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Seasonal and annual movement patterns of polar
bears on the sea ice of Hudson Bay

E.K. Parks, A.E. Derocher, and N.J. Lunn

Abstract: Polar bearsrsus maritimus Phipps, 1774) move thousands of kilometres over sea ice searching for mates and
hunting for seals, which are their primary prey. Recently, decreased sea ice extent and earlier ice break-up have been
linked to shifts in seal distribution and abundance and to declines in polar bear condition and numbers in the western Hud-
son Bay polar bear population. We used geographic positioning system and satellite collars deployed between 1991 and
2004 to quantify movement patterns of adult female polar bears on the sea ice of Hudson Bay in relation to reproductive
class and temporal variations in sea ice patterns. We tested whether reproductive status and season affected movement anc
whether temporal changes in movement were correlated with temporal changes in sea ice patterns in Hudson Bay. Move-
ment patterns were not dependent on reproductive status but did change significantly with season. Annual distances moved
and areas covered by bears in Hudson Bay have decreased since 1991, which suggests that measured declines in bear con
dition and numbers are due to reduced prey intake as opposed to increased energy output. These declines in bear move-
ment are correlated with progressively earlier ice break-up in western Hudson Bay.

Résumeé : Les ours polairesUrsus maritimus Phipps, 1774) se gédacent sur des milliers de kilortres sur la banquisé a
la recherche de partenaires sexuels ou €itegdes phoques qui constituent leurs proies principales. Ces dexm@rnes,

on a reliela reduction de I'extension de la banquise et [dage precoce des glaces aux changements dansgartiéion

et 'abondance des phoques et delafedans la condition et la densitke la population d’ours polaires de I'ouest de la
baie d’Hudson. Entre 1991 et 2004, nous avons (tilisesystene de positionnement ggraphique et des colliers satellites
pour quantifier les patrons de placement des femelles de I'ours polaire sur la banquise de la baie d’Hudson en fonction
de la classe des reproducteurs et des variations temporelles de la banquise. Nousrifidiss les dplacements sont af-
fectes par le statut reproductif et la saison et si les changements temporels dangldesments sont en colagion avec
les modifications dans le temps de la structure de la banquise dans la baie d’Hudson. Les patiptecdmeet ne sont
pas relies au statut reproductif, mais varient selon la saison. Les distances parcourues et les surfaces gquldes ours
dans la baie d’Hudson ont dimihwpuis 1991, ce qui laisse croire que Iéslufes observe dans la condition physique et
la densitedes ours sont dus plusume ingestion r@uite de proies qu'ane production accrue diergie. Ces diminutions
des delacements des ours sont en étatien avec les deecles de plus en plus’higes dans I'ouest de la baie d’'Hudson.

[Traduit par la Reaction]

Introduction their habitat is difficult to access by humans (e.g., Jouventin

Animal movement is influenced both by the distribution
of resources, such as food or breeding habitat, and by tht%
physical structure of the landscape (Kareiva 1982; Mcintyr
and Wiens 1999). Analysis of animal movement and distri-
bution across a landscape and through time can provide i

and Weimerskirch 1990; Fritz et al. 2003).

Polar bears Wrsus maritimus Phipps, 1774) are non-

rritorial carnivores that travel thousands of kilometres
Sver Arctic sea ice to hunt their principal prey, ringed
.seals Pusa hispida (Schreber, 1775)) and bearded seals
rignathus barbatus (Erxleben, 1777)) (Stirling and Archi-

sights into resource use patterns, foraging strategies, ener&ld 1977; Smith 1980). Earlier research on polar bear

expenditure, and population dynamics (e.g., Jones 197
Johnson et al. 2002; Fortin et al. 2003). The increased u

movement relied on mark—recapture data alone, or together
Svith VHF telemetry when the bears were close to or on

of satellite and global positioning system (GPS) technologyang (e.g., Stirling et al. 1980; Lentfer 1983: Derocher and

in recent years has made it easier to examine the moveme
patterns of large, wide-ranging animals, particularly where,

g‘irling 1995); however, satellite and GPS technology have
mproved our ability to understand the structure and dy-
namics of polar bear distribution, especially over vast re-

