estimate for WH, and estimated
unconditional variance in a model averaging framework.

3. Results
3.1. Sightings

During the 14-29 August, 2011, survey, we recorded 711 to-
tal polar bears, including 41 and 670 observations in the Nun-
avut and Manitoba-Ontario sections of WH, respectively
(Fig. 3). Sampling in Manitoba and Ontario, where >90% of sight-
ings occurred, was completed within an 11-day period. Because
the coastal contour and perpendicular transects both covered
the coastal zone, some bears were undoubtedly seen twice, but
we were unable to calculate the number of unique bears that
were sighted. However, sampling itineraries in Nunavut enabled
us to estimate that no more than 31 unique bears were sighted
there. Several aggregations of 4 or more bears, including 5
groups with 8-10 bears and a group with 21 individuals, were
documented in southeastern WH (i.e., Area 2 in Fig. 3) and near
Cape Churchill (in Area 1). We calculated litter sizes and cub
observations from all observations in Manitoba and Ontario
and only unique bears in Nunavut; 50 cubs-of-the-year (coy)
and 22 yearlings were observed. Mean litter sizes were 1.43
(SD: 0.50; n=35) and 1.22 (SD: 0.43; n=18) for coy and year-
lings, respectively.
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Fig. 3. Polar bear sightings recorded during the Western Hudson Bay aerial survey,
August, 2011.

3.2. Distribution

Polar bear sightings were not uniformly distributed across WH
(Fig. 3). The greatest densities of bears occurred in the high density
stratum (Area 1) and along the coast of southeastern WH. In gen-
eral, observations were highly concentrated along or near the coast
throughout the population (Fig. 3). However, bears >10 km from
the coastline were often recorded in the high density stratum
(n=49; 43% of bears sighted from perpendicular transects in the
stratum) and less frequently observed in the southeastern portion
of WH (n = 6; 8% of bears sighted from perpendicular transects in
that region).

3.3. Abundance estimation

3.3.1. Perpendicular transects

We flew >7800 km along perpendicular transects, including
>2750 km in the high-density stratum, nearly 1100 km in the mod-
erate density Manitoba-Ontario zone, and about 4000 km in the
Nunavut and low density (far inland) Manitoba-Ontario strata.
After right truncation at about 5%, we included 139 and 62 polar
bear groups in distance sampling analysis for the datasets that in-
cluded and excluded the coastal zone, respectively.

Observed group sizes along perpendicular transects ranged
from 1 to 8 (x: 1.44; SD: 0.94). A group of 6 bears, including 2 fam-
ily groups and 2 independent bears, was sighted in Nunavut, con-
gregating around harvested whale carcasses. Because the low
density Manitoba-Ontario and the Nunavut strata were pooled
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and we viewed this aggregation as an anomaly that would not re-
flect group sizes in interior Manitoba-Ontario, we instead substi-
tuted the stratum mean group size for this observation.
Preliminary analyses did not indicate an effect of group size on
detection probabilities, a finding that was consistent with our field
observations. Goodness of fit metrics suggested adequate model fit
for all highly supported models (P > 0.05 for all tests).

Model selection was similar among analyses and supported the
inclusion of covariates to explain variability in detection probabil-
ities (Table 1). Model-averaging yielded abundance estimates of N:
929 (SE: 186) and N: 561 (SE: 124) that included the coastal zone
and excluded this region, respectively.

3.3.2. Coastal transects and small islands

Nunavut’s coastline is highly irregular in portions of northern
WH, making it challenging to conduct and analyze a comprehen-
sive coastal contour transect. This reality, coupled with the low
number of groups observed in the pooled low density stratum
(n =6), compelled us to rely exclusively on perpendicular transects
to estimate coastal zone abundance in Nunavut. In Manitoba and
Ontario, however, we sampled >95% of the coastline and included
190 polar bear groups in sight-resight analysis. Our highest ranked
model incorporated separate detection probabilities for the front
and rear observers and covariates for habitat structure and group
size. Detection and abundance estimates were very consistent
among the best supported models. Thus, we used detection proba-
bilities from the most highly supported model (pgonc: 0.97, SE:
0.014; prear: 0.86, SE: 0.027) to generate a group abundance esti-
mate (N: 192 groups; SE: 1.7) for the sampled areas and inflated
across the entire coastal zone. Multiplying by mean group size
(x: 1.45; SD: 1.6) yielded a coastal zone abundance estimate of
291 (SE: 23.8) polar bears in Manitoba and Ontario.

We sampled about 85% and 60% of total island area in Mani-
toba-Ontario and Nunavut, respectively, observed 102 and 9 bears
and obtained estimates of 120 (SE: 19.8) and 15 (SE: 1.6) bears on
and near small islands in the 2 areas. Additionally, 2 groups total-
ing 4 bears were sighted beyond the maximum inland extent of the
defined study site (>75 km and >60 km inland, respectively) during
ferry flights between transects. Because we were unable to incor-
porate these individuals elsewhere in the analysis, these bears
were added to final calculations. We observed no bears in dens
during the survey.

3.3.3. Total abundance

Summing estimates from the perpendicular transects including
the coastal zone, small island sampling, and the bears observed be-
yond the extent of the inland strata yielded an abundance estimate
of 1068 (SE: 187) bears. Estimates from coastal contour transects,
perpendicular transects excluding the coastal zone data, and small
island sampling, as well as the bears sighted beyond the extent of
the inland strata, produced a total abundance of 991 (SE: 128).

