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INTRODUCTION

Bowhead whales Balaena mysticetus, like many
large baleen whales, were decimated by historic
commercial whaling (Burns et al. 1993), primarily
during the 19th century. Bowheads of the Eastern
Canada−West Greenland Arctic (EC-WG) population
(abundance of 6344; 95% CI 3119 to 12 906) are cur-
rently designated as ‘special concern’ (COSEWIC

2009). Not long ago, this group was comprised of 2
separate populations (Hudson Bay–Foxe Basin and
Davis Strait–Baffin Bay), both of which are consid-
ered ‘threatened’ (COSEWIC 2005) and number 345
and 3000, respectively. Amalgamation and de-listing
of these groups is predicated upon telemetry studies,
a recent aerial survey abundance estimate (Cosens et
al. 2006, Dueck et al. 2006, IWC 2008, COSEWIC
2009), and increasing numbers suggested by Inuit
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knowledge (referred to as Inuit Qaujimajatuqangit
[IQ], NWMB 2000) and surveys off Greenland
(Heide-Jørgensen et al. 2007). Under the Canadian
Species at Risk Act (SARA), federal recovery efforts
(Recovery Team and Recovery Strategy) are not
legally required for populations designated as ‘spe-
cial concern,’ and the Eastern Arctic Bowhead
Recovery Team (Recovery Team) disbanded. Prior to
doing so, the Recovery Team set the identification of
critical habitat (CH) as an important recovery objec-
tive (Eastern Arctic Bowhead Recovery Team 2007).
Defining CH for any species is challenging, but even
more so for transitory animals such as bowhead
whales which spend the majority of time underwater
and often in ice environs. Studies indicate that EC-
WG bowheads travel large distances (Dueck et al.
2006, Ferguson et al. 2010a), may be spread over
thousands of kilometers, and may segregate by size,
sex, or reproductive status (Finley 2001). To legally
define CH in Canada under SARA, a high degree of
scientific information and certainty, similar to that
known for the highly studied Bering-Chukchi-Beau-
fort (BCB) population (‘endangered,’ Allen & Angliss
2009; and ‘special concern,’ COSEWIC 2009), now
estimated at over 10 000 whales (COSEWIC 2009,
Koski et al. 2010), is required. As specified by SARA,
we must know what habitat is necessary for the
 survival and recovery of the population. This level
of information, about an area spanning their large
range, does not exist for EC-WG bowheads (and may
not exist for some time). Hence, a secondary objec-
tive of this study was to provide resource managers
with a practical and scientifically defensible defini-
tion of CH that could be used based on currently
available information.

Largely in concert with seasonal sea ice distribu-
tion, bowheads undertake extensive migrations from
southern wintering grounds to northern summer
feeding habitats (Finley 2001). Apart from ice (Fergu-
son et al. 2010a), other ecogeographical variables
(EGVs) believed to influence bowhead whale distri -
bution include oceanography (e.g. water depth/
bathymetry, and temperature; Thomson et al. 1986,
Finley 2001, Harwood et al. 2010), prey availability
(Thomson et al. 1986, LGL Ltd. 1987, Finley 2001,
Harwood & Smith 2002), and predators (NWMB
2000, Finley 2001, Laidre et al. 2008, Ferguson et al.
2010b). Given their large range, it is expected that
eastern Arctic bowhead whales are exposed to large
variations of such conditions.

Habitat models incorporating large spatio-temporal
habitat variability have been successfully developed
for cetaceans (e.g. Gregr & Trites 2001, Cañadas et

al. 2005, Redfern et al. 2006). To meet the study
objectives, we applied ecological niche modeling to
available bowhead locations and EGVs in the East-
ern Canadian Arctic (ECA). Ecological niche factor
analysis (ENFA) combines known locations with rel-
evant EGVs to predict the ecological requirements
(habitat suitability) and distribution of a species.
One of the main advantages of this method is that it
can be used with presence-only data (Hirzel et al.
2002). We explored, validated, and described hypo -
theses regarding habitat suitability and critical bow-
head habitat. Similarly, we present a practical defin-
ition of CH.

METHODS

We used a data-driven modeling approach to
 identify CH, which involved: (1) locating and compil-
ing bowhead position data, (2) locating EGV data
that may influence bowhead distribution, (3) con-
ducting habitat modeling, and (4) defining and deter-
mining CH.