mote areas. The circumpolar population has been divided

Ff]ecﬁié%ds Marchhzlgoe. AV(\:/c%ptgd 19 guly.//Z(_)OG. Published on jnt 19 relatively discrete populations based on satellite lo-
the esearch Press Web site at http://cjz.nrc.ca on cation data (Bethke et al. 1996; Taylor et al. 2001). Satellite-
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tracking studies in the Beaufort Sea, the eastern high Arctic,
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Sciences, University of Alberta, Edmonton, AB T6G 2E9, degree of variation in movement patterns both within and
Canada. between populations (Born et al. 1997; Messier et al.
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Variations within populations are likely due to differences
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local ice conditions. For example, females have greater eneor pup and fat, nae seal pups, which are 50% fat by wet
getic demands when they are accompanied by dependemtass, become abundant (Stirling and McEwan 1975; Kings-
offspring than when they are not, and therefore may adoptey and Stirling 1991; Stirling and Gritsland 1995). During
different space-use strategies (Amstrup et al. 2000; Mauritthis period, bears must acquire sufficient fat stores to sustain
zen et al. 2001). In addition, seasonal changes in ice condtheir metabolic requirements throughout the ice-free period
tions create different habitats through which bears mustvhen food is not available, which lasts 3—4 months for bears
move and hunt, and their movement rates and habitat prefeof most age and sex classes but 8 months for pregnant fe-
ences often change cyclically with the seasons (Ferguson etales that remain onshore after freeze-up to give birth in
al. 200@). terrestrial dens (Ramsay and Stirling 1988; Derocher et al.
Variation in bear movement may also be influenced byl1992; Atkinson and Ramsay 1995).
regional differences in ocean productivity, seal distribution, Recent studies have confirmed that the break-up of the
and sea ice. For instance, levels of marine primary producsea ice in western and southern Hudson Bay has been occur-
tivity vary with water depth, vertical mixing, and freshwater ring progressively earlier over the past 30 years (Stirling et
input, and areas of high primary productivity can supportal. 1999; Gough et al. 2004; Gagnon and Gough 2005), and
higher densities of other marine organisms (Jones and Arthat this may be the cause of a measured decline in polar
derson 1994). Seal distribution is dependent on local produdsear condition, because the time available to accumulate fat
tivity, as well as on sea ice dynamics; both of which varystores has been significantly reduced (Stirling et al. 1999).
substantially throughout the Arctic (Kingsley et al. 1985; The trend toward earlier break-up is projected to continue,
Lunn et al. 1997; Frost et al. 2004). Sea ice structure ands well as declines in ice cover and concentration (Etkin
dynamics are determined by regional air and water circula1991; Gagnon and Gough 2005). Patterns of polar bear
tion patterns, temperature fluctuations, and bathymetrynovement in Hudson Bay are predicted to change as this
(Thomas and Dieckmann 2003). happens, in response to changes in prey distribution, prey
In addition to this existing variability, climate change is Species, and ice structure (Derocher et al. 2004); however,
affecting ecosystem dynamics across the Arctic (Hansell €ittle is known about the present movement patterns of bears
al. 1998; Derocher et al. 2004). Sea ice extent, concentrn the sea ice of Hudson Bay when they are away from
tion, and thickness have all declined since the 1970s (Pafand, as well as how much they may already have changed.
kinson et al. 1999; Maslowski et al. 2001; Comiso 2002), The purpose of this study was to quantify the movement
and these changes have been attributed to large-scale climat€ satellite-collared female bears from the WH population
shifts in air temperature and global ocean and atmospheii@ relation to reproductive status, season, and temporal
circulation (Parkinson et al. 1999; Comiso and Parkinsorchanges in sea ice. We hypothesized that reproductive status
2004). Negative effects of climate change on arctic wildlifewould affect movement because females with cubs have
have already been documented in several species, such gi®ater energetic demands than solitary females. We ex-
declining reproductive success in gee§ihdn caerulescens  pected solitary females to travel greater distances and have
(L., 1758), Branta canadensis (L., 1758)), Atlantic cod larger home ranges than females with dependent cubs. Fur-
(Gadus morhua L., 1758), and ringed seals (Maclnnes etthermore, we hypothesized that movement patterns would
al. 1990; Portner et al. 2001; Stirling 2005). Because cli-be affected by seasonal changes in ice conditions and may
mate change will affect ice conditions and seal distribu-also have changed in response to temporal shifts in ice
tions differently in different regions of the Arctic (Gough break-up dates in Hudson Bay from 1991 to 2004. We ex-
and Wolfe 2001; Maslowski et al. 2001), it is likely that pected bears to travel farther and to have larger home ranges
the responses of individual polar bear populations to cliwhen break-up occurred later. To test these predictions, we
mate change will also vary. compared movement metrics among reproductive classes of
The western Hudson Bay (WH) polar bear population livefemales from the WH population both annually and season-
close to the southern limit of polar bear distribution and aredlly and compared temporal trends in movement to changes
therefore expected to be affected by a warming climatén ice break-up dates in the western Hudson Bay area.
sooner than other populations (Stirling and Derocher 1993;
Derocher et al. 2004). Each summer, the entire sea ice cov@flethods
in the Bay melts and bears are forced ashore where thegt
spend several months on land without access to food (StiStudy area
ling et al. 1977; Derocher and Stirling 1990). The WH fe- The boundary of the WH polar bear population includes
males show strong fidelity to the terrestrial denning arescoastal areas of Manitoba, Nunavut, and northwestern On-
and return year after year despite wide-ranging movement&rio, and is bounded by 6BON and 8830W (Stirling et
on the ice during winter (Derocher and Stirling 1990; Ram-al. 1977, 1999). The capture area for this study was south
say and Stirling 1990). When the ice reforms in October an®f Churchill, Manitoba (Fig. 1), between STON-58'50N
November, bears move back out onto the ice to hunt, witland 9225W-9415W.
the exception of pregnant females, who dig and enter dens Hudson Bay is a shallow inland sea with a mean depth of
(Ramsay and Stirling 1988). Cubs are born between midi25 m and an area of about®Rm?2 (Jones and Anderson
November and mid-December (Derocher et al. 1992), and994). Annual productivity has mainly been estimated in
family groups emerge from dens in February or March andsoutheastern Hudson Bay and is 35 g of &/on average,
then return to the sea ice together. The most critical huntingvith the highest levels (175 g of CAmannually) found
period for all WH bears is between April and July, when around the Belcher Islands (Roff and Legendre 1986). In
both ringed and bearded seals haul out onto the ice to mouttomparison, the average annual productivity on arctic
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Fig. 1. Map of the Hudson Bay region showing the area where po-bilized using Telazd} (Fort Dodge Laboratories, Fort
lar bears (rsus maritimus) from the western Hudson Bay popula- Dodge, lowa) according to Stirling et al. (1989). Animal
tion are captured by helicopter. handling procedures were approved by the University of Al-
e 9 berta BioSciences Animal Policy and Welfare Committee
a
Sy
O

Ry

and the Animal Care Committee of the Canadian Wildlife
Service (Prairie and Northern Region). Bears were classified
as belonging to one of the following groups: females with
cubs of the year (COYs), females with yearlings, solitary
adult females 5 years or older, adult males 5 years or older,
or subadult males or females (2—4 years). A sample of adult
females was fitted with Telonics (Mesa, Arizona) satellite
radio collars linked to the Argds system (Service Argos,
Inc., Lynnwood, Washington). Males were not tracked be-
cause their necks are wider than their heads and collars
could not be secured. The satellite collars were programmed
with different duty cycles in different years depending on
immediate study objectives. Argbgrovided quality indices

for the accuracy of each location: 3, accuracy <150 m; 2,
accuracy 150-350 m; 1, accuracy 350-1000 m; O, accuracy
Capture Area o >1000 m; and A or B, unable to estimate error but locations
may be accurate.

