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Vancouver, BC, Canada, °Biology Department, Woods Hole Oceanographic Institution, Woods
Hole, MA, United States

The ecological impact of environmental changes at high latitudes (e.g.,
increasing temperature, and decreased sea ice cover) on low-trophic
species, such as bowhead whales, are poorly understood. Key to
understanding the vulnerability of zooplanktivorous predators to climatic
shifts in prey is knowing whether they can make behavioural or distributional
adjustments to maintain sufficient prey acquisition rates. However, little is
known about how foraging behaviour and associated environmental
conditions fluctuate over space and time. We collected long-term
movement (average satellite transmission days were 397 (+ 204 SD) in 2012
and 484 (+ 245 SD) in 2013) and dive behaviour data for 25 bowhead whales
(Balaena mysticetus) equipped with time-depth telemetry tags, and used
hierarchical switching-state-space models to quantify their movements and
behaviours (resident and transit). We examined trends in inferred two-
dimensional foraging behaviours based on dive shape of Eastern Canada-
West Greenland bowhead whales in relation to season and sea ice, as well as
animal sex and age via size. We found no differences with regards to whale sex
and size, but we did find evidence that subsurface foraging occurs year-round,
with peak foraging occurring in fall (7.3 hrs d* + 5.70 SD; October) and reduced
feeding during spring (2.7 hrs d™* + 2.55 SD; May). Although sea ice cover is
lowest during summer foraging, whales selected areas with 65% (+ 36.1 SD) sea
ice cover. During winter, bowheads occurred in areas with 90% (+ 15.5 SD) ice
cover, providing some open water for breathing. The depth of probable
foraging varied across seasons with animals conducting epipelagic foraging
dives (< 200 m) during spring and summer, and deeper mesopelagic dives (>
400 m) during fall and winter that approached the sea bottom, following the
seasonal vertical migration of lipid-rich zooplankton. Our findings suggest that,
compared to related species (e.g., right whales), bowheads forage at relatively
low rates and over a large geographic area throughout the year. This suggests
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that bowhead whales have the potential to adjust their behaviours (e.g.,
increased time allocated to feeding) and shift their distributions (e.g., occupy
higher latitude foraging grounds) to adapt to climate-change induced
environmental conditions. However, the extent to which energetic
consumption may vary seasonally is yet to be determined.

KEYWORDS

state-space modelling, satellite-telemetry, time-depth recorder (TDR), Arctic,
behavioural flexibility, zooplankton, sea ice, bathymetry

Introduction

Climate change is a leading threat to marine biodiversity
worldwide (Worm and Lotze, 2021) because of the critical role
environmental conditions (e.g., temperature, sea ice, stratification)
play in species distribution and diversity in the oceans (Pacifici et al,,
2015; Worm and Lotze, 2021). Based on forecasted global
temperature increases, up to one in six species may be lost due to
ecosystem shifts (Urban, 2015). The ecological mechanisms driving
such extinction include habitat loss or degradation, reduced prey
acquisition, lowered reproductive success, and higher rates of
mortality (Beissinger, 2000; Strona and Bradshaw, 2018; Roman-
Palacios and Wiens, 2020). Species may also experience temperatures
that exceed their physiological limits leading to metabolic challenges
(e.g., fish) (Cahill et al, 2013) or phenological responses that alter
lifecycles through changed growth rates, development times and
molting rates (e.g., calanoid copepods—zooplankton). This in turn
can affect recruitment and interspecific competition for resources
(Usov et al., 2021). Subsequent shifts in the distribution and
abundance of energetically rich prey species (Cahill et al,, 2013) in
response to abiotic stressors (temperature) may result in population
level impacts for comparatively higher trophic species including
marine mammals.