Whale locations

We consulted published and grey literature and
bowhead specialists for available bowhead locations
in the ECA. Data obtained varied by source, sighting
method, effort availability, and spatial extent. We
considered only data sources that included a large
number of whale locations and spanned large por-
tions of the ECA. Of these, 1 provided presence/
absence data (government aerial surveys), 2 pro-
vided presence-only data (private sector surveys
and historical whaling), and 1 provided spatial poly-
gons of IQ (Nunavut Wildlife Management Board,
NWMB). Each dataset possessed advantages and
dis advantages making their combined use in this
study complementary. As sample sizes were low dur-
ing winter and spring, we used only data from June
to October. We pooled the data monthly to account
for bowheads’ highly migratory and seasonal behav-
ior. Whale locations (single or groups) were imported
into the ArcGIS geographical information system
(GIS) for modeling and validation.

Fisheries and Oceans Canada (DFO) conducted
aerial surveys in August from 2002 to 2004 (Cosens et
al. 2006). These surveys varied in location and spatial
coverage, and no whales were sighted in 2004. In
total, 93 whale locations were recorded (Fig. 1) along
the survey tracks in 2003.
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We obtained private sector survey data for 1976,
1978, 1979, 1981, and 1982 (LGL Ltd. unpubl.
data). Surveys were aerial, shore, and vessel-
based, and covered a large portion of the northern
ECA (Fig. 2). Shore-based surveys were made
from high vantage points and therefore covered
large areas. Track information (i.e. effort and asso-
ciated absences) was not readily available and
therefore not included.

We obtained whale kill locations from reviews of
historic whaling records (Ross & MacIver 1982,
Reeves et al. 1983, Reeves & Mitchell 1990, Reeves &
Cosens 2003). The compiled dataset contained 2100
whale locations: 1150 locations from Reeves &
Cosens (2003), 20 from Reeves & Mitchell (1990), and
930 from Reeves et al. (1983). Of these points, 1922
had the temporal information (month and year)

required for monthly analyses (Fig. 3). This dataset
spanned 373 yr, from 1615 to 1988 (Fig. 3).

Ecogeographical variables and study areas

Environmental and physical factors are known to
influence cetacean distribution (Thomson et al. 1986,
Murison & Gaskin 1989, Laidre et al. 2008, Rogachev
et al. 2008, Ashjian et al. 2010). Available EGV data
included sea ice, chlorophyll a (chl a; as a proxy for
prey availability), sea surface temperature (SST; as a
proxy for productivity), distance to shore (related to
predator avoidance; Finley 2001), depth, and slope
(as a proxy for upwelling and productivity). While
these EGVs are likely correlated to some degree,
ENFA is insensitive to correlations because, like
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Fig. 1. Balaena mysticetus. Bowhead sighting locations and survey effort from August 2003 government aerial surveys 
(adapted from Cosens et al. 2006) and study area used for habitat modeling
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principal component analyses, the EGVs are summa-
rized into uncorrelated factors with an ecological
meaning (Hirzel et al. 2002).

EGV data were converted to a grid format. A grid
cell size of 10 × 10 km was used. This size was suffi-
ciently small to take advantage of the resolution of
the EGVs (<10 × 10 km2) and large enough to take
into account precision of whale location data. It was
also consistent with that used by Gregr & Trites
(2001), which was based on precision of historic
whaling data.

SST (°C) and chl a (mg m−3) data were acquired
from the MODIS-Aqua Level 3, 4 km binned product
offered from ‘Ocean Color Web’ (Feldman & McClain
2006). Ice data were obtained from the Canadian Ice
Service (2006). Depth and slope data were derived
from bathymetry obtained from the 2-Minute Grid-

ded Global Relief Data (ETOPO2v2; US Department
of Commerce 2006). The slope of the sea floor and
the distance to shore for each sighting were calcu-
lated using ArcGIS.

Where possible, we selected EGV data from
dates when locations of whales were collected. We
used the averaged 8 d SST and chl a maps (Feld-
man & McClain 2006) most closely corresponding
in time with the week of government aerial
surveys for the analysis of government survey
data. Pre-averaged monthly SST and chl a data
over the period of 2002 or 2003 through to 2006
were used to match the longer-term whaling and
private sector datasets (Feldman & McClain 2006).
Similarly, to best match government survey data,
we acquired weekly composite ice charts of the
ECA for the August 2003 survey period. For the
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Fig. 2. Balaena mysticetus. Bowhead sighting locations obtained from private sector surveys conducted in 1976, 1978, 1979, 
1981, and 1982 (LGL Ltd. unpubl. data) and area used for habitat modeling
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historical whaling and private sector datasets, we
used regional ice data for 1971 to 2000 (monthly
medians).

We combined whale locations and EGV data into
1 grid-based GIS dataset per model. Each grid cell
was assigned a summary of the input variables for
the area within the cell (i.e. whale presence and
average conditions of each EGV within the cell; see
Jacques Whitford AXYS Ldt. 2007 for details on
data processing).