In September 2004, 11 Telonics Gen Il GPS Argos
satellite-linked collars were deployed in the same capture
area. Accuracy of these newer collars is within 30 m (M. Ed-
wards, personal communication). The collars were pro-
grammed to acquire 6 GPS locations per day (i.e., a fix
attempt every 4 h). Only adult females accompanied by
offspring were fitted with collars because solitary females
might have been pregnant and would have gone into ma-
ternity dens rather than return to the sea ice. Collared
a bears were all classified according to reproductive status
((’ as above at the time of collaring. For all bears, status was
updated if bears were recaptured; otherwise, bears were

) ) classified as “unknown reproductive status” 1 year after
shelves is between 40 and 90 g of @/fHill and Cota  capture.

2005), and is <7 g of C/fin the Arctic Basin (Lee and
Whitledge 2005). Ocean currents in the Bay follow agiatigtical analysis

large-scale counterclockwise gyre that moves south from \ye ysed the North American Datum 1983 coordinate sys-
Foxe Basin and exits through the Hudson Strait (Prmsent-em for plotting bear locations in Hudson Bay. All bear lo-

berg 1986). Ice formation begins in mid-October in the aiiong were originally plotted as latitude north and
northwest and early forming ice is pushed south by th§yngir de west, but were converted to universal transverse
gyre along the west coast towards the northern coasts Qfiercator (UTM) coordinates for zone 15 in ArcGISveri-

Manitoba and Ontario. Ice velocities during freeze-up aréson 9 2 (Environmental Systems Research Institute, Inc.

between 0.36 and 0.54 km/h (Saucier et al. 2004). Fromggs) sq that locations are positive and in metres for all spa-
late December until the end of April, ice cover is >9/10 i, analyses.

X]F;ﬂrgg?g;kt_t; Eggurin?roﬂeMngsxgunr?i d?:azr&tstocggrfh;n For seasonal analyses, we divided the year into fo_ur bio-
soutﬁernmost ice begins to melt, owing to Warmér temper!oglcally _r_elevant seasons b_ased on both bear behaviour and
atures, and ice from the northwést is pushed south by curse conditions: freeze-up, winter, break-up, and summer. Be-

’ i : cause movement and behaviour changes when bears move
rents along the west coast (Maxwell 1986; Saucier et al

2004). The last ice floes are generally found along the Onpnto the ice from land (Ramsay and Andriashek 1986;

. . Durner et al. 2004), freeze-up was defined as the period for
tario coast of Hudson Bay and, by September, the entif®ach bear from its first location on the ice after summer to
Bay is ice-free (Gough et al. 2004).

31 December. The ice on Hudson Bay continues to thicken
until April, at which point it reaches its maximum concen-
Data collection tration and thickness (Saucier et al. 2004); therefore, we de-
Between 1991 and 1998, 41 adult female bears from théined winter as the period from 1 January to 30 April. After
WH population were captured and collared. No more thampril, ice concentration begins to decline throughout the
10 bears were collared each year, with as few as 3 bears cdbay, and both ringed and bearded seals begin to pup and
lared in both 1994 and 1995. Polar bears were caught in emoult (Stirling and @ritsland 1995; Lunn et al. 1997).
ther September or March using standard helicopter captur€herefore, we defined break-up as the period from 1 May
methods (e.g., Derocher and Stirling 1996) and were immoto each bear’s last location on the ice before returning to

Nunavut
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land. Once on land, bears move little (Knudsen 1978; Latoumuch more frequent in the GPS collar data set than in the
1981) and we defined the period from first to last locationsatellite data set, we subsampled each season of the GPS
on land as summer. collar data set 1000 times using the mean number of loca-
Because polar bears do not defend territories, the terrtions per season from the satellite collars. To quantify the
“home range” in this paper refers to the general area occudifference between the satellite data and the GPS data, we
pied by a bear within a given time period. Annual and seafandomly subsampled the new data and plotted the number
sonal home-range size were estimated by the minimunef locations used against the derived total distance.
convex polygon (MCP) method (Hayne 1949) using For all analyses, we tested the null hypothesis that meas-
Hawth’s analysis tools for ArcGIS version 3.21 (Beyer ured variables were independent of reproductive class or
2004). This method of home-range estimation was chosegeason using one-way ANOVAs when data conformed to
both because of its simplicity and because MCP has beestatistical assumptions of normality and equal variance. If
the most commonly used method in other populations, andata were not distributed normally, or if they showed hetero-
it facilitates comparisons. Annual home range was estimategkedasticity, we used the Kruskal-Walsr Mann—Whitney
when there were>25 locations within a year for a given U nonparametric test (Sokal and Rohlf 2001). We also corre-
bear and where the first and last locations we92 days lated all variables with year to identify temporal relation-
apart (80% of a year). If there were data for a single beaships. When we found time trends, we tested whether these
beyond 365 days, a second bear-year was started on thére correlated with mean ice break-up dates for western
366th day. Seasonal home range was estimated when thesgd southern Hudson Bay. Other changes in sea ice over
were >20 locations in a season and if the first and last locatime, such as declines in extent or concentration, may also
tions were>20 days apart. To make comparisons betweemffect bear movement, but earlier break-up dates have been
the older satellite data and the new GPS data valid, we reidentified as being closely correlated to polar bear fitness
duced the number of locations in the GPS data by randomlysStirling et al. 1999). Break-up date was defined as the date
subsampling it 1000 times and calculating mean MCP sizesy which ice concentration in western and southern coastal
with the reduced data sets. regions of Hudson Bay was 5/10 (for calculation methods
We used “displacement” to mean the net straight-line dis-see Stirling et al. 1999). We used Pearson’s product-moment
tance between the first and the last locations for an individcorrelation (correlation coefficient reported a} if data
ual bear in a given period. For example, net displacementwaere distributed normally; otherwise, we used Spearman’s
for freeze-up were calculated by measuring the straight-lineank correlation (reported asg), which produces a more
distance between the first and the last locations for eacbonservative estimate but lifts the assumption of normality
bear during freeze-up. All seasonal net displacements werng&okal and Rohlf 2001). Because the number of bears col-
calculated similarly; however, net annual displacement watared each year varied, and within a single year a particu-
calculated differently. Because WH bears are known tdar bear may have locations for one season and not
show site fidelity when they return to land after being onanother, sample sizes vary for each analysis. All ANOVAs
the ice, we were interested in the straight-line distance besr nonparametric tests of multiple differences were fol-
tween where bears left land and where they returned aftdowed by either Bonferroni test or nonparametric Tukey’s
break-up. For females collared on land in September, thigest (Zar 1999) to determine which variable(s) differed sig-
was the distance between the first and the last locations famificantly from others. For all analyses, sample sizes are
each bear within 1 year, September to September. Howevergported and values are means + one standard error (1 SE);
for females collared as they emerged from dens on land i3 result was considered significant if its probability was
March, net annual displacement was calculated as the dis0.05. All linear statistics were performed with SPSS
tance between their denning location (where they were colversion 13.0 for Windows (SPSS Inc. 2004). Subsampling
lared in March) and their location in September, when theywas performed using R version 2.0 (R Development Core
had returned to land. Team 2005) and Tukey's tests were calculated using Mi-
Hourly movement rates were calculated by dividing thecrosoft® Excel 2003.
straight-line distance from one location to the next by the Mean angles®) andr (a vector between 0 and 1 that in-
hours elapsed between them. To determine how much thgicates strength of directionality, where 1 is perfect direc-
interval between locations influenced the derived movementionality with no variance and 0 is uniform distribution of
rate, we plotted the hour interval between consecutive locaangles) were computed for each season according to Zar
tions against the derived mean rate for that interval ang1999). The null hypothesis of uniform distribution was cal-
found the best fit curve to describe the relationship. Weculated using Rayleigh’s test for circular uniformity. In all
used the curve to help determine whether hourly rategases, bearings are given in true degrees north. We tested
should be divided into short-term and long-term rates, ashe effect of reproductive status on mean angles using the
well as where those divisions should occur. Watson-Williams multisample test of mean angles (Zar
We estimated total annual distance moved as the sum df999, p. 625), which is a test analogous to an ANOVA in
all straight-line distances for a particular bear within a yearlinear statistics. Circular statistics were calculated using
We used only bears for which there werd?2 locations Microsoft® Excel 2003.
where no 2 locations were greater than 30 days apart, and
for which the first and last locations wek292 days apart. R
. esults
In analyses of total seasonal distance, we used bears for
which there were>4 locations in a season a0 days be- Argos® satellite collars were deployed on 46 adult fe-
tween the first and the last locations. Because locations wemmales between March 1991 and September 1998 and 6083
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Table 1. Annual home-range sizes of satellite-collared female polar béassig maritimus) from
the western Hudson Bay population, 1992-1998.

