
1.  INTRODUCTION

In polar regions, environmental conditions are
largely affected by seasonal ice cover (Piepenburg
2005). Glo bal warming is a long-term unidirectional
change in the environment, as opposed to large-
scale inter-annual variation, and has had measur-
able impacts on the environment, particularly in
polar marine regions, where it has resulted in

changes in sea-ice cover, water temperature and
ocean currents (Roth rock et al. 1999, Parkinson &
Cavalieri 2002, Comiso & Par kin son 2004, Walsh
2008). Consequen ces on biological phenomena in -
clude changes in species distribution and abun-
dance (Parmesan & Yohe 2003, Root et al. 2003), as
well as in the pheno logy of basic characteristics
such as reproduction and migration patterns (Wal -
ther et al. 2002). Sea-ice ex tent related to other phy -
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si cal parameters, like water temperature, is pre-
dicted to change most rapidly in southern regions of
the Arctic, along the marginal sea-ice zone (Walsh
2008), and impacts on marine populations are
expected to be observed there first. Although Arctic
marine mammals are adapted to a fluctuating envi-
ronment and have an ability to en dure drastic
changes in environmental conditions (Harington
2008), long-term unidirectional changes (e.g. Johan-
nessen et al. 1999, Vinnikov et al. 1999, Parkinson &
Cavalieri 2002) present particularly difficult chal-
lenges to their survival. The way Arctic species will
respond to ongoing climate change remains unclear
(Wassmann et al. 2011).

Beluga whales Delphinapterus leucas are medium-
sized, ice-adapted odontocetes, which are dis tri -
buted in discrete populations around the Arctic (e.g.
Stewart & Stewart 1989, IWC 1992). Although some
beluga populations are relatively sedentary year
round (e.g. Hobbs et al. 2005), many populations un-
dertake large-scale annual migrations (e.g. Richard
et al. 2001a,b). Migration is a special type of move-
ment from one region to another, aimed at meeting
energy requirements or responding to alternating
favourable or unfavourable conditions in the en -
vironment. Therefore, migration is generally viewed
as an adaptation to resource availability that fluctu-
ates spatiotemporally, notably with seasons. For be -
lu gas potential effects of global warming include re-
gional or seasonal shifts in prey availability (Tynan &
DeMaster 1997) which in turn may alter the timing or
patterns of their migration, although links be tween
migratory behaviour and environmental variability
and climate change have yet to be documented. Bel-
uga whales have a varied diet (Hobbs et al. 2005,
Kelley et al. 2010) and occupy a large range of habi-
tats, from estuaries to deep ocean basins. These char-
acteristics might somewhat reduce their vulnerability
to climate change, although their tendency for site fi-
delity and low reproduction rate may counteract their
capacity to respond to predicted climate changes
(Laidre et al. 2008).

The development of bio-logging technology, espe-
cially satellite telemetry, has provided a powerful
tool for obtaining data on the long-distance move-
ments, seasonal distributions and habitat use of
marine species that are difficult to observe in situ
(e.g. Costa 1993). In the present study, we used satel-
lite tele metry in combination with dive recorders and
remotely sensed sea-surface temperature (SST) data
to show that SST conditions during the summer in
eastern Hudson Bay (EHB), Canada, significantly
influence the pre-migratory foraging behaviour and

migration timing of an endangered unit of belugas.
Given the physical connexion between the atmos-
phere and the sea surface, water temperature is
among the most intuitive indicators of physical
change within the marine environment in the context
of global warming. Although it is a reductive ap -
proach to consider a single parameter to estimate the
impact of environmental changes on the behaviour of
belugas, water temperature is a reliable parameter
for measuring impacts of environmental change on
this species given its cascading effects on sea-ice
coverage and on local prey abundance (e.g. Heide-
Jørgensen et al. 2011) and its importance for females
and calves, feeding, moulting and predation avoid-
ance (Kleinenberg et al. 1964, Sergeant 1973, Fraker
et al. 1979, Finley et al. 1982, St. Aubin et al. 1990,
Watts et al. 1991, Boily 1995, Richard et al. 2001a,b).

2.  MATERIALS AND METHODS

2.1.  Study area and whale capture

The present study focuses on the eastern Hudson
Bay (EHB) (northern Quebec, Canada) bounded by
latitudes 55−59° N and longitudes 76−81° W. The
be luga stock has been de fined as a distinct group
on the basis of summering areas (e.g. Reeves &
Mitchell 1987). To date, available genetic studies
have not re jected the postulate (Buchanan et al.
1996), al though the possibility of breeding with
other populations remains. Satellite telemetry has
shown that animals from the Hudson Bay complex
overwinter together, and the ab sence of differences
among micro satellite DNA ana lyses indicates that
they interbreed. However, the satellite telemetry
and mito chondrial DNA analyses show clear separa-
tions, particularly be tween EHB belugas and other
belugas from the Hudson Bay complex, supporting
the hypothesis that they form separate summering
stocks (Gladden et al. 1999, DeMarch & Postma
2003, Turgeon et al. 2012).