Zooplankton serve an important role in the transfer of
organic matter and energy in marine food webs (Armengol
et al, 2019) and are sensitive to changes in environmental
conditions such as temperature, salinity and sea ice cover
(Ershova et al,, 2021). Poleward shifts in the distribution of
ecologically important zooplankton taxa such as Calanus spp.
have been documented in the North Atlantic Ocean, along with
the borealization (i.e., northern shift in distribution of boreal
species; Renaud et al., 2018) of zooplankton in the Davis Strait
(Moller and Nielsen, 2020). Given these existing shifts in
zooplankton and the critically important role they play in the
stability of marine food-webs (Venkataramana et al., 2019), low-
trophic, zooplanktivorous predators may be particularly
vulnerable to climatic shifts.

Climate change impacts on population dynamics
(Jenouvrier et al., 2018) may be particularly pronounced for
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balaenid whales, specifically, bowhead (Balaena mysticetus) and
North Atlantic right whales (Eubalaena glacialis). Although both
species are genetically related with similar morphologies and
diets, their population trajectories and life-history characteristics
are markedly different. They may also have physiological
adaptations making it easier for bowheads to meet their
metabolic needs (e.g., hypometabolic rate; George et al., 2021)
under future climatic conditions compared to right whales.
Unlike other zooplanktivorous polar predators, such as
humpback whales (Megaptera novaeangliae), little auk (Alle
alle), and ringed seal (Pusa hispida) (Jakubas et al., 2017;
Bengtson Nash et al., 2018; Ross et al., 2022), bowhead whales
may be particularly vulnerable to climate-induced shifts in prey,
since their long generation times may limit the capacity for
adaptive evolution to help compensate for environmental
fluctuation (Refsnider and Janzen, 2012; Silber et al., 2017).
Consequently, behavioural plasticity and dispersal may be the
most important means by which bowhead and right whales can
contend with climatic changes. However, the inherent sensitivity
of both species to climate-induced shifts in prey and their
capacity to adapt is unknown.

Although northward habitat shifts have been observed for
right whales (Simard et al., 2019), little is known about the
energetic impact of prey alterations (Gavrilchuk et al., 2021) for
future populations (Meyer-Gutbrod and Greene, 2018). Unlike
more generalist predators such as sei whales (Balaenoptera
borealis) that can exploit both calanoid copepods and small
schooling fish (Burkhardt-Holm and N’Guyen, 2019), balaenids
are not morphologically adapted to efficiently capture evasive
fish prey. Slow swim speeds conducive to continuous ram-
filtration require that bowheads and right whales target
smaller, less mobile but densely aggregated prey compared to
the Balaenopteridae family that use fast lunges and expanding
throat grooves to maximize consumption of mobile taxa
(Goldbogen et al., 2017). Consequently, the specialized
foraging strategy of balaenids may make them particularly
sensitive to climatic shifts in prey. Furthermore, research
indicates that bowheads will experience a 50% loss in suitable
habitat by 2100 (Foote et al., 2013), as lipid-rich Arctic calanoid
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copepods (Calanus glacialis) become replaced by smaller
temperate species (C. finmarchicus) that are lower in lipid
content (Moller and Nielsen, 2020). However, it is yet to be
determined whether bowheads will be able to adjust their energy
budget by allocating more time to foraging (behavioural) or shift
their distribution (dispersal) as they did during the Late
Pleistocene (Foote et al., 2013) when pronounced fluctuations
in environmental conditions occurred. Central to understanding
the role that behavioural flexibility (i.e., plasticity) (Refsnider
and Janzen, 2012; Samarra and Miller, 2015; Beever et al., 2017;
Buchholz et al., 2019) may play in mitigating population level
impacts of climate change is knowing to what extent bowhead
whales (Reeves et al., 1983; Richardson et al., 1995; Fortune et al.,
2020c) forage seasonally (Matthews and Ferguson, 2015;
Pomerleau et al., 2018).