Reproductive class Mean * SE (Rm n Minimum (k) Maximum (kn)
Females with COYs 109491 + 21255 14 8470 311646
Solitary females 93428 + 14932 11 24034 158236
Females with yearlings 132800 £ 31102 4 86876 221819
Overall 106613 £ 12314 29 8470 311646

Note: COYs are cubs of the year.

Fig. 2. Annual home-range size (Knof satellite-collared female polar bears from the western Hudson Bay population, 1992-1998. Fe-
males from all reproductive classes are pooled and the regression line (solid) is shown with 95% confidence intervals (broken lines).
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locations were obtained from a total of 63 bear-yearsl2314 kni (n = 29). Females with COYs had both the
(although not all bear-years were complete 365 day-yearssmallest (8470 k@) and the largest (311646 Knhome
Of these, 16% had a quality index of O (>1000 m error) andranges (Table 1). There were no significant differences
were omitted from the analyses. After these were removedamong reproductive classes (ANOVAy, 6 = 0.52, P =
12% of locations had A or B ratings (locations with no ac-0.60), so all bears were pooled for further analyses. Annual
curacy estimate) and most of these were also removed liome-range size decreased by 55%, from 149578 km
movement rates between locations were >10 km/h (the maxt992 to 68321 kr in 1998 ¢ = -0.51, P = 0.005;
imum movement rate recorded). No B locations filled thisFig. 2), and was positively correlated with ice break-up
criterion, but some A locations did. The frequency of loca-date (s = 0.569,P = 0.001,n = 29). Break-up occurred
tions varied; however, the time between two locations wawvery late in 1992 owing to the eruption of Mount Pinatubo
195 + 8 h (about 8 days) and the median was 117 h (5 days)in 1991 and bear home ranges may have been anomalously
For analyses of bears with GPS collars, one good locatiofarge during that year, so we tested the correlation between
for each fix time was used when available. Because of colhome-range size and year without the 1992 data. The rela-
lar malfunctions, weather, and bear behaviour, there wer8ionship remained significant and was, in fact, stronder(
commonly <6 locations/day. The number of fixes/day was0.0006).
4.3 £ 0.04 and the fixes were obtained every 7.2 + 0.3 h, 27 Seasonal MCPs were created from means of 38 locations
times more frequently than in the older data set. Life span ofn freeze-up, 33 in winter, 24 in break-up, and 38 in
the 11 collars deployed in September 2004 ranged from 68ummer. We subsampled the 2004-2005 data and made
to 309 days; therefore, we did not use the 2005 data in anyICPs using the appropriate number of locations per season
break-up or annual comparisons. However, seven collarg facilitate comparisons. However, the subsampled MCPs
transmitted consistently through freeze-up and winter, so thesgere not significantly different from the MCPs created for
data were combined and compared with the satellite data.the same bears using all of the points in a season, despite
the fact that there were hundreds of locations per season in
Home ranges the raw GPS data (Kruskal-Wallis test,= 0.63,P = 0.43).
Annual home-range size for WH bears was 106 614 #Home ranges varied significantly with season (Table 2) for
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Table 2. Seasonal minimum convex polygon home-range sizes of satellite-collared female polar bears from the western Hudson Bay
population, 1992—2004.

Freeze-up Winter Break-up Summer
Reproductive class Mean+SE(®m n Mean+xSE (kM) n Mean+*SE (kM) n  Mean +SE (krd) n
Females with COYs 43552 5033 18 29323 £5003 27 41039 £ 12452 19 733 +£183 22
Solitary females 26220 1 44875+7931 12 15803 £5824 4 462 = 301 7
Females with yearlings 138244168 11 52808 + 6482 19 18565+ 3781 7 553+ 148 10
Overall 28203t 3286 23 40234 £ 3759 58 32430 + 8157 30 638121 39

Table 3. Seasonal net displacement of satellite-collared female polar bears from the western Hudson Bay population, 1991—-2004.