From that EHB stock, a total of 26 belugas includ-
ing 9 females and 17 males were captured in estuar-
ies of the EHB in July 2002−2004. Animals were
caught using 6-inch mesh, shore-anchored nets and
were equipped with SPOT (location and temperature
recorders), SDR-T16 tags (satellite-linked time-depth
recorders), both from Wildlife Computers, or TD-
SRDLs (time depth−satellite relayed data loggers)
from the Sea Mammal Research Unit (SMRU, St.
Andrews, UK) secured to the dorsal ridge (Richard et
al. 1997, Kingsley et al. 2001).
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2.2.  Data processing

Data were processed using SATPAK and SAT-
PAK2003 applications (Wildlife Computers) or auto-
matically at the SMRU, which decodes the data and
supplies a complete and exploitable database. Ani-
mal locations were provided via the ARGOS system.
The theoretical accuracy of locations given by
ARGOS varies from 150 m (Class 3 locations) through
350 m (Class 2), 1 km (Class 1), and >1 km (Class 0),
to no calculated accuracy for Classes A, B and Z.

Tracks were filtered using a forward particle-filter-
ing model (Tremblay et al. 2009). By this method, lo-
cation accuracy was examined and unrealistic loca-
tions were rejected. The model assumes that each
location corresponds to the geographic average of the
many possible positions, the spread of which is a
function of location accuracy. The first step of the fil-
tering procedure consists of generating a number,
here 50, of random locations (or ‘particles’) inside a
circle around each received position of a radius that
depends on the spatial error of the position. Each par-
ticle is weighted according to the likelihood of the
speed needed to get there from a previous location. A
maximum speed of 3 m s−1 is assumed based on the
assumption that beluga rarely travel at speeds higher
than this threshold (e.g. Richard et al. 1998). Informa-
tion on local bathymetry (source: ETOPO 1) is used to
eliminate particles identified as being on land. At
each step, a new particle is randomly selected and
used to create the next position. The output of this
method is n complete tracks, each corresponding to 1
boot-strapped track iteration (here n = 50). The ‘best
track’ can then be computed as the geographic aver-
age of the bootstrapped tracks (Tremblay et al. 2009).

A dive was defined as any excursion below 4 m. A
summary record, including proportion of time spent
diving, number of dives, mean, maximum and SD of
maximum dive depth and mean, maximum and SD of
dive duration was compiled for each 6 h period for
each track. Compilation was processed directly by the
SMRU and included in the database for the SMRU
tags, while we developed a program in R 2.11 (R De-
velopment Core Team 2010) for the Wildlife Computer
tags. Dive frequency was used as an index of foraging
activity. The more the dive frequency increased, the
more the individuals were considered to be foraging.

2.3.  Environmental dataset

The AVHRR Oceans Pathfinder SST data were
averaged within the boundaries of the study area

over 4 successive weeks at a 4 km grid scale and ob -
tained through the online PO.DAAC Ocean ESIP
Tool (POET) of the Physical Oceanography Distrib-
uted Active Archive Center (PO.DAAC), NASA Jet
Propulsion Laboratory, Pasadena, California (http://
podaac. jpl.nasa.gov/poet).

A time series of SST averaged over September and
the corresponding variance (V = SD²) within the
study area were drawn up from 1985 to 2007.

2.4.  Residency versus migration patterns

Residency was distinguished from more directional
movements such as migration using first-passage
time (FPT) analysis performed over the entire track of
each individual, following Fauchald & Tveraa (2003),
using the programming language R 2.11 (R Develop-
ment Core Team 2010). FPT was defined as the time
required for crossing a circle of radius r, with a long
transit time indicating residency and a short tran -
sit time corresponding to more directional move-
ments such as migration. Beluga paths at the surface
were interpolated to obtain a position every 2 km.
Each location was associated with a circle of a given
radius (r). FPT was calculated every 2 km for r values
varying from 2 to 800 km. The relative variance
among FPT values, obtained from log-transformed
FPT (Fau  chald & Tveraa 2003), was calculated as
a function of r. The corresponding plot [variance in
log(FPT) vs. r] allowed us to identify the area-
restricted search (ARS) scales (i.e. the size of areas
of residency) by peaks in the variance (Fig. 1a). To
locate where animals entered an ARS zone and the
time spent in a specific area, FPT values where a
variance peak occurred were plotted as a function of
time since departure (Fig. 1b). The time of shift be -
tween long and near-zero FPT at the end of summer
was defined as the date of departure for migration
(Fig. 1b,c).