Behavioural flexibility or plasticity has been identified as a
potential mechanism for disparate responses to environmental
fluctuations (Buchholz et al., 2019). However, capacity to
evaluate the degree to which behavioural flexibility may buffer
climatic shifts—particularly in response to changes in the
distribution, abundance and species composition of prey—is
contingent upon comprehensive knowledge of the movements,
habitat-use patterns (Pomerleau et al., 2011; Heide-Jorgensen
et al., 2012; Chambault et al., 2018) and behaviours (Nielsen
et al, 2015; Citta et al,, 2021) of individuals under present
conditions. To evaluate the capacity for individuals to alter their
behaviour (e.g., activity budgets) in response to prey alterations,
requires knowing where and for how long different age-sex
groups of whales forage throughout their range. Much of what
is known about large whale foraging ecology has come from
short-term biologgers that record data for hours to days
(Baumgartner and Mate, 2003; Simon et al., 2009; Goldbogen
et al., 2015; Baumgartner et al., 2017; van der Hoop et al., 2019).
Although informative, these studies provide a spatially and
temporally limited understanding of behaviour, leaving little
capability to quantify to what degree individual species like
bowhead whales may be able to make behavioural adjustments.

To assess the potential for behavioural plasticity and
dispersal to help buffer Eastern Canada-West Greenland
bowhead whales against forecasted ecosystem changes, we
used long-term satellite telemetry, time-depth recorder data
(>365 days), and georeferenced bathymetry and sea ice
condition data to examine: 1) the proportion of time
individuals allocate to probable foraging on a daily and
seasonal timescale; 2) what environmental conditions currently
support successful foraging (e.g., sea ice conditions); and 3) how
vertical foraging behaviour (e.g., depth) changes across seasons
for individuals of different sexes and body lengths. Since Eastern
Canada-West Greenland bowhead whales make predictable
seasonal movements (Heide-Jorgensen et al., 2010; Nielsen
et al, 2015; Fortune et al, 2020c) from southern regions in
winter and spring to higher latitude areas in summer and fall, we
can infer habitat-use patterns based on season. We predicted
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that seasonally high foraging effort under present environmental
conditions would indicate a reduced capacity to adjust activity
budgets in a changing environment, and that low effort may
reflect greater potential for compensation via behavioural
plasticity. We also expected that small spatial extent would
indicate poor capacity for dispersal and vice versa—assuming
that spatial extent of seasonal foraging areas is an indicator of
suitable habitat. Consequently, we utilized longitudinal data to
quantify patterns in the time spent foraging to evaluate how
climate-change resilient bowhead whales are likely to be. Finally,
we compared our findings with what is known for a closely
related but apparently nutritionally stressed species—the North
Atlantic right whale.

Materials and methods
Telemetry

A total of 25 bowhead whales were equipped with long-term
satellite telemetry tags that included time-depth recorders
(Wildlife Computers SPLASH MK10). Whales were tagged in
Foxe Basin and Cumberland Sound, Nunavut (Figure 1). The
SPLASH tags recorded date, time, location, and summary dive
behaviour (i.e., depth, duration, and shape of dive). Dive
behaviour is continuously logged via time-depth recorder and
all summary statistics are transmitted during successful satellite
transmission. The Platform transmitter terminals (PTTs) were
programmed to maximize tag longevity to cover as much of the
annual whale migrations as possible. Consequently, the tags
were programmed to transmit up to 400 times a day every
second hour during the summertime and only 100 times every
second day during winter.

A ~20 cm stainless steel anchor was used to attach the tag to
the whale’s blubber, and a 4 cm biopsy tip simultaneously
collected a skin and blubber sample for genetic analysis and to
determine sex. A 1:10 bleach/water solution was used to sterilize
the anchor and biopsy tip prior to use. The tags were deployed
using an 8 m fiberglass hand-held tagging pole and attached in
the middle of the back posterior to the blowholes. Placing the tag
in this location improved data transmission by maximizing the
time the transmitter was above the water. Body length was
estimated relative to the known length of the tagging vessel
during each tagging event. Age-classes were determined based
on estimated median body length of tagged whales (n=23)
whereby juveniles include individuals 10 m, sub-adults
represent animals >10 m and <13 m and adults were >13 m.