Freeze-up Winter Break-up Summer
Reproductive class Mean + SE (km) n Mean + SE (km) n Mean + SE (km) n Mean + SE (km) n
Females with COYs 355+22 19 354+24 27 29342 20 44+7 29
Solitary females na na 195423 14 146423 6 12+3 7
Females with yearlings 308+31 13 195124 18 220437 10 51+11 20
Overall 336£19 32  268+17 59  248+27 36 42+6 43
all reproductive classes of bears (Kruskal-Wallis tést=  females with offspring were strongly influenced by two

90.9, P < 0.0001) and were smallest in summer. Homebears that had net annual displacements of 696 km in
ranges in all other seasons were not significantly differentt994, 306 km in 1995, and 406 km in 1996. When these
from each other (Tukey’s test for multiple comparisons).  two individuals were removed from analysis, there were

There were no significant differences between reproducno differences among classes (Kruskal-Wallis tdst,=
tive classes for home ranges in summer (Kruskal-Wallit-4, P = 0.11) and the annual net displacement for all
test,H = 1.94,P = 0.38), or break-up (Kruskal-Wallis test, classes was 56 + 7 km (median 36 km). Annual net dis-
H = 1.02,P = 0.60), and no changes over time (summer  Placement did not change over time for any reproductive
—0.14,P = 0.41; break-uprs = —0.07,P = 0.71). During class (s = —0.15,P = 0.32).
freeze-up, there were significant differences between fe- For all reproductive classes, net displacement depended
males with COYs or yearlings, but there were not enougton season (Kruskal-Wallis tes$d, = 110.6,P < 0.0001). Tu-
solitary females to include them in the analysis (Mann—key’s test for multiple comparisons showed that displace-
Whitney U test, U = 34.0, P = 0.003). Females with ment in summer was significantly lower than in all other
COYs had larger home ranges, but this difference was deseasons and that displacement in freeze-up was higher than
pendent on an increase in freeze-up home-range size in winter (Table 3). During freeze-up, net displacement was
2004 for females with COYsr§ = 0.69, P = 0.001,n = 336 + 18 km and there were no significant differences be-
18). There was only one female with yearlings in thetween reproductive classes (ANOVAg3g = 1.54, P =
2004 data, so we could not determine whether this increase.22) or over time { = 0.056, P = 0.76). During winter,
in freeze-up home-range size occurred for only femaleshere were significant differences between classes (ANOVA,
with COYS or whether it occurred for all reproductive Fp,s6 = 16.5,P < 0.0001). The Bonferroni test for multiple
classes of bears. In winter, reproductive class had a signifeomparisons showed that females with COYs (354 + 23 km)
cant effect on home-range size (Kruskal-Wallis tdst= had larger mean net displacements in winter than other fe-
8.73, P = 0.013). Tukey's test for multiple comparisons males (solitary females 195 * 23; females with yearlings
showed that females with yearlings had significantly largerl95 + 24). There were no changes in net winter displace-
winter home ranges than females with COYs, but solitaryment over time for any reproductive class (females with
females were not significantly different from either group. COYs: rg = —0.15,P = 0.46; solitary femalesrs = —0.13,
There were no trends over time in winter home-range siz& = 0.66; females with yearlingsts = 0.14, P = 0.57).

(rs=-0.114n=58,P = 0.39). There were no significant differences between classes in
net displacement during break-up (Kruskal-Wallis tést:
Net displacement 4.6, P = 0.1) or summer (Kruskal-Wallis tesf = 5.7, P =

Annual net displacement was 82 + 17 km £ 48), but 0.06) and there were no changes with time in either season

the data were highly skewed and median net displacemefpreak-up:rs = -0.80,P = 0.64; summerrs = 0.02,P =
was 39 km. There were no differences between the mediaf-91)-

displacement of reproductive classes (Kruskal-Wallis test,

H = 4.38, P = 0.11), although there were differences be-Directional patterns

tween the means (Kruskal-Wallis tebt,= 6.35,P = 0.04). Bears only showed significant directional movement when
Females with COYs (113 + 35 knm = 20) and females they were leaving land and moving onto the ice (Table 4),
with yearlings (112 + 41 kmn = 9) had similar mean dis- and overall, reproductive class had little effect on direction
placements, but solitary females had significantly lowerof movement. During freeze-up, there were no differences
displacements (34 + 4 krm = 19). The high means for between reproductive classes (Watson—-Williams multisam-
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Table 4. Mean seasonal direction of traved (in degrees true) and(vector of mean direction) for satellite-collared
female polar bears from the western Hudson Bay population, 1991-2004.

Freeze-up Winter Break-up Summer
Reproductive class S} n r O n r (S} n r (S} n r
Females with COYs 55 21 0.32 52 31 0.40 239 22 0.17 66 30 0.11
Solitary females 87 4 0.19 199 23 0.08 230 15 0.38 97 16 0.15
Females with yearlings 45 17 0.39 233 20 0.05 266 12 0.13 86 26 0.33
Overall 52 42 0.33 58 74 0.14 238 49 0.22 83 72 0.19

Table 5. Hourly movement rates of satellite-collared female polar bears from the western Hudson Bay population, 1991-2004, for short-
term (<8 h between consecutive locations), mid-term (>8 h and <100 h between consecutive locations), and long-term (>100 h and <200 h
between consecutive locations) movements.