Table 1
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Averaging these estimates yielded an abundance of 1030 (CV:
16.0; 95% lognormal CI: 754-1406) for WH during the 2011 ice-
free season.

4. Discussion
4.1. Distribution

Because the aerial survey was systematic and comprehensive,
our data provide unique insights into the distribution and densities
of bears across the entirety of WH. Residents of communities along
the Nunavut coastline of WH report that encounters with polar
bears have been increasing since the 1970s (Tyrrell, 2006), result-
ing in a perception among local communities that abundance has
increased and that a significant proportion of bears are now sum-
mering outside the core MR study area (Dowsley and Taylor, 2006;
NWMB, 2007). However, aerial survey data did not indicate a large-
scale range shift; only about 6% of sightings during the 2011 survey
occurred in Nunavut. This finding is consistent with previous re-
search and suggests that the vast majority of individuals within
WH still summer in Manitoba.

Similar to previous studies (e.g., Stirling et al., 1977; Derocher
and Stirling, 1990; Lunn et al., 1997; Towns et al., 2010), we found
marked differences in polar bear distribution comparing 2 broad
geographic regions in Manitoba and Ontario (previously delineated
by Stirling et al. (2004); Fig. 3). In Area 1 (including the core study
area of the MR work), the highest densities of bears occurred along
the coastline, but we also encountered a significant number of
individuals >10 km inland, mostly within Wapusk National Park
(Fig. 3). In contrast, virtually all polar bears in Area 2 (i.e., south-
eastern WH) were highly concentrated in a relatively narrow strip
along the coast. These differences in distribution have been well-
documented previously and attributed to several factors, including
variation in the availability of suitable inland habitats for activities
such as denning, avoidance of conspecifics, and thermoregulation
(Stirling et al.,, 1977; Derocher and Stirling, 1990; Lunn et al.,
1997, Clark and Stirling, 1998; Richardson et al., 2005).

Because nearly half of the sightings in Manitoba-Ontario oc-
curred in southeastern WH, outside the core MR study area, we re-
viewed multiple lines of evidence to examine the hypothesis that
the high proportion of bears encountered there was an anomaly
reflecting temporary immigration of bears from the adjacent
Southern Hudson Bay (SH) population. There is not strong support
for this hypothesis. First, historical data indicate that there is little
overlap during the ice-free season and high fidelity to on-land
areas (e.g., Lunn et al., 1997; Stirling et al., 2004). Second, although
they represent a small (n=7) and sex-biased (i.e., all females)
sample, bears outfitted with satellite collars in SH during 2011
did not exhibit unusual movements during the ice-free season
and were well within SH’s bounds during the late summer and fall
(M. Obbard and K. Middel, Ontario Ministry of Natural Resources,

Summary of most supported models (AAIC < 2) for distance sampling analyses of the WH polar bear aerial survey, conducted during August, 2011. In the column Model, the first
term signifies the key function and subsequent terms represent covariates (Struc = habitat structure within a 30 m radius of the polar bear; Vis = visibility).

Dataset Model AAIC Parameters Global density® (bears per km?) Coefficient of variation (%)
All inland sightings Half-normal/Struc + Vis 0.000 3 0.011 17.6

Hazard/Struc + Vis 0.106 4 0.013 20.7
Sightings excluding coastal zone Half-normal/Struc + Vis 0.000 3 0.007 203

Hazard/Vis 0.331 3 0.008 233

Hazard/Struc + Vis 1.030 4 0.008 24.2

HN/Vis 1.059 2 0.007 18.8

HN/Struc 1.630 2 0.007 20.0

2 Global density estimates refer to density within the region estimated by distance sampling. For example, datasets excluding sightings in the coastal strip do not

incorporate those bears in the global density estimate.
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unpublished data). Third, an aerial survey of SH was conducted in
Ontario, where most bears in that population summer (Obbard
et al., 2007), during September, 2011, and in Quebec and offshore
islands the following year (Obbard et al., 2013). The abundance
estimate of SH (951, 95% CI: ~662-1366) derived from this aerial
survey is consistent with other recent abundance estimates
(900-1000; Obbard et al., 2007), suggesting that a large influx of
bears from Southern Hudson Bay is unlikely to have significantly
contributed to the high densities of bears observed in WH. Finally,
the high number of bears sighted along the Area 2 coastline is
consistent with long-term data from annual coastal surveys that
show a trend of increasing use of this region (Stirling et al., 2004;
Manitoba Conservation, unpublished data; Fig. 4).

4.2. Abundance estimation

4.2.1. Aerial survey-based estimation

We generated an aerial survey estimate of abundance for WH
using a combination of sampling and analytical techniques. While
our results provide an estimate of current polar bear abundance,
this figure alone does not indicate population status or trend. Mul-
tiple surveys repeated at regular intervals would be required to as-
sess trend.

Abundance estimates in which bears along the shore were esti-
mated from perpendicular transects extending through the coastal
zone (i.e., distance sampling) were generally consistent with esti-
mates in which the coastal zone abundance was based on separate
contour transects (i.e., sight-resight). To incorporate uncertainty in
model selection and estimated detection functions as well as vari-
ability between techniques, we used model-averaging in the anal-
yses. This procedure slightly inflated precision. However, we
believe that it resulted in an estimate that better reflected true
abundance (Anderson et al., 2000).