Horizontal movement analysis

We used the Square Root Unscented Kalman Filter (SRUKF)
algorithm developed by Service Argos to re-process the raw
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FIGURE 1

Study area for Eastern Canada-West Greenland bowhead whales tagged in Foxe Basin and Cumberland Sound Nunavut with bathymetric data
indicating the depth of the sea bottom ranging from 0 m (white) to 2000 m (dark blue). Regions of interest (Hudson Bay, Hudson Strait, Foxe
Basin, Gulf of Boothia/Prince Regent Inlet, Admiralty Inlet, Cumberland Sound and Frobisher Bay) are indicated with ‘A’ representing Admiralty
Inlet. Tagging locations off Igloolik (Foxe Basin) and Pangnirtung (Cumberland Sound) are indicated (%). QGIS 3.10 (QGIS Development Team,
2018) and General Bathymetric Chart of the Oceans (GEBCO) global 453 terrain model for ocean and land (GEBCO Compilation Group, 2021)

was used to construct this map.

Argos locations. This algorithm consists of a correlated random
walk model that uses the individual’s previous location and
estimated error to predict an animal’s future position (Silva et al.,
2014). We selected the Kalman Filter over the Least-squares
algorithm because it typically results in an increased number of
positions and improved accuracy of low-quality Argos locations
(e.g., location classes 0, A and B) that are common for large
whale tagging studies (Silva et al., 2014, Lowther et al., 2015).
The bowhead whale telemetry data are typically biased towards
low-quality locations due to diving behaviour (e.g., short surface
intervals between dives) and the environment (e.g., seasonally
ice covered).

Argos location data for marine animals often contain some
poor-quality records. We therefore filtered the data using a speed
filter (vmask function in the argosfilter package in R; R Core
Team, 2020) to remove SRUKF Argos locations that would have
resulted from biologically improbable swimming speeds. We set
a speed threshold of 2 m s™' based on previous measurements of
balaenid swim speed while foraging and travelling (Mayo and
Marx, 1990; Baumgartner and Mate, 2003; Werth, 2004; Simon
et al., 2009; Nielsen et al., 2015), and removed locations with
swimming speeds greater than this from the data set.

We used a hierarchical switching-state-space model or
‘HSSSM” (Jonsen et al., 2005, Jonsen et al., 2013) to estimate
the movement of individual whales and determine the probable
behavioural state associated with each location (e.g., travelling
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and resident behaviours). Jonsen et al. (2013) provided the R
package ‘bsam’ (R Core Team, 2020), which we used to fit a
correlated random walk model (CRW). The CRW switched
between two CRWSs, one that reflected resident or area-
restricted movement behaviour and another that reflected
transit behaviour (Jonsen et al., 2005). Mean turn angle and
swimming speed were used to differentiate the two CRWs and
the associated behavioural states (Jonsen et al., 2005). Low
swimming speeds and high turning angles reflected ‘resident’
behaviour, whereas faster and more linear movements reflected
‘transit’ behaviour. Resident behaviour is expected to be
associated with foraging (e.g., Haskell 1997; Hill et al., 2000;
Fauchald and Tveraa 2003; Thums et al., 2011; Byrne and
Chamberlain, 2012) and other spatially limited behaviours
such as reproduction (Wiirsig et al., 1993; Kraus and Hatch,
2001) and rock-rubbing (Fortune et al., 2017). During winter
when sea ice thickness and cover are maximized, resident
behaviour may also reflect a degree of spatial restriction such
that horizontal movement is limited. In the absence of extensive
ice cover, multi-scale biologging and simultaneous prey-field
sampling studies have corroborated that resident behaviour is
associated with foraging behaviour (Fortune et al., 2020a).

We selected the hierarchical switching-state-space model
because it provides regularly spaced location estimates and
categorizes behaviour, both needed to determine the seasonal
foraging behaviour of bowhead whales in the Eastern Canadian
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Arctic. We defined seasons as being summer (June, July,
August), fall (September, October, November), winter
(December, January, February) and spring (March, April,
May), and used mean estimates from the Markov Chain
Monte Carlo (MCMC) samples to classify behaviour states (b),
which assumed that b=1 was transit and b=2 was resident mode.
We used the same cut off points for b as used by others (Jonsen
et al., 2007; Fortune et al., 2020b; Fortune et al., 2020¢) such that
locations with mean estimates of b > 1.75 were assumed to reflect
resident and b <1.25 reflected transit behaviour. Values of b that
fell between 1.25 and 1.75 were assigned an unclassified
behavioural state.