A second FPT analysis was conducted only on
track portions corresponding to the period before
migration to determine, from the ARS scales, areas
of higher residency within the summer habitat. Bro-
ken-stick ana lyses, i.e. analyses for estimating the
location of breaks in the slope of fitted regression
lines, were conducted with the function ‘segmented’
(package ‘segmented’ in R Development Core Team
2010) to reveal changes in cumulative ordered val-
ues of ARS scales for each individual (Muggeo
2003). The break was used to distinguish be tween 2
movement strategies: Strategy A was defined as an
ag gregated strategy, where movement occurred
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over small spatial scales, and Strategy D was de -
fined as a dispersed strategy, where movement pat-
terns occurred over larger spatial scales (Fig. 2,
Table 1).

2.5.  Resource selection analyses

Resource selection analyses were conducted ac -
cording to Design II with Sampling Protocol A of
Manly et al. (2002). Individual belugas were identi-
fied, and the use of resources was measured for each.
Availability was estimated at the population level
and corresponded to a random sample of unused
temperature values, averaged over the pre-migration
period, within the entire study area; 3 classes of tem-
peratures were defined as potential habitat.

Two χ2 tests provide useful information about
selection. In the first test the null hypothesis is that
animals are using resource categories in the same
proportions, irrespective of whether this is selective
or not. The χ2 statistic was computed as:

(1)

where E(uij) = ui+u+j / u++ is the expected number of
units of type i used by the jth animal if that animal
uses the resources in the same way as the other ani-
mals (Manly et al. 2002).

The second is an overall test of the null hypo thesis
of selection in proportion to availability. This test
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Fig. 1. Delphinapterus leucas. First passage time (FPT)
analysis for a typical track of 1 beluga from eastern Hudson
Bay (EHB) to the Labrador Sea (LS). (a) The higher peak in
variance indicates the most relevant scale (dotted line) of
area restricted search (ARS) behaviour (i.e. the size of the
residency areas). (b) Plot of FPT values corresponding to the
higher peak in variance as a function of time since depar-
ture. The time of shift between long and near-zero FPT at
the end of summer (gray) was defined as the date of depar-
ture for migration. (c) Track of the animal with the location

of departure (black dot)
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Fig. 2. Delphinapterus leucas. Cumulative ordered values of
scales obtained by the second first passage time analysis con-
ducted only on data obtained prior to migration for each indi-
vidual. The index refers to Table 1. Gray lines illustrate the
‘broken-stick’ analysis. The break occurring between index
values 10 and 11 allowed determination of 2 different move-
ment strategies: Strategy A, an aggregated strategy for index
values ≤10 (i.e. spatial scales ≤90 km, cf. Table 1), and Strat-
egy D, a dispersed strategy for index values ≥11 (i.e. spatial 

scales ≥120 km, cf. Table 1) depending on the individual
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involves comparing the observed frequencies with
which different resource categories are used by
 different animals, with expected frequencies calcu-
lated from the resources available. The test statistic
was:

(2)

where E(uij) = πiu+j is the expected number of
resource type i units used by the jth animal if use is
proportional to availability (πi = ai / a+, with ai the
number of available resource units in category i and

a+ the total sample size of available
unused units) (Manly et al. 2002).

The difference with I − 1 df
is a test of the null hypothesis that ani-
mals are, on average, using resources
in proportion to availability, irrespec-
tive of whether they are selecting the
same or not. If this test statistics is sig-
nificantly large when compared to the
χ2 distribution with I − 1 df then there
is evidence that the average selection
is not in proportion to availability of
resources (Manly et al. 2002).

As our interest is primarily in the
selection ratios for resource categories
regardless of which animals in the pop-
ulation are doing the selection, the esti-
mator of the overall selection ratio of
the ith category for the population is:

(3)

The standard error can be estimated
as follows:

(4)
and thus the confidence intervals

(5)

can be considered, for i from 1 to I,
where zα/(2I) is the upper 100α/(2I) per-
centage point for the standard normal
distribution (Manly et al. 2002). The
selection coefficient wi differs signifi-
cantly from 1 (no selection) if the con-
fidence interval associated with wi ex -
cludes 1. Thus, if 1 < wi ± zα/(2I)SE(wi) <
∞ then selection is positive and if 0 <
wi ± zα/(2I)SE(wi) < 1 then selection is
negative (Manly et al. 2002).

2.6.  Statistical analyses

To test the difference in the migration timing of
belugas according to the strategy used, we con-
ducted a linear mixed effect model including year as
a random factor. The model was structured as follows
with the function ‘lme’ (package ‘nlme’ in R Develop-
ment Core Team 2010):

test = lme(date of migration ~ strategy used,  
random = ~1|years of study)
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No. of ind. Scale of movement                        Migration 
                                    Index         Scales r (km)    Strategy   departure date 
                                (cf. Fig. 2)   (summer period)                      (day of year)

2002
1852                              6                      55                   A                   302
1855                              7                      60                   A                   300
17905                            9                      85                   A                   296
17906                           14                    170                  D                   276
Mean ± SD                                   92.5 ± 53.3                          21 Oct. ±12 d
Conf. interval (95%)                                                                    281−306