We sampled from both a helicopter and a fixed wing aircraft
during the aerial survey due to logistical constraints. Insufficient
detections from the fixed wing compelled us to pool data from
the 2 platforms in our analyses. Our preliminary analyses including
and excluding the fixed wing data from modeling and our
experiences with helicopter and fixed wing surveys elsewhere
suggest that pooling data from the platforms had a negligible
effect on our results. The consistency in the number and distribu-
tion of sightings in Nunavut between this study and previous,
helicopter-based research (e.g., Peacock and Taylor, 2007) also
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Fig. 4. Polar bear counts from annual coastal surveys conducted between August 15
and September 15 from 1970 to 2011 in Western Hudson Bay in the region
extending from the Nelson River to the Manitoba-Ontario border (i.e., Area 2;
Stirling et al., 2004, Manitoba Conservation unpublished data). The number of bears
observed during this survey, including those sighted along the coast and on small
islands during the coastal contour transects, is denoted by a gray star.

supports this assertion. Moreover, distance sampling models are
robust to pooling of data with different detection functions
(Buckland et al., 2001).

4.2.2. Methodological assumptions

Like all statistical methods, the ability of distance sampling to
generate a reliable (unbiased) abundance estimate is contingent
on meeting a set of assumptions. We attempted to minimize po-
tential biases in the aerial survey through study design. Specifi-
cally, we surveyed with systematically spaced transects oriented
against the coastal density gradient to ensure random sampling
with respect to the distribution of bears. We also examined left-
truncated data to account for blind spots and evaluated detection
on the transect line with double-observer models, which we esti-
mated at >97%. This result suggests that we detected virtually all
animals on the transect line.

Detection of bears at their initial location (i.e., before respond-
ing to approaching observers) is another core distance sampling
assumption (Buckland et al.,, 2001). Because polar bears in WH
have been subject to an annual capture program over the past sev-
eral decades, we hypothesized that they may have moved in re-
sponse to an approaching aircraft. However, >75% of bears
sighted within 500 m of the aircraft along perpendicular transects
were stationary when first detected, and sighting distance histo-
grams (Fig. 2) did not suggest significant responsive movement
(sightings peaked in the distance bins closest to the transect).
Additionally, the survey was flown at speeds much faster than a
polar bear can travel, so the impact of movements prior to detec-
tion was likely minimal (Buckland et al., 2001).

Finally, accurate measurement of distances to sightings from
the transect path is critical (Buckland et al., 2001). We used meth-
ods involving GPS and GIS technology adapted from Marques et al.
(2006) that we previously implemented in large-scale polar bear
aerial surveys in Foxe Basin (Stapleton et al., 2012). We are confi-
dent that our measures of perpendicular distance between the air-
craft flight path and polar bears were accurate. Because our study
met and evaluated fundamental distance sampling assumptions
through proper study design and analysis, the aerial survey addi-
tionally fulfilled the implicit assumption that polar bear distances
from the transects (i.e., observed plus unobserved bears) followed
a uniform statistical distribution (Fewster et al., 2008).

Abundance estimates derived from mark-recapture (sight-re-
sight) models will be negatively biased if heterogeneity in detec-
tion probabilities is not sufficiently modeled (Otis et al., 1978;
Pollock et al., 1990). Here, sight-resight results may have been par-
ticularly susceptible to underestimation since observations by
front and rear observers were nearly instantaneous and from very
similar vantage points. In other words, sightings were not entirely
independent (e.g., both observers may have been more likely to
miss difficult-to-spot bears), potentially yielding an overestimate
of detection. However, we adopted a conservative strip width
and included multiple covariates to explain variability in detection.
The habitat along the coast and on small islands also generally pre-
sented excellent sighting conditions, reducing the likelihood that a
significant source of heterogeneity was not included in modeling.

4.2.3. Other potential biases

Several other factors may affect the accuracy of an aerial survey
in WH. Available evidence suggests that our study area encom-
passed nearly all bears located within the bounds of the WH pop-
ulation during August, 2011. However, 2 groups were sighted
beyond the inland extent of the study area, indicating that our
delineation was not fully comprehensive. Polar bears located far
from the coast during the ice-free season have been occasionally
reported in the region, including a bear sighted in northeastern
Saskatchewan, more than 400 km from the Hudson Bay coastline,
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during 1999 (Goodyear, 2003). While it is impossible to quantify
the extent of these occurrences, we believe such far inland bears
are rare. We also cannot discount the presence of some bears in
far offshore waters during the survey period. Although we ex-
tended perpendicular transects over tidal flats and surveyed during
ferry flights between small islands, safety concerns and logistical
efficiency precluded systematically and intensively surveying
offshore waters. Telemetry data indicate that bears predictably
come ashore as sea ice melts and breaks up, rather than remaining
in offshore, ice-free waters (Stirling et al., 1999; Parks et al., 2006;
Cherry et al., 2013). Arrival on land occurs 3-4 weeks after ice
breakup, defined as the date at which total ice cover decreases to
50% (Stirling et al., 1999) or 30% (Cherry et al., 2013). Polar bears
in WH remain onshore throughout the ice-free season (Stirling
et al., 1977) and their movements are markedly reduced (Parks
et al., 2006). In 2011, Hudson Bay was completely ice-free several
weeks prior to the commencement of the aerial survey (Canadian
Ice Service regional charts, available: http://ice-glaces.ec.gc.ca/).
In Manitoba, our sampling itinerary began at the Nunavut border
and continued southward, such that southeastern WH, where sea
ice tends to persist longest, was surveyed about 4 weeks after
the last remnant ice floes had melted. Thus, any bears swimming
in WH's offshore waters likely represent a negligible portion of
the total population.