To determine physical environmental conditions associated
with tagged whales, HSSSM predicted locations were
georeferenced with bathymetry and sea ice datasets. We used
satellite derived sea-ice concentration data from the Advanced
Microwave Scanning Radiometer 2 (AMSR2) sensor (Institute of
Environmental Physics, University of Bremen) (Spreen et al.,
2008) to determine monthly sea ice concentration. To obtain an
estimate of sea ice conditions encountered by tagged whales, we
used one raster image from the beginning of the month for each
year (2012-2015) with a 3.125 km spatial resolution. For
bathymetry, we used the 2020 gridded bathymetric data set
from General Bathymetric Chart of the Oceans (GEBCO) global
terrain model for ocean and land. This data set provided
elevation information in metres on a 15 arc-second interval
grid. Using QGIS (version 3.10; Development Team, 2018), we
used the point sampling tool to extract bathymetric and sea ice
cover data associated with each HSSSM location. We
subsequently removed any corresponding values resulting
from HSSSM locations occurring on land as well as erroneous
bathymetric readings (< 0 m).

Vertical movement analysis

We analyzed bowhead diving behaviour using summary
time-depth-recorder (TDR) dive data telemetered over the
duration of the tag attachment period to: 1) refine predictions
of foraging behaviour based on horizontal movement; 2)
evaluate spatio-temporal trends in 2D foraging behaviour (e.g.,
square dives); 3) determine how environmental covariates such
as sea ice cover and bathymetry impact diving behaviour as well
as sex, body length and season; and 4) quantify time spent
foraging seasonally throughout their range. The TDR recorded
several dive statistics such as dive shape (V, U or square),
maximum dive depth and duration. Dives were defined as
excursions to depths > 8 m. Consequently, dives that were
shallower than 8 m were not included in the analysis. The
shape of the dive was classified using Wildlife Computers’
three broad categories: V-shaped dives included dives where <
20% of total duration was spent at maximum depth; U-shaped
dives occurred when > 20% and < 50% of total duration was
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spent at maximum depth; and square dives included those where
> 50% of the duration was spent at maximum depth.

Dive shape classification may be used to infer behaviour.
Previous foraging ecology studies of bowhead whales have
concluded that square and U-shaped dives that maximize
bottom time reflect foraging dives (Laidre et al., 2007; Heide-
Jorgensen et al., 2013). For example, bowhead whales off the
coast of Disko Bay during spring, conducted deep U- shaped
dives to depths where high abundances of pre-ascension Calanus
finmarchicus were concentrated (Laidre et al., 2007).
Furthermore, bowhead whales appear to temporally adjust the
depth of their U-shape dives, suggesting that individuals alter
their feeding behaviour based on the vertical distribution of their
prey (Heide-Jorgensen et al., 2013; Fortune et al., 2020a). We
defined foraging behaviour as square-shaped dives conducted
during resident behavior, and estimated the time spent foraging
per day for each whale by summing the duration of square-shape
dives (including descent, bottom and ascent phase) during
resident behaviour. To account for gaps in predicted locations
from the satellite-telemetry data, we calculated a daily estimate
of foraging time aggregated across months and do not provide a
cumulative estimate.

As well as prior data screening previously described, we
further excluded locations predicted from the HSSSM that
resulted from gaps exceeding four consecutive days in the
‘raw’ SRUKF data. We subsequently merged the behavioural
data with the Argos location data based on matching dates and
assumed that animals remained in a specific habitat for the
entire day as this matched previous observation of bowhead
movement in Cumberland Sound based on focal follows of
tagged individuals (Fortune et al., 2020a). We also assumed
that if there was a resident associated HSSSM location within a
habitat on a particular day, all dives occurring during that same
day were similarly conducted inside that habitat. This
assumption was based on observed multi-scale bowhead whale
tagging and focal follow data that showed individuals resided in
a region of interest (e.g., Cumberland Sound) for consecutive
weeks to months (Fortune et al., 2020a; Fortune et al., 2020b).
Furthermore, observed patterns in HSSSM data demonstrate
that transit locations occur when individuals are exiting a region
of interest (Fortune et al., 2020a; Fortune et al., 2020b).