2003
1852                             16                    200                  D                   258
1853                              3                      45                   A                   282
1854                             11                    120                  D                   279
3022                              4                      45                   A                   291
3415                              1                      30                   A                   305
17905                            5                      50                   A                   306
17906                            8                      60                   A                   315
17911                            2                      30                   A                   312
Mean ± SD                                    72.5 ± 58.9                          21 Oct. ±20 d
Conf. interval (95%)                                                                    279−308

2004
45723                           17                    220                  D                   276
45724a                         10                     90                   A                   334
45729                           12                    140                  D                   276
45730                           13                    140                  D                   274
45731                           15                    190                  D                   280
Mean ± SD                                    156 ± 50.3                            4 Oct. ±3 d
Conf. interval (95%)                                                                    263−310

aThis individual represents an atypical case and was not included in the cal-
culation

Table 1. Delphinapterus leucas. Results of the first passage time analysis ap-
plied to the summer period, showing that the most relevant scale (r) of area
restricted search behaviour was larger on average in 2004 than in 2002 and
2003. Departure date of migration was significantly dependent on the strat-
egy used. Animals employing Strategy A (aggregated) left their summer
habitat later than those using Strategy D (dispersed). The mean date of de-
parture seemed to be earlier in 2004 than in other years, but the small sample 

size prevented relevant statistical analyses
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3.  RESULTS

Of the 26 belugas equipped with satellite transmit-
ters, 17 individuals had records that extended be -
yond the summer season. The analysis of FPT ap -
plied over the entire record identified 3 seasonally
de pendent residency areas for these individuals. The
EHB arc, including waters north of the Belcher
Islands, constituted the summer residency area for
the 26 whales, and we focused our analyses on this
summer habitat and the subsequent migration from
the summer habitat.

A plot of cumulative ordered values of ARS scales
obtained from the FPT analysis for each individual
indicated that belugas used either of 2 movement
strategies: Strategy A for the movements occurring at
small spatial scales ≤90 km (mean ± SD: 55 ± 20 km)
and Strategy D for movements occurring at larger
spatial scales ≥120 km (168 ± 37 km) (Table 1, Fig. 2).
Independent of the year, animals em ploying Strategy
A left their summer habitat late in October (31 Octo-
ber, ±14 d), while those using Strategy D left about 3
wk earlier (4 October, ±2 d) (linear mixed-effect
model with year as a random factor, F1,13 = 5.72, p <
0.001) (Table 1). Although the low sample sizes each
year prevented relevant statistical analyses, we
observed that the average date of departure for
migration seemed to occur earlier in 2004 than in
other years (Table 1). This latter comparison was
made while excluding 1 individual in 2004, which
departed exceptionally late in the fall (Calendar Day
334, i.e. >2 wk [17 d] after any other tagged whales)

and moved rapidly throughout migration (mean
swimming speed = 3.1 km h−1 while mean swimming
speed for the other individuals never ex ceeded 2.3
km h−1).

The use of one or the other strategy was related to
SST. The χ2 statistics for the resource selection analy-
ses (RSA) were significant in 2002 ( = 213.2,
df = 2) and 2003 = 11 215.7, df = 2) and
showed that belugas preferentially selected SSTs
<4°C (Tables 2 & 3). Higher temperatures were
avoided. In 2004, the difference was not significant
( = 0.3, df = 2) revealing no clear selection for
a class of temperature (Tables 2 & 3).

The range of water temperatures varied from 2.9 to
9.7°C in 2002 and from 3.3 to 9.5°C in 2003, with cold
waters being found primarily to the north of the
Belcher Islands (Fig. 3a,b). In 2004, the range was
marginally lower from 2.8 to 8.4°C and cold waters
were broadly dispersed throughout EHB (Fig. 3c).
Consequently, average water temperatures were
lower in 2004 (4.8 ± 1.1°C) than in 2002 and 2003
(6.0 ± 1.6°C and 6.0 ± 1.1°C, respectively; ANOVA:
F2,7497 = 736.24, p < 0.001 with computation of
Tukey’s ‘honestly significant differences’).

4.  DISCUSSION

Although the deployment of satellite tags on 27
belugas represents a considerable field effort, sam-
ple size and time span for tag deployment are small
for examining inter-annual differences and effects
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Temp.           Available       Ind. 1         Ind. 2         Ind. 3         Ind. 4         Ind. 5         Ind. 6         Ind. 7         Ind. 8         Total
class (°C)     proportion

2002
≤4                   0.320             258             204             38               31               −                 −                 −                 −               531
]4; 6]               0.350             26               94             119             21               −                 −                 −                 −               260
>6                  0.330               2                 2               24               20               −                 −                 −                 −               48
Total                 1                286             300             181             72               −                 −                 −                 −               839

2003
≤4                   0.170               1               20             407             28               26             156             20             303             961
]4; 6]               0.580             70             350             383             67             273             154             61               80             1438
>6                  0.250               0                 2                 1                 4                 0               14               12               0               33
Total                 1                 71             372             791             99             299             324             93             383           2432