Three study areas, corresponding to each bowhead
location dataset, were identified (Figs. 1 to 3). Com-
mensurate with the chosen modeling tool (below),
analyses within each study area focused primarily
near whale locations and where survey effort was
likely. This was to exclude regions far offshore and
avoid analytical biases associated with ENFA theory.

Habitat suitability modeling

We used ENFA to build the models because it best
suited our objective and the attributes of the whale
location and EGV data. All whale position and EGV
datasets were converted and imported into the soft-
ware Biomapper (Hirzel et al. 2006a) for analysis.
Where possible, EGVs were normalized using the
Box-Cox standardizing algorithm (which looks for
the best transformation; Hirzel & Arlettaz 2003).

ENFA extracted mutually independent factors. Sig-
nificant factors were determined by comparing the
factors’ contribution to MacArthur’s broken-stick dis-
tribution (Hirzel et al. 2002). These factors were used
as dimensions in the environmental space for habitat
suitability (HS) modeling (Hirzel et al. 2002). We
used Biomapper’s distance geometric mean algo-
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Fig. 3. Balaena mysticetus. Bowhead kill locations from whaling records from 1615 to 1988 (adapted from Reeves et al. 1983, 
Reeves & Mitchell 1990, and Reeves & Cosens 2003) and area used for habitat modeling
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rithm to compute similarity coefficients between
each location and the most suitable conditions (HS
index). We chose this algorithm over the median
algorithm because it has been shown to have better
predictive power (Hirzel & Arlettaz 2003).

We evaluated the importance of the individual
EGVs to the model predictions in terms of their
contribution to marginality and specialization fac-
tors. Marginality indicates how EGV data associ-
ated with whale positions differ from global data
within the analysis area (Hirzel et al. 2002). Values
range between 0 and 1. Values close to 0 indicate
that sightings occurred in average conditions rela-
tive to available conditions. Specialization repre-
sents the niche breath relative to global conditions
(Hirzel et al. 2002) and is the inverse of tolerance.
Tolerance values range between 0 and 1, with a
high value (close to 1), indicating that a species is
not too selective of its environmental conditions
(Hirzel et al. 2002).

ENFA is a strictly descriptive method and cannot
extract causality relations. However, it does provide
important cues about preferential conditions (Hirzel
et al. 2002). By looking at marginality factor coeffi-
cients on each EGV in the ENFA matrix (of each
model), we determined for which EGV bowhead
whales selected conditions farthest from average,
and whether they selected values lower or higher
than average. Specialization factors also provided
insight into which EGV had the most restricted range
of suitable values for bowhead whales.

We validated the models using a jack-knife proce-
dure to compute a confidence interval around the
predictive accuracy of the HS model. The process
consisted of partitioning the bowhead location
datasets into 10 equal size subsets, and using 1 sub-
set for validation instead of model calibration. This
process was repeated for each of the 10 subsets.
From the subsets, the number of grid cells that fell
within a number of HS bin ranges was computed.
Each bin represented a portion of the map (Ai) area
and contained a proportion of the validation cells
(Ni). Model fit (F) was evaluated using the ‘Boyce
index’ (Boyce et al. 2002), which looks at area-
adjusted frequency of the bins (Fi = Ni/Ai). A random
map would provide F values of approximately 1 (ran-
dom frequency line) whereas a good model would
result in low F values for low HS values and high F
values for high HS values. Relative model quality
was determined as ‘low,’ ‘moderate,’ or ‘high’ by
evaluating the Boyce indices (using bins and contin-
uous; Hirzel et al. 2006b), associated variance, and
the shape of the F curves.

HS synthesis

Based on the cross-validation results, we reclassified
each of the HS maps using 4 different suitability
classes according to bin ranges (unsuitable: 0−25;
marginal: 26−50; suitable: 51−75; highly suitable:
76−100). We chose only the highest HS class to inte-
grate with other data sources and results. Commensu-
rate with best modeling practices from the United Na-
tions’ Food and Agriculture Organization (FAO 2008),
we then combined model results from governmental,
private, and whaling data into monthly high suitability
habitat maps. Each model’s highly suitable habitat
was given the same weight within the study area.

To further synthesize the results produced by the
HS models, we integrated all 5 monthly combined
high suitability habitat maps. Each cell within the
ECA was assigned a rank from 0 to 5 for the number
of months it was coded as highly suitable habitat.
Cell ranking was color coded and displayed as an
overall composite map.