Examining patterns in horizontal
and vertical movements

Once data were prepared, we first used graphical approaches
and simple data summaries to examine spatio-temporal patterns
in two-dimensional behaviours. Specifically, we examined the
spatial extents of resident, transient, and unknown behavioural
states using the HSSSM predicted locations and mapping
software (i.e, QGIS 3.10; QGIS Development Team, 2018). To
evaluate how much horizontal behaviour might reflect actual
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foraging, we examined the proportion of all dives by shape
associated with predicted resident locations. Assuming square-
shaped dives (=8 m) were foraging dives based on prior research
(Fortune et al., 2020a) or behavioural changes within years, we
graphed the percent sea ice cover by month (2013 and 2014
only). We used faceted heatmaps to examine monthly and diel
patterns in putative foraging dive behaviour, and used ridgeline
plots to compare the distributional changes in bathymetric and
sea ice cover data across months and behavioural states (i.e.,
resident, transient and unknown). We also summarized the
information on square-shaped dive depths, proximity to the
sea bottom, and associated ice conditions using boxplots. Finally,
seasonal and regional changes in average time spent feeding per
day was elucidated with heatmaps, boxplots and violin plots
(showing raw data distribution).

We then used models to specifically look for effects of four
fixed-effects factors, namely, the two class variables, season
(spring, summer, winter, fall) and sex (male or female), and
the two continuous variables, median body length (m) and
percent sea ice cover on vertical models, namely foraging dives
considered to be the square-shaped dives only (Laidre et al,
2007; Heide-Jorgensen et al., 2013; Fortune et al., 2020b). For
this, 23 of the 25 whales were included, since two whales (PTT
114501 and 128149 removed) were missing one or more of these
four factors. We scaled dive depths for varying sea water depths
by calculating: 1) the distance between the maximum depth of
putative foraging dives (square-shaped dives) and sea bottom
(i.e, maximum bathymetry), labeled hereafter as ‘distance to
bottom’; and 2) the ratio of the maximum depth of square-
shaped dives relative to maximum bathymetry, henceforth called
‘fraction of water column’. We included ‘distance to bottom’ in
our models because it represents the proximity of probable
foraging dives to the sea bottom providing an indication of
when bowheads are likely feeding on deep prey aggregations (i.e.,
benthic dives) such as diapausing life-stages of lipid-rich
copepods. A small difference indicates whales are near the sea
bottom (e.g., 5 m) conducting benthic dives, whereas a large
difference (e.g., 100 m) reflects more epipelagic dives in the
photic zone. The fraction of the water column was also included
as this variable provides a proportional measure of proximity of
maximum depth of square-shaped foraging dives associated with
resident locations to the sea bottom. Data were filtered such that
any instances where the max dive depth was greater than the sea
bottom depth were deemed erroneous and were removed from
our analysis. Values closer to 0 are near the surface, whereas
values closer to 1 indicate the deep dives near the sea floor.

Using distance to bottom as the response variable, the
modelling approach was as follows:

1. We used estimated generalized least squares fitted using
the function ‘gls’ of the R package ‘nlme’ to fit
alternative models using combinations of the four
factors and interactions between the class variables as
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well as between the class and continuous variables (21
models).

2. For these models, we used a natural logarithmic of the
distance to bottom variable to meet assumptions of
normality and equal variances. We also standardized
the two continuous variables, length and sea ice, to zero
means and unit standard deviations to remove differing
measurement scale effects on estimated fixed-effects
parameters.