2004
≤4                   0.496             108             112             158             105             95               −                 −                 −               578
]4; 6]               0.501             60             217             69             119             111               −                 −                 −               576
>6                  0.004               0                 4                 1                 0                 1                 −                 −                 −                 6
Total                 1                168             333             228             224             207               −                 −                 −             1160

Table 2. Delphinapterus leucas. Habitat (temperature) classes, proportion of study area in each type and number of occasions 
a given beluga was observed in class. x]: x is included in the class; ]x: x is excluded from the class; dashes: no data
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of climate change. Although SST was related to the
movement of belugas and appears to be a good
proxy for predicting migration timing, the atypical
behaviour of one of the whales suggests that other
environmental characteristics or features in trinsic to
the animals might also trigger migration. Nonethe-
less, the present study is among the first to reveal a
mechanism by which environmental conditions
determine habitat use and mi gration patterns of bel-
uga whales, and this work indicates possible alter-
ation of well-established mi gration phenology by
longer term effects of climate change on this Arctic
species.

Migration can be viewed as an adaptation to areas
in which changes in habitat quality occur asynchro-
nously, so that movement allows a succession of tem-
porary resources to be exploited as they arise. One
notable feature of the marine Arctic environment is

Habitat     ui+        πiu++        wi       SE(wi) Bonferroni CL
class (°C)                                                      Lower   Upper

2002
≤4          531     267.81     1.98       0.08       1.87       2.09
]4; 6]      260     296.67     0.88       0.03       0.83       0.92
>6           48      274.52     0.17       0.01       0.16       0.18

2003
≤4          961     419.28     2.29       0.16       2.12       2.46
]4; 6]     1438   1405.70    1.02       0.02       0.98       1.05
>6           33      607.03     0.05       0.01       0.04       0.07

2004
≤4          578     102.59     1.00       0.04       0.95       1.06
]4; 6]      576     103.66     0.99       0.04       0.94       1.04
>6            6         0.74       1.44       0.75       0.35       2.52

Table 3. Delphinapterus leucas. Estimated relative proba-
bilities of selection for different habitats by overall belu-
gas, with lower and upper simultaneous 90% confidence
limits computed using Bonferroni inequality. ui+ is the
number of units of type i used by all the animals and u++ is
the total number of units used by all the animals. πi = ai / a+

with ai the number of available resource units in category i
and a+ the total sample size of available unused units. x]: x
is included in the class; ]x: x is excluded from the class; CL: 

confidence limit

Fig. 3. Delphinapterus leucas. (a) Sea-surface temperatures
(SST) in eastern Hudson Bay (EHB) during the pre-migratory
period (September). Red density curves are based on the lo-
cations of all individuals (black dots) and illustrate that the
main strategy in (a) 2002 and (b) 2003 was Strategy A (aggre-
gated), while in (c) 2004 it was Strategy D (dispersed). Strat-
egy A: diving activity occurs in a restricted area of cold wa-
ters located north of the Belcher Islands (2002 and 2003);
Strategy D: diving activity occurs over a broad area within 

the arc of EHB (2004)
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the seasonal sea-ice cover, which has effects on habi-
tat quality. For instance, sea ice, particularly in mar-
ginal zones, creates conditions for a seasonal primary
production bloom (Bluhm & Gradinger 2008), which
favours the aggregation of copepod grazers and
other zooplankton species and is attractive for spe-
cies from higher trophic levels (Pershing et al. 2004,
Bluhm & Gradinger 2008). In such a changing habi-
tat, predators like belugas might use environmental
cues, e.g. ocean temperature or prey distribution
and/ or availability, to adjust the timing of their
migration so as to maximize the gain from habitat oc -
cupancy. Arctic cetaceans are well-adapted to a life
in ice-covered waters, breaking through thin ice to
breathe and using ice-associated biological re sour -
ces for feeding or exploiting ice properties for preda-
tor avoidance. At the same time, beluga may also be
constrained by ice, as it entails risk of mortality by
entrapment through reduced access to air and/or the
availability of suitable habitat (Ivashin & Shevlyagin
1987). The increase in the risks of ice en trapment as
the fall progresses, coupled with a possible re duc -

tion in feeding opportunities compared to
other locations, probably influence beluga
decisions in regard to migration timing.

Beluga migration patterns are relatively
stable from year to year (Barber et al.
2001, Richard et al. 2001a,b, Suy dam et al.
2001, Laidre et al. 2008). Given that calves
accompany their mothers closely for 1 to
2 annual cycles, learned migratory be -
haviour is likely matrilineal. Our study has
demonstrated how whales can make an-
nual adjustments to the timing of migra-
tion on the basis of variations in the pre-
vailing environmental conditions. While
the degree of flexibility in migratory route
is unknown, it is possible that flexible tra-
ditions have been developed through cen-
turies of matrilineal culture that is adapted
to changes in local conditions.