Assumptions

Due to the variability in available data (quantity,
quality, spatial accuracy and coverage, and tempo-
ral coverage), several underlying assumptions were
required:
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Dataset Marginality Specialization Tolerance

June
Private sector 0.503 1.930 0.518
Whaling 0.447 1.332 0.751

July
Private sector 0.664 2.220 0.451
Whaling 0.496 1.299 0.770

August
Private sector 0.920 4.281 0.234
Whaling 0.537 1.274 0.785
Government 0.599 1.930 0.518
survey 2003

September
Private sector 0.926 2.842 0.352
Whaling 0.494 1.709 0.585

October
Private sector 0.805 2.196 0.455
Whaling 0.810 1.672 0.598

Table 1. Balaena mysticetus. Global marginality, specializa-
tion, and tolerance values from ecological niche factor
analyses (ENFA) performed on 11 monthly bowhead loca-
tion datasets in the eastern Canadian Arctic from June to
October. See ‘Methods: Habitat suitability modeling’) for 

definitions of marginality, specialization, and tolerance 
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• whale presence in the ECA, in summer, is largely
dictated by food availability

• distribution of bowhead prey is related to oceano-
graphic processes (through increases in productiv-
ity or physical concentration of prey)

• bowheads are not typically found within large ice
pans or consolidated ice in the ‘reduced-ice’ period

• whale positions obtained are of sufficient accuracy
to match with EGV data and predict large-scale
trends

• spatial patterns of whale positions obtained are
representative of the actual whale distribution and
not an artifact of whaling or survey efforts

• recent environmental conditions are representative
of the entire period for which bowhead locations
are available (i.e. historical whaling data)

• bowhead whale habitat use is not influenced by
changes in population size.

RESULTS

Models produced

Eleven analyses were performed on whale location
datasets and associated EGV data for the period of
June to October. All EGVs were used in the analyses
except in October, when either ice or SST was

excluded due to missing data. A monthly model was
produced for each monthly whaling and private sec-
tor dataset. An additional model was produced for
August with the government dataset.

Interpretation of monthly trends and factors

Marginality and specialization values peaked in
August and September (Table 1). Marginality values
for all analyses (June to October) ranged from 0.447
to 0.926 (Table 1), indicating that suitable habitat dif-
fered considerably from average conditions within
study areas. Specialization values suggested that
bowheads are somewhat restricted in habitat use
compared to the habitat available in the study areas
(Table 1). Tolerance values indicated that bowheads
were observed in areas deemed as unsuitable habitat
(Table 1).

Model results strongly suggested that bowheads
select less than average distances to shore, ice
 concentration, and depth from June to October
(Table 2). The majority of models (7 of 11) suggested
that greater than average slopes are selected by
bowheads, but most of the values were small with
many values <0.1, suggesting that this trend may not
be significant. The majority of models (7 of 10) indi-
cated that bowheads select greater than average

7

Dataset Distance Slope Depth Chl a SST Ice Primary EGV for
marginality specialization

June
Private < < < > > < Ice Distance
Whaling < < < < < < Distance Ice

July
Private < > > > > > Distance/SST Chl a
Whaling < < < > > < Distance Chl a

August
Private < < < > < < Distance Ice
Whaling < > < > < < Distance SST
Government < > < < > < Distance Chl a

September
Private < > < > > < Distance Ice
Whaling < > < < > < Distance Ice

October
Private < > < > Distance Ice
Whaling < > < > > Distance Chl a/SST

Total > 0 7 1 7 6 2
Total < 11 4 10 3 4 8

Table 2. Balaena mysticetus. Marginality results from ecological niche factor analyses (ENFA) showing bowhead locations in
greater than (>) or less than (<) average conditions in the study area of each dataset for each ecogeographical variable (EGV),
and primary EGVs governing bowhead habitat marginality and specialization in the eastern Canadian Arctic. SST: sea surface 

temperature; chl a: chlorophyll a. Blanks: no data available
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chl a concentration. Model results did not demon-
strate a strong preference for greater or less than
average SSTs from June to October.

The primary EGV governing marginality (i.e.
that with the highest coefficient for marginality)
was distance from shore (10 of 11 models); how-
ever, no one variable appeared to mostly restrict
the range of bowheads based on the specialization
factor explaining the most information from June
to October. Five models suggested that ice is the
most restrictive EGV, 4 suggested it is chl a, and at
least 1 suggested it is SST. This indicates that
whales were usually located within a narrow
range of ice concentrations and somewhat narrow
range of chlorophyll and SST values compared to
average values.

Model validation and performance

Model quality varied between months and datasets
and is likely related to whale location and EGV data
used, and their quality (i.e. sample size and degree of
temporal overlap; Table 3). The private sector data
produced high-quality models for July and October
only (October had a much greater sample size),
whereas the whaling data produced high-quality
models for August and September (2 of the months

with the highest sample sizes). Models within each
month differed slightly in quality.

Overall, models showed good performance in
identifying high-suitability habitat. However, in
several cases, variance in the data (SD) was high,
thereby reducing model quality. Generally, the
continuous Boyce index indicated lower overall
model quality than the Boyce index using bins.
When looking at the predicted/expected (P/E) ratio
curves, most models (7 of 11) did well at predicting
habitats in the highest HS category (mean and SD
clearly above the P/E = 1).