Freeze-up Winter Break-up Summer
Reproductive class Mean = SE (km/h)n Mean = SE (km/h) n Mean = SE (km/h) n Mean + SE (km/h) n
Short-term rates
Females with COYs 1.8+0.3 9 3.0+14 4 1.6+0.2 4  0.4x0.2 10
Solitary females na 0 2.5+0.6 4 14 1 06 1
Females with yearlings 1.7+0.3 2 1.7+04 11 1.0+0.3 5 1.9 2
Overall 1.8+0.3 11 2.1+04 19 1.3+0.2 10 0.7+0.3 13
Mid-term rates
Females with COYs 1.1+0.2 9 0.5x0.1 10 0.5+0.1 6 0.1%0.1 9
Solitary females 0.3 1 0.9+0.2 4 0.6x0.1 4  0.1+0.02 7
Females with yearlings 1.1+0.2 4 0.9:0.1 8 0.7+0.2 6 0.2#0.1 2
Overall 1.0+0.1 14 0.7x0.1 22 0.6+0.1 16  0.1+0.03 18
Long-term rates
Females with COYs 0.5+0.1 4 0.3#0.1 9 0.4+0.1 5 0.1+0.02 5
Solitary females 0.7£0.4 3  0.6%0.1 5 0.4+0.1 3 0.1+0.03 5
Females with yearlings 0.4+0.1 3  0.5+0.02 4 0.4+£0.04 4  0.1+0.03 5
Overall 0.5+0.1 10 0.4%0.1 18 0.4+0.04 12 0.1+0.02 15

ple test,Fp 32 = 0.44,P > 0.25), and bears of all classes arated the two points. Because most of the 2004-2005 GPS
moved significantly to the northeast (me&h = 52°, r =  locations were <8 h apart, and because the point separating
0.33; Rayleigh’'sz = 4.64,P < 0.01,n = 42). During winter, an extremely steep slope from a lesser one appeared to oc-
reproductive class affected direction of movement (Watson-€ur at around 10 h, we decided to separate the rates into
Williams multisample testf; g4) = 12.03,P < 0.0005), with  short-term (<8 h between locations) and mid-term (between
females with COYs moved significantly to the northeast8 and 100 h intervals). However, because most other studies
(mean® = 52°, Rayleigh’sz=5.1,P < 0.01,n = 31), while  on polar bear movements have used satellite collars that pro-
all other females showed no directionality (solitary females:vided locations only every 4—7 days (or every 96-168 h), we
Rayleigh’'sz = 0.14,P > 0.25,n = 23; females with year- also calculated long-term movement rates when the consec-
lings: Rayleigh’sz = 0.05,P > 0.25,n = 20). During break- utive location interval was between 100 and 200 h to facili-
up, there were no significant differences between classeste comparison with other populations.

(Watson-Williams multisample testrp 4 = 0.26, P > Long-term movement rates (100-200 h between consecu-
0.25) and no significant directionality, although there wastiye |ocations) did not differ between classes (Kruskal—
weak support for a mean angle of 24(Rayleigh'sz =  wallis test,H = 0.71,P = 0.70), but did vary significantly
2.35, 0.05 P < 0.1,n = 67). Solitary females had the stron- with season (Kruskal-Wallis test| = 18.8,P < 0.0001; Ta-
gest directionality during break-up (mea&h = 230, r =  pje 5). Tukey's tests for multiple comparisons showed that
0.38); however, it was not strong enough to reject the nulsymmer movement rates were significantly lower than those
hypothesis of uniform distribution (Rayleighs= 2.12,P > of all other seasons. During break-up and summer, move-
0.1). During summer, there were no significant differencesment rates did not change over time. During winter, how-
between classes (Watson-Williams multisample #®gsh1)=  ever, there was a significant decline over time in long-term
0.56, P > 0.25) and bears did not show significant direc- rates (5 = —0.061,P = 0.008,n = 18).

tionality (Rayleigh’sz = 2.72,P > 0.25,n = 72). Mid-range hourly movement rates (8—100 h between con-
secutive locations) varied significantly with season (Kruskal—
Rates of movement Walllis test,H = 24.5,P < 0.0001; Table 5), but did not vary
Rate of movement was strongly dependent on the intervalith reproductive class in any season (Kruskal-Wallis
between successive locations until approximately 100 h sepests; freeze-upH = 1.97,P = 0.37; winter:H = 5.6,P =
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Table 6. Total distance moved annually by satellite-collared female polar bears from the
western Hudson Bay population, 1992-1999.

Reproductive class Mean + SE (km) n Minimum (km)  Maximum (km)
Females with cubs 2516+589 6 1060 4935
Solitary females 18434210 17 547 3714
Females with yearlings  2198+269 12 674 3543
Overall 2080170 35 547 4935

Fig. 3. Total distance traveled annually (km) by satellite-collared female polar bears from the western Hudson Bay population, 1992-1998.
Females from all reproductive classes are pooled and the regression line (solid) is shown with 95% confidence intervals (broken lines).
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0.06; break-upH = 1.47,P = 0.48; summerH = 0.84,P =  decline in break-up movement rateg € —0.63,P = 0.052).
0.66). Movement rates were highest during freeze-up (1.06 ¥he highest calculated short-term movement rate was
0.11 km/h) and lowest during summer (0.10 = 0.02 km/h),10.86 km/h and was recorded for a female with yearlings
but Tukey’'s tests for multiple comparisons showed thatin winter. There were only three instances of rates as high
only summer movement rates were significantly differentas 10 km/h; all three occurred when bears were on the ice
from rates in other season® (< 0.0001). There were no and when the time between consecutive locations was less
changes in mid-range movement rates over time in any sedhan 2 h.
son (freeze-uprg = 0.38,P = 0.18; winter:rg = —0.08,P =
0.72; break-uprs = 0.31,P = 0.24; summerrg = 0.28,P = Total distances
0.46). The highest mid-range rate recorded was 4.12 km/h The annual distance traveled was 2080 + 170 ks (35).
and was achieved by a solitary female in winter, but theThe shortest distance was 547 km by a solitary female and
overall rate was 0.61 + 0.08 km/h. the greatest distance was 4935 km by a female with COYs
Short-term movement rates (<8 h between consecutive IdTable 6). There were no significant differences between
cations) were consistently higher than longer term rates imeproductive classes (ANOVAF; 35 = 1.13, P = 0.335),
all seasons (Table 5). There were significant differences beso classes were pooled for further analyses. There was a
tween seasonal short-term movement rates (Kruskal-Walli45% decline in total annual distance traveled over time
test, H = 14.5, P = 0.002), and Tukey’s test for multiple from 2885 km in 1991 to 1581 km in 1998 £ —-0.47,n =
comparison showed that summer was significantly lower tha35, P = 0.004; Fig. 3). Total annual distance traveled was
winter. Reproductive classes did not affect short-termpositively correlated with break-up datesE 0.579,n = 35,
movement rates in any season (Kruskal-Wallis tests; freezé? < 0.0001).
up: H =0.50,P = 0.48; winter:H = 1.76,P = 0.42; break-up: The total seasonal distances calculated for bears with GPS
H = 2.59,P = 0.27; summerH = 1.84,P = 0.40). There collars were two to three times greater than those calculated
were no changes in short-term movement rate over time ifor bears with satellite collars, because of the much higher
freeze-up (s = —0.23,P = 0.50), but rates declined in win- frequency of locations available from GPS collar data. Total
ter frs=-0.74,n=19,P < 0.0001) and summerd=-0.79, seasonal distances were calculated from the satellite data us-
n =13, P = 0.001). There was also weak evidence for aing 12 locations for freeze-up, 16 for winter, 11 for break-up,
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Table 7. Total distance moved per season by satellite-collared female polar bears from the western Hudson Bay population, 1991-2004.