Long-term changes in temperature and
sea-ice regimes linked to global warming
affect the functioning of many Arctic
 systems (Hinzman et al. 2005). Habitat
change is particularly critical when a spe-
cies is highly specialized in its resource
use. Although beluga whales are feeding
generalists, they remain vulnerable to
 climate-induced food web cascades that
may be triggered by rapid shifts in
 environmental conditions (Hansen et al.
2003). For instance, reduced sea-ice cover

results in a premature phytoplankton bloom, with the
potential to disrupt connectivity between phyto-
plankton and copepod grazers ascending from depth
at specific times of the year (Hunt et al. 2002, Hansen
et al. 2003, Bluhm & Gradinger 2008). Such a trophic
de coupling could af fect the abundance of prey, re-
sulting in reduced en ergy availability for belugas.
Temperature- in duced delays in migration might also
reduce the period spent within winter areas, where
EHB belugas are thought to acquire most of their en-
ergy re serves, and have the potential to alter their en-
ergy ba lance. Predator− prey relationships at higher
trophic levels may also be altered, as re duced ice
cover may negatively affect polar bears, while being
favourable to predators of belugas such as killer
whales (Higdon & Ferguson 2009). Consequently, a
modification in migration phenology might affect in-
dividual survival and population de mo graphy (Both
et al. 2006).

The year 2004 was the coldest summer in the past
15 yr (Fig. 4a), but had SSTs similar to those observed
prior to 1991. Since the mid-1990s, SST and its spatial
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Fig. 4. (a) Time series of sea-surface temperature (SST) in eastern Hudson
Bay (EHB) (continuous black line) averaged over September from 1985 to
2007, showing an increase in mean temperature (regression line; y = 0.11x
+ 5.04; R² = 0.23; p = 0.02). The gray shading represents the study period.
(b) Spatial variance in SST (continuous black line), showing a significant in-
crease in temperature heterogeneity within EHB (regression line; y = 0.04x

+ 0.68; R² = 0.18; p = 0.04)
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variability have generally increased, i.e. EHB has
become warmer and more heterogeneous (Fig. 4a,b).
The later departure of be lugas for migration ob -
served in 2002 and 2003, when warmer and spatially
more heterogeneous temperatures prevailed in EHB
during summer, may become more typical of the
migration pattern of belugas as temperatures con-
tinue to increase. However, more information on
prey distribution and abundance and on the migra-
tory behaviour of belugas over a longer time series is
required before definitive conclusions can be drawn
on the risks posed by rapid environmental changes in
the Arctic.

The EHB stock of beluga has de clined sharply as a
result of past commercial and continued subsistence
harvest and is currently designated as endangered in
Canada (COSEWIC 2004). The importance of beluga
for Inuit culture and subsistence place a premium on
the preservation of the resource, as it represents a
key element linking aboriginal communities to the
Arctic ecosystem (Kemper 1980). A later de parture
for fall migration might de crease accessibility to
hunters be cause of shorter daylight periods later in
the season, possibly reducing harvesting pressure on
the population. Combined with knowledge of possi-
ble changes in marine mammal assemblages and
changes in the condition of belugas, which could re -
sult from a trophic decoupling, our observation of a
climate-driven change in mi gration pheno logy pro-
vides important information for the conservation of
belugas.

Acknowledgements. We thank the people from Uniujaq and
Kuujjuaraapik, as well as S. Turgeon and Y. Morin, who
have assisted in tagging whales. Support was provided
under the International Polar Year program Pan-Arctic Tag-
ging of Beluga, ARCTICNET and the Species at Risk Pro-
gram of Fisheries and Oceans Canada.

LITERATURE CITED

Barber DG, Sazuk E, Richard PR (2001) Examination of
 beluga−habitat relationships through the use of teleme-
try and a geographic information system. Arctic 54: 
305−316

Bluhm BA, Gradinger R (2008) Regional variability in food
availability for Arctic marine mammals. Ecol Appl
18(Suppl):  77−96

Boily P (1995) Theoretical heat flux in water and habitat
selection of phocid seals and beluga whales during the
annual molt. J Theor Biol 172: 235−244

Both C, Bouwhuis S, Lessells CM, Visser ME (2006) Climate
change and population declines in a long distance
migratory bird. Nature 441: 81−83

Buchanan FC, Friesen MK, Littlejohn RP, Clayton JW (1996)
Microsatellites from the beluga whale Delphinapterus
leucas. Mol Ecol 5: 571−575

Comiso JC, Parkinson CL (2004) Satellite observed changes
in the Arctic. Phys Today 57: 38−44

COSEWIC (Committee on the Status of Endangered Wildlife
in Canada) (2004) Assessment and update status report
on the beluga whale Delphinapterus leucas in Canada.
Available at:  www.cosewic.gc.ca/

Costa DP (1993) The secret life of marine mammals.
Oceanography (Wash DC) 6: 120−128