HS synthesis

The models predicted HS bowhead habitat in
nearly all coastal areas of the ECA for at least 1 month
(Fig. 4). Large regions of HS habitat were identified
for 2 months, and discrete clusters of areas were iden-
tified as HS for 3 or more months. Clusters of cells
with 3 or more months were delineated visually into
discrete areas for discussion purposes (Fig. 4).

DISCUSSION

Definition of CH

We defined ‘highly suitable habitat’ after Hirzel et
al. (2002) as those areas predicted to be used by bow-
heads more often than expected by chance, relative
to habitat available in the environment.

We identified CH for bowhead whales primarily
between June and October, within 20 to 100 km of
most ECA shorelines. Though not a novel conclu-
sion, our study provides increased resolution within
this general region. The flexibility and adaptability
of the species’ habitat requirements are unknown,
and it is not clear whether all currently used areas
are critical to survival. However, it is possible to
identify highly suitable habitat important to the sur-
vival of bowheads (when defined as those areas
predicted to seasonally support whales and those
ecosystem processes on which bowheads rely). This
study used 3 datasets of known bowhead locations
(nearly 1700 over 5 months), and it is reasonable to
assume that this broad inclusion captured areas that
support bowhead nursery, resting, feeding, and
migratory habitat. We argue that this is sufficient to
produce a reasonable description of CH and adopt
that term for the highly suitable habitat areas iden-
tified by our analysis.
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Dataset F (4 bins) F (continuous) Relative
model quality

June
Private −0.016 ± 0.549 −0.114 ± 0.442 Low
Whaling 0.692 ± 0.414 0.588 ± 0.494 Moderate

July
Private 0.667 ± 0.094 0.622 ± 0.046 High
Whaling 0.700 ± 0.508 0.654 ± 0.396 Moderate

August
Private 0.520 ± 0.439 0.492 ± 0.388 Moderate
Whaling 0.880 ± 0.240 0.813 ± 0.310 High
Govt. survey 0.867 ± 0.094 0.559 ± 0.293 High
2003

September
Private −0.320 ± 0.610 −0.164 ± 0.378 Low
Whaling 0.920 ± 0.098 0.842 ± 0.074 High

October
Private 0.877 ± 0.173 0.570 ± 0.285 High
Whaling −0.086 ± 0.573 −0.008 ± 0.538 Low

Table 3. Balaena mysticetus. Cross-validation results or
model ‘fit’ (F = Boyce index ± SD) from ecological niche fac-
tor analyses performed on 11 bowhead location datasets in
the eastern Canadian Arctic, and qualitative determinations 

on model quality
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To realize the potential of habitat information from
the 3 whale location datasets, we assumed the more
models that predicted the same highly suitable habi-
tat (monthly), the more important it is. Predicted
areas of CH for the majority of the reduced-ice period
(3 or more of the 5 months) can be considered the
most important for the persistence of the population
(for feeding or other reasons).

Areas identified as CH

Our analysis identified 21 discrete areas within the
ECA as CH for the majority of the reduced-ice period
(3 or more of the 5 months; Fig. 5). Of these 21 areas,
6 (Areas 2, 4, 5, 6, 7, 8) were located within the com-

bined study areas of all 3 location datasets (all 11
models contributed information in the same region;
Fig. 5). Two of the 21 CH areas (Areas 1 and 3) were
located within the combined study area of 2 of the 3
datasets (10 of the 11 models contributed information
in the same region). The majority (13) of the 21 areas
(Areas 9 to 21) were within the study area of only 1
whale location dataset (historic whaling data; only 5
of the 11 models contributed information in this
area). We assigned a level of confidence in the pre-
dictions of CH based on model contribution.

Identification of CH solely based on data collected
from few whales for 1 month of 1 year does not instill
confidence. Hence, where all 11 models overlapped
spatially, our confidence is highest that the 6 discrete
areas (Areas 2, 4, 5, 6, 7, and 8 in Fig. 5) can be consid-
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ered bowhead CH. Similarly, based on overlap, we
have moderate confidence that 2 of the areas (Areas 1
and 3 in Fig. 5) constitute CH. Our confidence is lower
that the 13 remaining areas are CH, given the lack of
spatial overlap between the 3 different models.