Polar bears that are entirely hidden from observation are not
incorporated in an aerial survey abundance estimate. Such avail-
ability bias could arise from 2 sources. Whereas much of the WH
study area consists of open coastal plains or tundra, dense vegeta-
tion and small trees encountered in some inland regions may com-
pletely obscure some polar bears from view. While we are unable
to quantify such availability bias, our impression in the field was
that although trees and brush impeded detection (e.g., habitat
structure was an important covariate in modeling detection func-
tions), it is likely that few, if any, bears were completely concealed
by vegetation.

Second, polar bears in WH, particularly pregnant females, may
use dens during the ice-free season, entering them as early as Au-
gust (Stirling et al., 1977; Clark et al., 1997; Clark and Stirling,
1998; Lunn et al., 2004; Richardson et al., 2005). We cannot correct
for bears that were underground during the survey, but several
pieces of evidence suggest that this was rare. We observed numer-
ous dens, some signs of recent digging, and sighted bears of various
sex and age-classes in known denning areas (i.e., the high density
stratum). However, we did not document any bears in dens or near
mouths of dens, suggesting that overall denning activity was low
during the survey. Additionally, more than 50% of bears classified
as adult females in Manitoba and Ontario were solitary. These pre-
sumably pregnant bears (i.e., the reproductive class most likely to
enter dens in late summer and fall) were proportionately more
abundant than females that had cubs the previous year (with
coy) or the year before (with yearlings). These findings suggest that
few bears were missed in dens. Nevertheless, any availability bias
arising from bears being obscured in dens or by vegetation would
cause our estimate to be negatively biased.

4.2.4. Comparison with mark-recapture estimation

Our 2011 aerial survey results are consistent with a 2004 esti-
mate of abundance based on MR (935; 95% CI: 794-1076; Regehr
et al., 2007). However, previous analyses based on vital rates esti-
mated from capture-based studies suggested that abundance
would continue to decline beyond 2004 (Regehr et al., 2007;
Obbard et al., 2010). Thus, we expected that our abundance
estimate would be substantially less than the 2004 estimate.
A review of how MR has been implemented in WH is informative
for evaluating potential differences between aerial survey and
MR-derived estimates of abundance.

Equal probability of detection is a key assumption of capture-
based methods. Unmodeled heterogeneity in capture probabilities
produces a negatively biased abundance estimate and may impact
survival estimates (Pollock et al., 1990). Thus, obtaining a random
sample of individuals that represents the entire population of
interest (or completely modeling unequal capture probabilities to
eliminate capture heterogeneity) is necessary to generate reliable
results.

In WH, sampling effort for MR historically concentrated around
Churchill and in Wapusk National Park (i.e., the high density stra-
tum, Fig. 1; e.g., Regehr et al., 2007), with limited and less frequent
sampling elsewhere, such as southeastern WH (e.g., Area 2, Fig. 3;
Lunn et al., 1997). Despite this geographically limited sampling,
MR analyses have been considered to reflect abundance and trends
for the entire WH population (Regehr et al., 2007; Obbard et al.,
2010), generally under the assumption that adequate ‘mixing’ en-
sures random sampling.

However, several lines of evidence suggest that this sampling
strategy may have resulted in biased parameter estimates. Multi-
ple studies have reported that polar bears in WH show a high de-
gree of geographic fidelity within and between ice-free periods
(Derocher and Stirling, 1990; Stirling et al., 2004; Parks et al.,
2006). Such site fidelity suggests that sampling a limited portion
of WH may yield an estimate that includes only those bears that
used the sampled area, not the entire population.

Additionally, the results of the aerial survey demonstrate that a
significant proportion of bears are found outside the core MR study
area in late summer, when most capture work historically has oc-
curred (e.g., Regehr et al., 2007). Very low densities of polar bears
in the Nunavut portion of WH during the early ice-free season sug-
gest that any bias arising from limited sampling in this region is
likely minimal. Conversely, high densities of bears along the coast
in southeastern WH represent a large and seemingly increasing
proportion of the population (Fig. 4); failure to adequately sample
this region could negatively bias abundance estimates and obscure
population trends. Lunn et al. (1997) reported that MR estimates of
population size did not differ based on the inclusion or exclusion of
capture data from southeastern WH. However, sampling was lim-
ited and inconsistent in this region compared to the extensive,
long-term sampling within the core study area. In contrast, Regehr
et al. (2007) noted disparities in comparing abundance estimates
derived from 2 MR datasets and attributed this finding to under-
sampling of subadults that tended to occupy areas closer to Chur-
chill; the dataset that yielded a lower abundance estimate included
less sampling around Churchill. Combined, these observations sug-
gest that spatially limited sampling (i.e., concentrated within the
densest region) may have resulted in an underestimate of abun-
dance of WH.