DeMarch BGE, Postma LD (2003) Molecular genetic stock
discrimination of belugas (Delphinapterus leucas)
hunted in eastern Hudson Bay, northern Quebec, Hud-
son Strait, and Sanikiluaq (Belcher Islands), Canada, and
comparisons to adjacent populations. Arctic 56: 111−124

Fauchald P, Tveraa T (2003) Using first-passage time in the
analysis of area restricted search and habitat selection.
Ecology 84: 282−288

Finley KJ, Miller GW, Allard M, Davis RA, Evans CR (1982)
The belugas (Delphinapterus leucas) of northern Que-
bec:  distribution, abundance, stock identity, catch history
and management. Can Tech Rep Fish Aquat Sci 1123: 
1−32

Fraker MA, Gordon CD, McDonald J, Ford J, Cambers G
(1979) The distribution of white whales in the Mackenzie
estuary in relation to physical and chemical factors. Can
Fish Mar Serv Tech Rep 863: 1−56

Gladden JG, Ferguson MM, Friesen MK, Clayton JW (1999)
Population structure of North American beluga whales
(Delphinapterus leucas) based on nuclear DNA
microsatellite variation and contrasted with the popula-
tion structure revealed by mtDNA variation. Mol Ecol 8: 
347−363

Hansen AS, Nielsen TG, Levinsen H, Madsen SD, Thingstad
TF, Hansen BW (2003) Impact of changing ice cover on
pelagic productivity and food web structure in Disko
Bay, West Greenland:  a dynamic model approach. Deep-
Sea Res 50: 171−187

Harington CR (2008) The evolution of Arctic marine mam-
mals. Ecol Appl 18(Suppl): 23−40

Heide-Jørgensen MP, Iversen M, Nielsen NH, Lockyer C,
Stern H, Ribergaard MH (2011) Harbour porpoises
respond to climate change. Ecol Evol 1: 579−585. doi: 10.
1002/ ece3.51

Higdon JW, Ferguson SH (2009) Loss of Arctic sea ice caus-
ing punctuated change in sightings of killer whales (Orci-
nus orca) over the past century. Ecol Appl 19: 1365−1375

Hinzman LD, Bettez ND, Bolton WR, Chapin FS and others
(2005) Evidence and implications of recent climate
change in northern Alaska and other arctic regions. Clim
Change 72: 251−298

Hobbs RC, Laidre KL, Vos DJ, Mahoney BA (2005) Move-
ments and area use of belugas, Delphinapterus leucas, in
a sub-Arctic estuary. Arctic 58: 331−340

Hunt Jr GL, Stabeno P, Walters G, Sinclair E, Brodeur RD,
Napp JM, Bond NA (2002) Climate change and control of
the southeastern Bering Sea pelagic ecosystem. Deep-
Sea Res II 49: 5821−5853

IWC (International Whaling Commission) (1992) Report of
the sub-committee on small cetaceans. Rep Int Whaling
Comm 42: 178−234

Ivashin MV, Shevlyagin KV (1987) The white whale (Delphi-
napterus leucas Pallas, 1776):  entrapment and escape in
the ice of Senjavin Strait. Rep Int Whaling Comm 37: 
357−359

Johannessen OM, Shaline EV, Miles MW (1999) Satellite
evidence for an Arctic sea ice cover in transformation.
Science 286: 1937−1939

Kelley TC, Loseto LL, Stewart REA, Yurkowski M, Ferguson

177



Clim Res 53: 169–178, 2012

SH (2010) Importance of eating capelin:  unique dietary
habits of Hudson Bay beluga. In:  Fergusson SH, Loseto
LL, Mallory ML (eds) A little less arctic:  top predators in
the world’s largest northern inland sea, Hudson Bay.
Springer, Dordrecht

Kemper JB (1980) History of use of narwhal and beluga by
Inuit in the Canadian eastern Arctic including changes in
hunting methods and regulations. Rep Int Whaling
Comm 30: 481−492

Kingsley MCS, Gosselin S, Sleno GA (2001) Movements and
dive behavior of belugas in northern Quebec. Arctic 54: 
262−275

Kleinenberg SE, Yablokov AV, Bel’kovich VM, Tarasevich
MN (1964) Beluga (Delphinapterus leucas):  investigation
of the species. Akad Nauk SSSR, Moscow

Laidre KL, Stirling I, Lowry LF, Wiig Ø, Heide-Jørgensen
MP, Ferguson SH (2008) Quantifying the sensitivity of
Arctic marine mammals to climate-induced habitat
change. Ecol Appl 18(Suppl): 97−125

Manly BFJ, McDonald LL, Thomas DL, McDonald TL, Erick-
son WP (2002) Resource selection by animals:  statistical
design and analysis for field studies, 2nd edn. Kluwer
Academic, Dordrecht

Muggeo VMR (2003) Estimating regression models with
unknown break-points. Stat Med 22: 3055−3071