Support for CH identification

To compare our predictions to what is known about
bowhead whale distribution, we consulted recent lit-
erature and IQ (see Fig. 6 for summary). Lancaster
Sound (Area 2 and part of Area 5; Fig. 5) has long
been recognized as bowhead habitat. Our results
suggest that this region is important from June to
October (not only at the eastern spring floe-edge, as

suggested by Koski & Davis 1979). Bowheads enter
Lancaster Sound from early May until early August
(Davis & Koski 1980), and according to Finley (2001),
this area represents an important spring migration
corridor. A single male bowhead was tracked along
the south coast of Lancaster Sound in 2004 (Dueck et
al. 2006), and unpublished data by Heide-Jørgensen
(in Dueck et al. 2006) also indicate use of the south-
ern Lancaster Sound coast in August. Dueck & Fer-
guson (2008) and Ferguson et al. (2010a) noted that
bowheads migrate along the southern coast of Lan-
caster Sound but do not linger in the sound. The IQ
data suggest that bowheads migrate through Lan-
caster Sound in the spring and can also be found here
in early fall (NWMB 2000). Identification of the south
coast of Lancaster Sound as CH is therefore well sup-
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ported. As implied by IQ, the north coast and some
central portions of the sound (Area 2; Fig. 5) are also
important to bowheads; however, recent scientific
evidence is limited to 1 bowhead track (Heide-
 Jørgensen et al. 2003). We found no evidence of sys-
tematic surveys of Lancaster Sound, and relatively
few bowhead whales have been instrumented with
satellite tags. Hence, on the basis of IQ and this
study, we suggest the northern region of the sound
may also be important habitat.

CH identified off the east coast of Somerset Island
and northern Prince Regent Inlet (Area 4 and a por-
tion of Area 5; Fig. 5) is related primarily to migration
(Finley 1990, 2001, NWMB 2000, Iacozza & Barber
2003, Reeves & Cosens 2003, Dueck et al. 2006,
Heide-Jørgensen et al. 2006). Bowhead CH was

identified in Admiralty Inlet (portion of Area 5;
Fig. 5). IQ supports this finding (spring to early fall;
NWMB 2000), as do 2003 aerial surveys (Cosens et al.
2006) and 2006 tagging studies (Heide-Jørgensen et
al. 2006). However, aerial surveys of Admiralty Inlet
flown in 2004 did not detect bowheads, demonstrat-
ing high seasonal variability. CH near Pond Inlet
(Areas 6 and 7; Fig. 5) is well supported by recent
 scientific and Inuit evidence, most likely (and regu-
larly) in spring (Koski & Davis 1979, Reeves et al.
1983, NWMB 2000, Finley 2001, Heide-Jørgensen et
al. 2006).

The stretch of CH from Cape Adair to Henry Kater
Peninsula (Area 8; Fig. 5) encompasses Isabella Bay,
a previously (e.g. Finley 1990, 2001, NWMB 2000),
and recently (WWF 2003, Hansen et al. 2009) identi-
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fied important late-summer and fall habitat. Both
feeding areas at Isabella Bay (Aqviq and Kater
troughs; Finley et al. 1993) were identified as impor-
tant habitat for 3 months. Fall visual surveys from
Cape Adair (Davis & Koski 1980) suggest CH in this
region is related to migration.

CH southwest of Devon Island (Area 3; Fig. 5),
identified here with moderate confidence, is not well
supported by literature or IQ (although telemetry
studies showed bowhead use in October/November;
unpubl. data from Heide-Jørgensen in Dueck et al.
2006). Evidence indicates that highly suitable habitat
northeast of Devon Island (Area 1; Fig. 5) exists in the
spring (Koski & Davis 1979, unpubl. data from Heide-
Jørgensen in Dueck et al. 2006).

Thirteen areas were identified (with low confi-
dence) as CH. These areas are located in southerly
regions of the ECA and the identified range for this
population (COSEWIC 2009). Telemetry studies
and IQ (NWMB 2000) confirm the Cumberland
Peninsula region (Area 9; Fig. 5) as a migratory
route (Dueck et al. 2006, Ferguson et al. 2010a). IQ
supports the identification of CH in the Lemieux
Islands (Area 10; Fig. 5), Frobisher Bay (Area 11;
Fig. 5), near Kimiruit (Big Island; Area 15; Fig. 5),
and Roes Welcome Sound (Area 20; Fig. 5). Aerial
surveys (Cosens & Innes 2000) and telemetry stud-
ies (Dueck et al. 2006) also confirm bowhead pres-
ence in Roes Welcome Sound.

We found no corroborating IQ or scientific evi-
dence for identified CH in northern Quebec and
Labrador (Areas 13−15, 18 and 19; Fig. 5). This may
be because bowheads no longer use these areas or
surveys and IQ studies (reduced-ice period) were not
conducted.

Other important habitat

There were several regions where our models
did not capture expected CH during the reduced-
ice season. CH near Igloolik was identified for 1
and 2 months, but not for 3 or more months. Simi-
larly, identified CH in northern Prince Regent Inlet
did not include distinct areas used by bowhead
whales in southern Prince Regent Inlet and Gulf of
Boothia (Dueck & Ferguson 2008, Ferguson et al.
2010a).