The aerial survey represents the first systematic and geograph-
ically comprehensive survey of polar bears in WH. Thus, the results
better represent the entire population than MR estimates based on
sampling within a core study site. As such, WH appears to have
more polar bears than previously thought. Our estimate, however,
does not necessarily negate the declining trends in abundance, sur-
vival, reproductive output, and body condition reported from WH
(Stirling et al., 1999; Regehr et al., 2007). Because the aerial survey
reflects a larger effective area (the entirety of WH) than the MR
studies (a smaller proportion of the population), results from the
2 methods cannot be directly compared to assess population trend.
It would be erroneous to suggest that our estimate indicates that
the population is not declining. Indeed, the aerial survey indicated
that reproductive performance in WH during 2011 was relatively
poor, consistent with findings of capture-based studies (Regehr
et al., 2007). Mean litter sizes and the proportions of cubs-of-the-
year and yearlings recorded in WH were low relative to adjacent
populations (Table 2), suggesting that WH is currently less
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Table 2

Polar bear litter sizes and number of dependent offspring observed (as proportion of total observations) during recent ice-free season studies in central and eastern Canada. Data

are presented as mean (standard error).

Population Litter size Proportion of total observations Source
Cubs of the year Yearlings Cubs of the year Yearlings
Western Hudson Bay (2011) 1.43 (0.08) 1.22 (0.10) 0.07 0.03 This study
Southern Hudson Bay (2011) 1.56 (0.06) 1.54 (0.08) 0.16 0.12 Obbard et al. (2013)
Baffin Bay (2011) 1.57 (0.06) 1.51 (0.09) 0.19 0.10 Government of Nunavut (unpublished data)
Foxe Basin (2009-2010) 1.54 (0.04) 1.48 (0.05) 0.13 0.10 Stapleton et al. (2012)
Davis Strait (2005-2007) 1.49 (0.14) 1.22 (0.28) 0.08 0.09 Peacock et al. (2013)

productive than other populations in the Hudson Bay complex and
nearby regions (Peacock et al., 2010). Nevertheless, the apparent
increased use of southeastern WH, coupled with the lack of
sampling there, could result in an inaccurate assessment of trends
in abundance, survival, and other measures of population status.
The differences in sampling frames and associated uncertainties
must be clearly communicated to decision-makers, and southeast-
ern WH should be fully integrated in future studies to evaluate
demography and status of polar bears across the population. There
are several fundamental questions about how this region functions
within the broader Hudson Bay polar bear complex, including the
suitability of current population delineation, the discreteness of
bears that summer in southeastern WH from bears that summer
elsewhere in the population, and the susceptibility of these bears
to harvest by communities in Nunavut.

5. Conclusions

Recent changes in regional sea ice (Gough et al., 2004; Gagnon
and Gough, 2005; Scott and Marshall, 2010) and reported deleteri-
ous impacts on body condition and vital rates (e.g., Stirling et al.,
1999; Regehr et al., 2007) have placed Hudson Bay at the forefront
of polar bear conservation and management. Indeed, polar bears in
Western Hudson Bay are often cited as the most visible and dra-
matic example of the early impacts of climate change. The aerial
survey results should not necessarily alter that impression, nor
do they provide a more optimistic outlook for polar bears in the
Hudson Bay region. However, our findings do highlight the need
to identify the limitations of both aerial survey and MR sampling
programs and to reconcile potentially conflicting results in order
to correctly assess population status and quantify the impacts of
climate change. Our results further suggest that the systematic
and comprehensive sampling of aerial surveys can effectively com-
plement capture-based initiatives, providing a sound means to
track abundance and distribution. Their application may become
particularly important in WH and similar populations subject to
changing environmental conditions, given the increasing need for
rapid dissemination of information, the strong objections by Inuit
to physical capture, and the possible effects of capture on bears
in a declining state of health.

Acknowledgements

We thank Mitch Campbell (Government of Nunavut, Depart-
ment Of Environment), Leah Muckpah, Leo Ikakhik and Peter
Mikeeuneak (Arviat Hunting and Trapping Organization), Norman
Ford, Tommy Kabuitok and Ralph Nukitut (Rankin HTO), Joe Sav-
ikataaq, Jack Batstone (Manitoba Conservation), Rodney Redhead
(Parks Canada) and Jonathan Talon (Hudson Bay Helicopters) for
their work as observers and data collectors during the survey. In-
put on survey design was provided by members of the Arviat, Ran-
kin Inlet, Whale Cove Hunting and Trapping Organizations during a
July, 2010 workshop in Churchill and at the Kivalliq Wildlife Board
in June, 2011. D. Lee and B. Dean (Nunavut Tunngavik Incorpo-

rated) also contributed to survey design. ]. Laake and T. Arnold pro-
vided valuable statistical advice. T. Arnold, I. Stirling and 4
anonymous reviewers provided useful comments on earlier drafts
of this manuscript. Financial support was provided by the Govern-
ment of Nunavut (Department of Environment), Environment Can-
ada, the Nunavut Wildlife Management Board, and Indian and
Northern Affairs Canada. In-kind support was received from Man-
itoba Conservation, Parks Canada, and the Ontario Ministry of Nat-
ural Resources. S. Stapleton received additional support from the
University of Minnesota. This study was conducted under research
permits from Parks Canada (Wapusk National Park Research and
Collection Permit Number WAP-2011-8340) and the Government
of Nunavut (Wildlife Research Permit Number 2011-040). Field
protocols were approved by the Institutional Animal Care and
Use Committee at the University of Minnesota (Permit Number
0907A68891).