Parkinson CL, Cavalieri DJ (2002) A 21-year record of Arctic
sea-ice extents and their regional, seasonal and monthly
variability and trends. Ann Glaciol 34: 441−446

Parmesan C, Yohe G (2003) A globally coherent fingerprint
of climate change impacts across natural systems. Nature
421: 37–42

Pershing AJ, Greene CH, Planque B, Fromentin JM (2004)
The influences of climate variability on North Atlantic
zooplankton populations. In:  Stenseth NC, Ottersen G,
Hurrell JW, Belgrano A (eds) Marine ecosystems and cli-
mate variation. Oxford University Press, Oxford, p 59−69

Piepenburg D (2005) Recent research on Arctic benthos: 
common notions need to be revised. Polar Biol 28: 
733−755

R Development Core Team (2010) R:  a language and envi-
ronment for statistical computing. R Foundation for Sta-
tistical Computing, Vienna. Available at:  www.R- project.
org/

Reeves RP, Mitchell ED (1987). History of white whale (Del-
phinapterus leucas) exploitation in eastern Hudson Bay
and James Bay. Can Spec Publ Fish Aquat Sci 95:1−45

Richard PR, Martin AR, Orr JR (1997) Study of summer
and fall movements and dive behavior of Beaufort Sea
belugas, using satellite telemetry:  1992−1995. Environ
Stud Res Fund Rep No. 134:1–26, Fisheries & Oceans,
Winni peg

Richard PR, Heide-Jorgensen MP, St. Aubin D (1998) Fall
movements of belugas (Delphinapterus leucas) with
satellite-linked transmitters in Lancaster Sound, Jones
Sound, and northern Baffin Bay. Arctic 51: 5−16

Richard PR, Martin AR, Orr JR (2001a) Summer and autumn
movements of belugas of the eastern Beaufort Sea stock.
Arctic 54: 223−236

Richard PR, Heide-Jørgensen MP, Orr J, Dietz R, Smith TG
(2001b) Summer and autumn movements and habitat use
by belugas in the Canadian high Arctic and adjacent
waters. Arctic 54: 207−222

Root TL, Price JT, Hall KR, Schneider SH, Rosenzweig C,
Pounds JA (2003) Fingerprints of global warming on wild
animals and plants. Nature 421: 57−60

Rothrock DA, Yu Y, Maykut GA (1999) Thinning of the
 Arctic sea-ice cover. Geophys Res Lett 26: 3469−3472

Sergeant DE (1973) Biology of white whale in western Hud-
son Bay. J Fish Res Board Can 30: 1065−1090

St. Aubin DJ, Smith TG, Geraci JR (1990) Seasonal epider-
mal molt in beluga whales, Delphinapterus leucas. Can J
Zool 68: 359−367

Stewart BE, Stewart REA (1989) Delphinapterus leucas.
Mamm Species 336: 1−8

Suydam RS, Lowry LF, Frost KJ, O’Corry-Crowe GM, Pikok
D (2001) Satellite tracking of eastern Chukchi Sea bel-
uga whales into the Arctic Ocean. Arctic 54: 237−243

Tremblay Y, Robinson PW, Costa DP (2009) A parsimonious
approach to modeling animal movement data. PLoS
ONE 4: e4711. doi: 10.1371/journal.pone.0004711

Turgeon J, Duchesne P, Colbeck GJC, Postma L, Hammill
MO (2012) Spatiotemporal segregation among summer
stocks of beluga (Delphinapterus leucas) despite nuclear
gene flow:  implication for an endangered population in
eastern Hudson Bay (Canada). Conserv Genet 13: 419−433

Tynan CT, DeMaster DP (1997) Observations and predic-
tions of Arctic climatic change:  potential effects on
marine mammals. Arctic 50: 308−322

Vinnikov KY, Robock A, Stouffer RJ, Walsh JE and others
(1999) Global warming and Northern Hemisphere sea
ice extent. Science 286: 1934−1937

Walsh JE (2008) Climate of the Arctic marine environment.
Ecol Appl 18: 3−22

Walther GR, Post E, Convery P, Menzel A and others (2002)
Ecological responses to recent climate change. Nature
416: 389−395

Wassmann P, Duarte CM, Agusti S, Sejr MK (2011) Foot-
prints of climate change in the Arctic marine ecosystem.
Glob Change Biol 17: 1235−1249

Watts PD, Draper BA, Henrico J (1991) Preferential use of
warm water habitat by adult beluga whales. J Therm
Biol 16: 57−60

178

Editorial responsibility: Tim Sparks, 
Cambridge, UK

Submitted: May 23, 2011; Accepted: April 8, 2012
Proofs received from author(s): June 15, 2012


	cite3: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite27: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 
	cite33: 
	cite34: 
	cite35: 
	cite36: 
	cite37: 
	cite38: 
	cite39: 
	cite40: 
	cite41: 
	cite42: 
	cite43: 
	cite44: 
	cite45: 