Discovery of numerous bowheads offshore from
Pond Inlet (and near the eastern entrance to
 Lancaster Sound; Koski & Davis 1979) sets an expec-
tation regarding CH. Our models did capture this
region as CH but only for 1 month (June; see Fig. 5).

Assumptions and limitations

Interpretation of the predictive modeling results
must take into account the nature and assumptions of
the input information (whale location and EGV data)
and model theory.

Of the bowhead location data used in this analysis,
the more difficult to interpret are the historic whaling
records. Limitations include the lack of survey effort
(and knowledge of bowhead absence), low precision,
and lack of concurrent, high-resolution EGV data
(e.g. ice conditions, SST, chl a). The first 2 limitations
are addressed by ENFA theory. According to Comp-
ton (2004), historic whaling data may include some
positional inaccuracies which may lead to overesti-
mation of the size of highly suitable habitat, underes-
timation of the marginality and specialization, and
overestimation of tolerance. However, ENFA is
designed specifically for use with datasets that are of
potentially low or unknown quality and those lacking
adequate absence data, such as opportunistic sight-
ings data and museum records (Hirzel et al. 2001,
2002, Reutter et al. 2003). Use of historic whaling
records may be further complicated by restrictions in
whaling from ice conditions, nationality, vessel type
(sail versus steam), and changing harvest effort over
time. Theoretically, these factors do not diminish the
value of the point-source location data (e.g. a bow-
head was found at the recorded kill location and
therefore may have occupied a suitable habitat). The
large sample size and spatial and temporal range of
this dataset, compared to other available location
data, dictate that this information be included in EC-
WG bowhead studies. In accordance with the above,
and because of the violation of a key analytical
assumption (that EGV conditions at the time of the
whale kills over 370 yr ago are the same as present-
day conditions), the historic whaling model results,
on their own, were treated with lower confidence.

Perceived positive attributes of the governmental
aerial bowhead surveys (greater accuracy, presence
and absence information, numerous, modern, highly
systematic, and large spatial coverage) were not real-
ized in this study. From 3 yr of regional governmental
aerial surveys, only results from 2003 were used (due
to weather-related limitations and small sample
sizes: 22 whales in 2002 and 0 in 2004). The surveys
were also limited in spatial and temporal (August
only) coverage, in all years.

Private sector survey data were useful. Not only did
they have a reasonable sample size (249 whale lo -
cations), but they also provided good yearly and
monthly (June to October) coverage. Further, initia-
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tion of remote sensing technology coincided with
these data, and hence we can be reasonably confi-
dent that the EGV data were appropriately matched.
ENFA does not take into account effort. A prelimi-
nary generalized linear model (GLM) for the pres-
ence/absence government whale location dataset
compared to models produced by ENFA and other
known whale location datasets suggested that ENFA
performed better than a GLM in predicting suitable
whale habitat (Jacques Whitford AXYS Ldt. 2007).
Therefore, incorporation of effort and associated
absence data from private sector surveys would not
have changed our results substantially.

Although it was not possible to numerically inte-
grate IQ on bowheads with other datasets, meaning-
ful comparison with ENFA results was possible. In
fact, IQ data were the only other information source
of comparable spatial range to historic whaling data
available to verify model predictions in the southern
ECA, making the IQ data invaluable to the model
assessment.

Limitations of observational data

As discussed, our analyses did not identify all
expected CH in the reduced-ice period. This may in
part be due the presence of ice. Regions that regu-
larly have large concentrations of ice (like Prince
Regent Inlet) would not have had SST or chl a data,
limiting predictive abilities. Regions with greater
variability in ice concentration (i.e. much of the ECA)
were captured by our models. Our definition of CH
excludes areas important to bowheads for less than
3 months. Hence, some areas that are highly seasonal
(e.g. offshore of Pond Inlet), by definition, would not
have been included as CH. Areas potentially impor-
tant to bowheads for less than a month, and from
November to May, also would not have been identi-
fied. For these reasons, our analysis likely underesti-
mates bowhead CH in the ECA.

Ecological interpretation

While a detailed discussion of bowhead habitat
was beyond the scope of our study, we uncovered
some interesting habitat correlations. Our models
indicate that bowheads are relatively specialized in
terms of habitat use (based on EGV and areas
included). Peaks in marginality and specialization in
August and September are likely indicative of good
feeding conditions. At the spatial scale studied,

whales used open-water habitat as it became
increasingly available over the summer/fall. This is
consistent with what is seen in the Beaufort Sea
where summer bowheads are associated with the
ice front through July but in August and September
are found in open water off the continental shelf
(Richardson et al. 1985, Harwood et al. 2010). While
bowheads are thought to be strongly associated
with sea ice (Ferguson et al. 2010a), this was not
apparent in our study, where the importance of ice
varied more by dataset and spatial scale than
monthly. This is presumably due to the spatial and
temporal scales at which ice cover is measured and
averaged: at our relatively coarse resolution, we
could not capture the patchiness in ice cover appar-
ent at higher resolutions.