References

Aars, J., Marques, T.A., Buckland, S.T., Andersen, M., Belikov, S., Boltunov, A., Wiig, @.,
2009. Estimating the Barents Sea polar bear subpopulation size. Mar. Mammal
Sci. 25, 35-52.

Amstrup, S.C., 1993. Human disturbances of denning polar bears in Alaska. Arctic
46, 246-250.

Amstrup, S.C., Marcot, B.G., Douglas, D.C., 2008. A Bayesian network modeling
approach to forecasting the 21st century worldwide status of polar bears. In:
DeWeaver, E.T., Bitz, CM., Tremblay, L.B. (Eds.), Arctic Sea Ice Decline:
Observations, Projections, Mechanisms and Implications, Geophysical
Monograph Series 180. American Geophysical Union, Washington, D.C., pp.
213-268.

Anderson, D.R., Burnham, K.P., Thompson, W.L., 2000. Null hypothesis testing:
problems, prevalence, and an alternative. J. Wildl. Manage. 64, 912-923.

Borchers, D.L., Laake, J.L., Southwell, C., Paxton, C.G.M., 2006. Accommodating
unmodeled heterogeneity in double-observer distance sampling surveys.
Biometrics 62, 372-378.

Buckland, S.T., Anderson, D.R., Burnham, K.P., Laake, ].L., Borchers, D.L., Thomas, L.,
2001. Introduction to Distance Sampling: Estimating Abundance of Biological
Populations. Oxford University Press, Oxford.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach. Springer, New York.

Cherry, S.G., Derocher, A.E., Thiemann, G.W., Lunn, N.J., 2013. Migration phenology
and seasonal fidelity of an Arctic marine predator in relation to sea ice
dynamics. ]. Anim. Ecol. http://dx.doi.org/10.1111/1365-2656.12050.

Clark, D.A., Stirling, 1., 1998. Habitat preferences of polar bears in the Hudson Bay
lowlands during late summer and fall. Ursus 10, 243-250.

Clark, D.A., Stirling, 1., Calvert, W., 1997. Distribution, characteristics, and use of
earth dens and related excavations by polar bears on the Western Hudson Bay
lowlands. Arctic 50, 158-166.

Crompton, A.E., Obbard, M.E., Petersen, S.D., Wilson, P.J., 2008. Population genetic
structure in polar bears (Ursus maritimus) from Hudson Bay, Canada:
implications for future climate change. Biol. Conserv. 141, 2528-2539.

Derocher, A.E., Stirling, 1., 1990. Distribution of polar bears (Ursus maritimus) during
the ice-free period in western Hudson Bay. Can. ]. Zool. 68, 1395-1403.

Derocher, A.E., Stirling, I., 1995a. Estimation of polar bear population size and
survival in western Hudson Bay. ]. Wildl. Manage. 59, 215-221.

Derocher, A.E., Stirling, I., 1995b. Temporal variation in reproduction and body mass
of polar bears in western Hudson Bay. Can. J. Zool. 73, 1657-1665.

Derocher, A.E., Stirling, 1., Calvert, W., 1997. Male-biased harvesting of polar bears in
western Hudson Bay. J. Wildl. Manage. 61, 1075-1082.

Dowsley, M., Taylor, M.K, 2006. Management Consultations for the Western
Hudson Bay (WH) Polar Bear Population (01-02 December, 2005). Final Wildlife
Report 3, Government of Nunavut, Iqaluit, Nunavut.

Dyck, M.G., Soon, W., Baydack, R.K., Legates, D.R., Baliunas, S., Ball, T.F., Hancock,
L.0., 2007. Polar bears of western Hudson Bay and climate change: are warming
spring air temperatures the “ultimate” survival control factor? Ecol. Complexity
4, 73-84.


http://refhub.elsevier.com/S0006-3207(13)00461-8/h0005
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0005
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0005
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0010
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0010
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0015
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0015
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0015
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0015
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0015
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0015
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0020
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0020
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0025
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0025
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0025
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0030
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0030
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0030
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0035
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0035
http://dx.doi.org/10.1111/1365-2656.12050
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0045
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0045
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0050
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0050
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0050
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0055
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0055
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0055
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0060
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0060
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0065
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0065
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0070
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0070
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0075
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0075
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0085
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0085
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0085
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0085

S. Stapleton et al./Biological Conservation 170 (2014) 38-47 47

Fewster, R., Southwell, C., Borchers, D., Buckland, S., Pople, A., 2008. The influence of
animal mobility on the assumption of uniform distances in aerial line-transect
surveys. Wildl. Res. 35, 275-288.

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

Goodyear, M., 2003. Extralimital sighting of a polar bear, Ursus maritimus, in
Northeast Saskatchewan. Can. Field Nat. 117, 648-649.

Gough, AS., Cornwell, AR, Tsuji, L].S., 2004. Trends in seasonal sea ice duration in
southwestern Hudson Bay. Arctic 57, 299-305.

Huggins, R., 1989. On the statistical analysis of capture experiments. Biometrika 76,
133-140.

Huggins, R., 1991. Practical aspects of a conditional likelihood approach to capture
experiments. Biometrics 47, 725-732.