Freeze-up Winter Break-up Summer
Reproductive class Mean + SE (km) n Mean + SE (km) n Mean + SE (km) n Mean = SE (km) n
Females with COYs 686+35 19 568+47 27 739491 19 84+13 26
Solitary females 792 1 898+99 17 42077 8 70+21 8
Females with yearlings 702148 10 1090499 19 500+137 12 87+16 14
Overall 695+27 30 814+52 63 60053 39 82+9 48

and 12 for summer. Once GPS data were subsampled to matstudies that show Hudson Bay bears are not active while on
these numbers of locations, distances moved were comp#&nd in summer (Knudsen 1978; Lunn and Stirling 1985;
rable. There were significant differences between season&lerocher and Stirling 1990; Lunn et al. 2004), home ranges
distances traveled (Kruskal-Wallis tedd = 92.12, P < in summer were small, distances moved were minimal, and
0.0001) and Tukey’s test for multiple comparisons showechourly movement rates were low. Although our results show
that total distance traveled in winter was higher than duringhigh mean net displacements for females with young, these
break-up and distances traveled in summer were lower thawere influenced by only two bears that did not return to the
those in every other season (Table 7). During freeze-upChurchill area when the ice melted, and median displace-
there was no difference between the distance traveled by fenents were less than 40 km for all groups, which is similar
males with COYs or yearlings (Mann-Whitné&y test, U =  to the net annual displacements of 30-32 km found by Der-
1.11,P = 0.57) and there were not enough data for solitaryocher and Stirling (1990). Despite one bear’s return to land
females in freeze-up to include them in the analysis. Disalmost 700 km from where she left, this bear did return to
tance traveled in freeze-up did not change over time=(  her original denning area the following year. These results
0.14,P = 0.53). In winter, females with yearlings traveled are consistent with the hypothesis that females return to the
a greater total distance (1090 + 99 km) than other femalesame area to familiarize their cubs with suitable denning
(solitary: 898 + 99 km; females with COYs: 568 + 47 km; habitat (Derocher and Stirling 1990; Scott and Stirling
Kruskal-Wallis testH = 17.6,P < 0.0001). Total distance 2002).

traveled in winter by solitary females did not change sig- During freeze-up, polar bears had high hourly movement
nificantly over time (s = —0.30,P = 0.24,n = 17); how-  qte5  high net and total distances covered, small home
ever, there was weak evidence that total distance travele@nges and significant directionality, all of which describe
by females with offspring in winter has declined over time 5ye|ling behaviour (Kareiva and Shigesada 1983; Fritz et
(females with COYsrs = —0.35,P = 0.071,n = 27, fe- 5| 5003). Bears moved with a me&nof 52°, which agrees
males with yearlingsrs = ~0.44,P = 0.059,n = 19). Dur-  yith the mean®s of 53 and 39 found by Derocher and
ing break-up, females with COYs traveled a greater totakyjring (1990) and Ramsay and Andriashek (1986), respec-
distance than did other females (Kruskal—Wthg te*.t’: tively, for bears as they moved onto the ice. However, be-
7.48, P = 0.024) and there were no changes in distanc&, e of logistic constraints, bears in previous studies were
traveled by any class over time. There were no significant;iher followed on land only or relocated up to 195 km off-
differences between reproductive classes for total distancgnore, and it is now evident that bears move more than
moved in the summer (Kruskal-Wallis te#1, = 0.67,P = 340 ym offshore and maintain their northeast directionality
0.72). The total distance traveled in summer did not,qi ate December. Ice drift contributes to observed move-
change over timerg = -0.15,P = 0.31). ment rates and directions because bears are walking on a
moving platform (Mauritzen et al. 2003 In Hudson Bay,
Discussion ice drift velocities are highest during freeze-up and early
This study is the first to quantitatively examine bearWiNter, at 0.4-0.5 km/h in a southeast direction (Saucier et
movement on the ice of Hudson Bay and, because botfl- 2004), so bears probably move faster and in a more
hunting and mating occur exclusively on the ice (but sedortherly direction than is apparent by their observed paths.
Derocher et al. 1993), this period is critical to bear survival By winter, bears moved more slowly in random direc-
and reproductive success (Atkinson and Ramsay 1995}ions, covered less net distance, and had larger home ranges
Sample sizes in many analyses were small because of varithan during freeze-up, suggesting that hunting became the
tion in location frequency, but in most cases, effect sizegnain activity after December. Net displacement during
were large relative to sample variation and results werdreak-up for all classes was similar to net displacement dur-
clear. Subsampling the GPS data allowed us to combining freeze-up, indicating that over the winter bears moved
these and the satellite data, thereby increasing our samplintgither closer to nor farther from the Churchill capture area
period and sample sizes. Overall, we found no evidence thatnd only began to move toward land after 1 May. The sim-
combining the two data sets produced any misleading redlarity between freeze-up and break-up rates, total distances,

sults. and home-range sizes support this pattern of movement.
Evidence that females caring for dependent young use dif-
Effects of reproductive class and season ferent movement strategies has been found in polar bears

Polar bears from the WH population used space differ{Mauritzen et al. 2008 and in other mammals (e.g., Beier
ently, depending on the season, with the most apparent digt al. 1995; Loretto and Vieira 2005). However, females
ferences in movement seen in summer. Consistent with othavith COYs did not have lower hourly movement rates than
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other females in any season, and in fact, moved greater totalonally go into shelter dens on the ice to wait out inclement
distances in a year than other females, despite being accomeather (Ferguson et al. 2060 We found no evidence of
panied by small cubs that might be expected to have morong-term shelter denning by bears on Hudson Bay sea ice
limited mobility. Daily energy expenditure of female mam- and bears were active throughout the winter.