Bowheads appear to select shallow areas closer to
shore. This may be due to predator avoidance (Finley
2001), an artifact of correlation with other EGVs, or
biases in whale location data. Selection of habitat
with greater slopes than average in most models,
particularly from August to October, suggests selec-
tion of upwelling conditions favorable for feeding.
This would be similar to conditions observed in the
Beaufort Sea (Thomson et al. 1986).

Trends in SST and chl a concentration were similar
in nature. CH was predicted where these variables
were greater than the average conditions earlier in
the ‘reduced-ice’ season. These variables progres-
sively approached average conditions, as the season
progressed. This trend is likely correlated to ice
reduction, increases in water temperature, and pri-
mary productivity. Our study suggests that more
habitat becomes suitable overall as ice disappears
and that specific SST and chl a concentrations are not
as important.

Implications for management

Dramatic changes in the population estimate, con-
servation status, and management of EC-WG bow-
heads have taken place over a relatively short time.
Canadian bowhead resource managers have made
these changes based on relatively limited (e.g. few
aerial surveys), non-quantitative (e.g. IQ), and often
imprecise (e.g. the re-analysis of 2002 abundance
estimate; IWC 2008, COSEWIC 2009) information.

These management changes have occurred as evi-
dence has been mounting for increasing unidirec-
tional climate warming leading to circumpolar
reductions in sea ice and increased air and sea tem-
peratures (Laidre et al. 2008, Atkinson 2009). Hence,
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the need for precautionary management and conser-
vation of EC-WG bowheads and their habitat is
greater now than it was even 5 yr ago. Bowheads are
predicted as moderately sensitive to climate change
with low population size, migration, and low popula-
tion growth rates as primary sensitivity drivers
(Laidre et al. 2008).

Further reductions in sea-ice coverage from pre-
dicted future climate warming (Johannessen et al.
2004) will also facilitate access to resources and
increased human activity. Changes to Canadian pol-
icy on Arctic vessel reporting (suggesting anticipated
increases in Arctic vessel activity; Transport Canada
2010) and the discovery of oil in Baffin Bay in 2010
(BBC 2010) may signal that such increases have
begun. Hence, significant pressure on the EC-WG
population from ecological change is expected to be
intensified by new threats relating to shipping, com-
mercial fishing, and oil and gas exploration and
development.

As anticipated by the Recovery Team, this study
provides a broad and timely tool for resource man-
agers and population recovery planning. Results from
this science-based tool are repeatable, founded on
ecological theory, best available input data (on bow-
head locations and EGVs), and habitat modeling
technology. The 6 predicted bowhead CH (with high-
est confidence) are supported by recent scientific evi-
dence (to the degree it exists) and IQ. Two of these
6 habitats are under consideration for federal protec-
tion (e.g. proposed Lancaster Sound National Marine
Conservation Area and Niginganiq [Isabella Bay]
National Wildlife Area). Hence, in addition to ice-as-
sociated bowhead summer/fall habitat in Prince Re-
gent Inlet (as identified by Dueck & Ferguson 2008,
Ferguson et al. 2010a), a starting point for future
bowhead habitat conservation includes Admiralty In-
let, northern Prince Regent Inlet, coastal areas close
to Pond Inlet, and from Cape Adair to Isabella Bay.

Future studies

The addition of bowhead telemetry data and other
private sector aerial survey data would strengthen
this analysis and potentially support higher-resolu-
tion studies. Collection of additional whale location
data with concurrent information on EGVs in the CH
identified here would prove useful for improved
management. Incorporation of regional climatologies
(including wind data) into the analysis may help us
understand how other EGVs (currents, freshwater
input, and ice movement) may influence EC-WG

bowhead distribution. Our study analyzed data on a
monthly basis (primarily as this was how it was avail-
able). Future studies may consider lumping months
into broader seasons to identify further ecological
relationships and broad habitat use.

As mentioned, climate change is predicted to place
pressure on EC-WG bowhead recovery. Habitat
modeling provides researchers with a mechanism to
predict changes in bowhead CH from climate change
by exploring altering environmental conditions, such
as SST and chl a concentration. The ‘holy grail’ of
habitat modeling would be to provide resource man-
agers with ‘real-time’ annual predictions of impor-
tant summer/fall bowhead habitat. With continued
testing, validation, and integration of high-quality
bowhead location and comprehensive EGV data, this
may one day be possible.
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