Innes, S., Heide-Jorgensen, M.P., Laake, J.L., Laidre, K.L., Cleator, HJ., Richard, P.,
Stewart, R.E.A., 2002. Surveys of belugas and narwals in the Canadian High
Arctic in 1996. NAMMCO Sci. Publ. 4, 169-190.

Jonkel, CJ., Kolenosky, G.B., Robertson, R.J., Russell, R.H., 1972. Further notes on
polar bear denning habits. Int. Conf. Bear Res. Manage. 2, 142-158.

Kolenosky, G.B., Abraham, K.F., Greenwood, CJ., 1992. Polar Bears of Southern
Hudson Bay. Polar Bear Project, 1984-88. Final Report, Ontario Ministry of
Natural Resources, Maple, Ontario.

Laake, J., Borchers, D., 2004. Methods for incomplete detection at distance zero. In:
Buckland, S., Anderson, D., Burnham, K., Laake, J., Borchers, D., Thomas, L. (Eds.),
Advanced Distance Sampling. Oxford University Press, Oxford, pp. 108-189.

Lunn, N.J.,, Stirling, I., Andriashek, D., Kolenosky, G.B., 1997. Re-estimating the size of
the polar bear population in western Hudson Bay. Arctic 50, 234-240.

Lunn, NJ.,, Stirling, I., Andriashek, D., Richardson, E., 2004. Selection of maternity
dens by female polar bears in western Hudson Bay. Polar Biol. 7, 350-356.
Marques, F.F.C., Buckland, S., 2003. Incorporating covariates into standard line

transect analyses. Biometrics 59, 924-935.

Marques, T., Andersen, M., Christensen-Dalsgaard, S., Belikov, S., Boltunov, A., Wiig,
@., Buckland, S., Aars, J., 2006. The use of global positioning systems to record
distances in a helicopter line-transect survey. Wildl. Soc. B 34, 759-763.

Messier, F., 2000. Effects of Capturing, Tagging, and Radio Collaring Polar Bears for
Research and Management Purposes in Nunavut and NWT. University of
Saskatchewan, Saskatoon, Canada.

Nunavut Wildlife Management Board, 2007. West Hudson Bay Polar Bear
Population: Total Allowable Harvest. Record of Decision. NWMB, Iqaluit,
Nunavut.

Obbard, M.E., McDonald, T.L., Howe, EJ., Regehr, E.V., Richardson, E.S., 2007. Polar
bear population status in Southern Hudson Bay, Canada. Administrative Report.
USGS Alaska Science Center, Anchorage, Alaska.

Obbard, M.E., Thiemann, G.W., Peacock, E., DeBruyn, T.D. (Eds.), 2010. Polar Bears:
Proceedings of the 15th Working Meeting of the [IUCN/SSC Polar Bear Specialist
Group, Copenhagen, Denmark, 29 June-3 July 2009. IUCN, Gland, Switzerland
and Cambridge, UK.

Obbard, M.E., Middel, K.R., Stapleton, S., Thibault, 1., Brodeur, V., Jutras, C., 2013.
Estimating Abundance of the Southern Hudson Bay Polar Bear Subpopulation
using Aerial Surveys, 2011 and 2012. Wildlife Research Series 2013-01. Ontario
Ministry of Natural Resource, Science and Research Branch, Peterborough,
Ontario.

Otis, D.L., Burnham, K.P., White, G.C., Anderson, D.R., 1978. Statistical inference from
capture data on closed animal populations. Wildl. Monogr. 62, 3-135.

Paetkau, D., Calvert, W., Stirling, 1., Strobeck, C., 1995. Microsatellite analysis of
population structure in Canadian polar bears. Mol. Ecol. 4, 347-354.

Paetkau, D., Amstrup, S.C., Born, EW., Calvert, W., Derocher, AE., Garner, G.W.,
Messier, F., Stirling, 1., Taylor, M.K., Wiig, @., Strobeck, C., 1999. Genetic structure
of the world’s polar bear populations. Mol. Ecol. 8, 1571-1584.

Parks, E.K., Derocher, A.E., Lunn, N.J., 2006. Seasonal and annual movement patterns
of polar bears on the sea ice of Hudson Bay. Can. J. Zool. 84, 1281-1294.

Peacock, E., Taylor, M.K.,, 2007. Polar Bears of Western Hudson Bay: Survey
Extension Investigation. Unpublished Report. Government of Nunavut, Igloolik,
Nunavut.

Peacock, E., Derocher, A.E., Lunn, NJ., Obbard, M.E., 2010. Polar bear ecology and
management in Hudson Bay in the face of climate change. In: Ferguson, S.H.,
Loseto, L.L., Mallory, M.L. (Eds.), A Little Less Arctic: Top Predators in the World’s
Largest Northern Inland Sea. Hudson Bay, Springer, New York, pp. 93-116.

Peacock, E., Taylor, M.K,, Laake, J., Stirling, I., 2013. Population ecology of polar bears
in Davis Strait, Canada and Greenland. ]. Wildl. Manage. 77, 463-476.

Pollock, K.H., Kendall, W.L., 1987. Visibility bias in aerial surveys: a review of
estimation procedures. J. Wildl. Manage. 51, 502-510.

Pollock, K.H., Nichols, J.D., Brownie, C., Hines, J.E., 1990. Statistical inference for
capture-recapture experiments. Wildl. Monogr. 107, 1-97.