mals with young are about four times their basal metabolic Movement rates on sea ice and distances traveled have
rate because of energy lost through food-sharing and lactanly been measured in a few other polar bear populations
tion (Ricklefs et al. 1996); therefore, female polar bearsBorn et al. 1997; Amstrup et al. 2000; Messier et al.
with COYs need to eat more than other females in winter2001), but movement rates of WH bears were comparable,
and break-up. Emergence from maternity dens may coincidend bears reached maximum short-term speeds of about
with seal pupping and moulting to maximize the energeticl0 km/h, which is similar to rates reported by Amstrup et
returns from a shorter hunting period (Ramsay and Andriaal. (2000). However, reproductive status did not affect
shek 1986; Amstrup and Gardner 1994). Still, it is likely dif- movement rate in Hudson Bay, whereas in the southern
ficult for females with young to store as much fat as otherBeaufort Sea, solitary females had higher movement rates
classes of females, and Atkinson and Ramsay (1995) founghan females with yearlings (Amstrup et al. 2000). The rea-
that female polar bears with offspring had significantly lessson for this difference is unknown but could be associated
body mass, less total body fat, and less fat per unit leawith more predictable hunting opportunities in Hudson Bay
body mass than did solitary females. compared with the high Arctic.

Comparisons with other populations Temporal trendsin bear movement

The annual home-range size of Hudson Bay polar bears Annual home-range size of WH bears declined by
has not been previously documented, although satellite coB1255 kn? and total annual distance traveled declined by
lars have been used to measure home ranges of bears in th804 km from 1992 to 1998. Lack of change in total distan-
eastern high Arctic (Ferguson et al. 1999), Bering and Chukees covered during freeze-up and break-up suggest that
chi seas (Garner et al. 1991), Beaufort Sea (Amstrup et ahome-range size is more dependent on distance covered dur-
2000), Barents Sea (Mauritzen et al. 2001), and Northeasteiing winter than in the other two ice seasons. Support for this
Greenland (Born et al. 1997). The largest annual homeavas evident in the decline in total distance traveled during
ranges were found in the Beaufort Sea (1666942 km winter for females with offspring by 42% from 1992 to
Amstrup et al. 2000) and in the Canadian archipelagdl999, and the possible decline in winter short-term move-
(125500 knd; Ferguson et al. 1999), and bears in both areasnent rates. Changes in sea ice in western Hudson Bay have
were highly variable, with some ranges up to 600 00*.km occurred at a rate of a few days per decade since the 1970s
Home ranges for bears in the Canadian archipelago werstirling et al. 2004), so it is surprising that polar bear
calculated using kernel methods of range estimation, whicimovement would have declined so dramatically over a pe-
generally produce smaller areas than the MCP methodgod of only 6 years. One reason for this extreme trend
(e.g., Barg et al. 2005), so it is likely that the mean MCPmight have been the late break-up in 1992 owing to the
range for Canadian archipelago bears is larger thad991 eruption of Mount Pinatubo in the Phillipines (Stirling
125500 k. Unlike bears in the Beaufort Sea or Canadianet al. 1999); however, analysis without the 1992 data re-
archipelago, WH bears had a mean home-range size thsealed that the decline still exists.
was more similar to polar bear ranges in the Barents Sea There are several possible explanations for decreased
(means from 28000 to 96 302 RrBorn et al. 1997; Maur- movement in polar bears. For instance, seal distribution
itzen et al. 2001). might have become more concentrated or more predictable

Polar bear home-range size is largely determined by theo that bears do not need to move as much to find food.
availability and predictability of prey (Ferguson et al. 1999; However, Stirling et al. (1999) showed that polar bears are
Mauritzen et al. 2008). Both ringed and bearded seals pre-returning to land in poorer condition than they have in the
fer annual ice and shallow water <200 m deep (Kingsley epast, which means their energy intake has declined in rela-
al. 1985; Gjertz et al. 2000), and they are rarely found intion to their energy output. Since their energy output has
multiyear ice or hauled out on land (Kingsley et al. 1985;not increased, energy intake must be decreasing. Therefore,
Frost et al. 2004). Therefore, polar bear home ranges argis unlikely that seals have become more accessible. Lower
large when they encompass substantial amounts of eith@nergy intake means that bears are eating less over the on-
multiyear ice or land, as is the case in both the Arctic archiice hunting period than they have in the past and are accu-
pelago and the Beaufort Sea (Stirling and @ritsland 1995tmulating less fat as a result.
Ferguson et al. 1999). Because Hudson Bay is only 250 m Fat storage is critical to polar bear survival, especially in
at its deepest (Maxwell 1986) and is covered with annuathe Hudson Bay region, where there are no hunting opportu-
ice only, productivity is high (Roff and Legendre 1986) and nities during the summer and pregnant females may not eat
seals have access to the entire Bay. Lunn et al. (1997) fourfdr up to 8 months (Stirling and McEwan 1975; Derocher et
higher seal densities in Hudson Bay than in other areas ail. 1993). During the ice-free season, bears lose between
the Arctic. Hudson Bay and the Barents Sea are both larg8.70 and 0.85 kg/day (Watts et al. 1987), and loss of body
open basins without much land, which may explain why po-fat accounts for 93% of the change in mass (Atkinson and
lar bear home ranges in these two areas are similar. FurtheRamsay 1995). Maxwell et al. (1988) found that black bears
more, in other parts of the Canadian Arctic, winter may be(Ursus americanus Pallas, 1780) with insufficient fat stores
less productive for hunting because of lower prey availabil-suffer from dehydration during periods of dormancy because
ity and higher proportions of multiyear ice, and bears occamuscle metabolization forces bears to urinate. When bears
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metabolize fat instead of muscle, urea is recycled and botkide valuable insights into what drives bear movement on
protein and water are created metabolically (Nelson et alHudson Bay.

1983), which means that the amount of stored fat on a polar

bear will largely determine its fitness. In addition, Atkinson Acknowledgements
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