Powell, L., 2007. Approximating variance of demographic parameters using the
delta method: a reference for avian biologists. Condor 109, 949-954.

Ramsay, M.A,, Stirling, 1., 1986. Long-term effects of drugging and handling free-
ranging polar bears. J. Wildl. Manage. 50, 619-626.

Regehr, E.V., Lunn, N.J., Amstrup, S.C., Stirling, 1., 2007. Effects of earlier sea ice
breakup on survival and population size of polar bears in western Hudson Bay. J.
Wildl. Manage. 71, 2673-2683.

Richardson, E., Stirling, 1., Hik, D.S., 2005. Polar bear (Ursus maritimus) maternity
denning habitat in western Hudson Bay: a bottom-up approach to resource
selection functions. Can. J. Zool. 83, 860-870.

Scott, ].B.T., Marshall, G.J., 2010. A step change in the date of sea-ice break-up in
Western Hudson Bay. Arctic 63, 155-164.

Stapleton, S., Peacock, E., Garshelis, D., Atkinson, S., 2012. Foxe Basin Polar Bear
Aerial Survey, 2009 and 2010: Final Report. Government of Nunavut, Iqaluit,
Nunavut.

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

Stirling, 1., Jonkel, C., Smith, P., Robertson, R., Cross, D., 1977. The Ecology of the
Polar Bear (Ursus maritimus) along the Western Coast of Hudson Bay. Canadian
Wildlife Service Occasional Paper 33, Canadian Wildlife Service, Ottawa.

Stirling, I., Lunn, N.J., lacozza, J., 1999. Long-term trends in the population ecology of
polar bears in Western Hudson Bay in relation to climatic change. Arctic 52,
294-306.

Stirling, I., Lunn, N.J., lacozza, ]., Elliott, C., 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, 15—
26.

Stirling, 1., Derocher, A.E., Gough, W.A., Rode, K.D., 2008. Response to Dyck et al.
(2007) on polar bears and climate change in western Hudson Bay. Ecol.
Complexity 5, 193-201.

Taylor, M., Lee, J., 1995. Distribution and abundance of Canadian polar bear
populations: a management perspective. Arctic 48, 147-154.

Thomas, L., Buckland, S.T., Rexstad, E.A., Laake, J.L., Strindberg, S., Hedley, S.L.,
Bishop, J.R.B., Marques, T.A., Burnham, K.P., 2010. Distance software: design and
analysis of distance sampling surveys for estimating population size. J. Appl.
Ecol. 47, 5-14.

Towns, L., Derocher, A.E., Stirling, I, Lunn, N.J,, Hedman, D., 2009. Spatial and
temporal patterns of problem bears in Churchill, Manitoba. Polar Biol. 32, 1529~
1537.

Towns, L., Derocher, A.E., Stirling, L., Lunn, N.J., 2010. Changes in land distribution of
polar bears in Western Hudson Bay. Arctic 63, 206-212.

Tyrrell, M., 2006. More bears, less bears: Inuit and scientific perceptions of polar
bear populations on the west coast of Hudson Bay. J. Inuit Stud. 30, 191-208.

White, G.C., Burnham, K.P., 1999. Program MARK: survival estimation from
populations of marked animals. Bird Study 46, S120-S139.


http://refhub.elsevier.com/S0006-3207(13)00461-8/h0090
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0090
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0090
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0095
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0095
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0100
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0100
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0105
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0105
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0110
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0110
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0115
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0115
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0120
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0120
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0120
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0125
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0125
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0135
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0135
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0135
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0140
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0140
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0145
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0145
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0150
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0150
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0155
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0155
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0155
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0160
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0160
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0160
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0165
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0165
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0165
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0175
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0175
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0175
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0320
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0320
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0320
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0320
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0320
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0185
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0185
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0195
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0195
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0190
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0190
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0190
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0200
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0200
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0210
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0210
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0210
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0205
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0205
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0205
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0205
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0215
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0215
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0220
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0220
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0225
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0225
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0230
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0230
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0235
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0235
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0240
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0240
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0240
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0245
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0245
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0245
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0250
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0250
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0255
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0255
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0255
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0280
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0280
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0280
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0270
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0270
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0270
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0275
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0275
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0275
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0275
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0325
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0325
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0325
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0285
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0285
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0290
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0290
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0290
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0290
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0300
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0300
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0300
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0295
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0295
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0305
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0305
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0310
http://refhub.elsevier.com/S0006-3207(13)00461-8/h0310

	Revisiting Western Hudson Bay: Using aerial surveys to update polar bear abundance in a sentinel population
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Survey design and field methods
	2.3 Analyses
	2.3.1 Perpendicular transects
	2.3.2 Coastal transects and small islands
	2.3.3 Total abundance


	3 Results
	3.1 Sightings
	3.2 Distribution
	3.3 Abundance estimation
	3.3.1 Perpendicular transects
	3.3.2 Coastal transects and small islands
	3.3.3 Total abundance


	4 Discussion
	4.1 Distribution
	4.2 Abundance estimation
	4.2.1 Aerial survey-based estimation
	4.2.2 Methodological assumptions
	4.2.3 Other potential biases
	4.2.4 Comparison with mark–recapture estimation


	5 Conclusions
	Acknowledgements
	References