3. We accounted for the autocorrelation of multiple dive
records per animal (repeated measures) using a first-
order continuous autocorrelation process (i.e., CAR(1)
using Julian date) within each animal given the
irregularly spaced measures in time (Pinheiro and
Bates, 2000). However, we also investigated possible
higher-level correlations using first- to fourth-order
autocorrelation (AR) processes, since higher-level CAR
processes are difficult to model and, consequently, have
not been included in nlme (nor in other R packages).
Although some evidence was found for possible higher
order autocorrelations using AR processes, the largest
was first order, as expected. Given that over-specifying
the correlation model can lead to a removal of the signal
in the data, and also that higher orders of CAR processes
were not available using nlme, CAR(1) was retained for
all models.

4. Since interpretation of the magnitude and direction of
estimated fixed-effects parameters would be of interest
for models without interactions, we used the variance
inflation factor (VIF) as a measure of multicollinearity
implemented in R using collinearity() and vif()
functions. VIFs were all <1.5 in the model with all
four factors (no interactions). For models with
interactions, variables are related given the nature of
interactions and VIFs tend to be inflated. In any case,
estimated fixed-effects parameters of models with
interactions among variables cannot be separately
interpreted, but must be jointly interpreted.

5. The log likelihood and Akaike’s Information Criterion
(AIC) were used to select among the models, along with
likelihood ratio tests for a subset of nested models
(0=0.05).

To examine the possible impacts of the four fixed-effects factors
on the fraction of the water column as the response variable, some
changes were made to the modelling approach since this variable is
a ratio bounded by 0 and 1. First, we considered two alternative
probability distributions for this ratio response variable, specifically
the binomial distribution with a logit link that has commonly been
used for proportions or ratios and the beta distribution also with a
logit link. The binomial distribution is not ideal since there are
technically no ‘successes” and ‘trials’ used in obtaining the fraction
of the water column values. As a result, the beta distribution has
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been more recently recommended for proportions and ratios (e.g.,
Ferrari and Cribari-Neto, 2010; Damgaard and Irvine, 2019).
However, the beta distribution requires all values to be in the
(0,1) interval, meaning that all values exactly equal to 0 or to 1 must
be removed or the response variable must be rescaled to avoid these
endpoints. Also, algorithms using the beta distribution that also
account for correlated data and/or random effects are generally not
available. Conversely, the binomial distribution has been used for
some time for successes out of trials as well as for proportions and
ratios. As a result, algorithms to account for correlated data and
random effects have been developed and well-tested. Overall, a clear
choice for the fraction of the water column models would appear to
be using a binomial distribution and CARI to account for
irregularly-spaced time intervals, as with the distance to bottom
response variable. Unfortunately, the algorithms for a binomially
distributed response variable with correlations in time use pseudo-
likelihood to find a solution. As a result, there is no log likelihood
and therefore no AIC to compare models; other measures of
goodness-of-fit, such as the sum of squared deviances, sum of
squared differences between the measured (‘y’) and (‘yhat’)
estimated proportions, and/or root mean squared difference
between y and yhat must be used instead. Furthermore,
hypothesis tests of groups of variables are not easily done,
including testing nested models. As well, higher levels of
correlation are generally not implemented, meaning that only
AR1 or CARI can be included in the models. Given these
challenges and focusing on examining any impacts of the four
factors, we used the following modelling approach for the fraction
of the water column response variable:

1. First, we used the R package ‘glmmPQL’ to fit a
generalized linear model with a binomial distribution,
a logit link, random intercept by animal, and a CAR1
within animal correlated error structure. We did also
examine alternative algorithms based on reported
reliabilities. specifically the R package Ime4’ using the
‘glmer()’ function, but that allowed for a random
intercept by animal only, a correlation structure that
does not represent the repeated measures within animal
data used in this study. We initially also fitted all models
using the R package ‘betareg’, since the beta distribution
had been recommended, but given the inability to
include correlation structures, and the need to rescale
the fraction of the water column to remove any 0’s or
1’s, these were dropped.

2. As with models for distance to bottom, we standardized
the two continuous variables and combinations of
variables without and with interactions (21 models for
fraction of the water column).

3. To compare the models, we used the sum of squared
deviances as well as the sum of squared differences
between the measured and estimated (‘SSE’) fraction
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of the water column values. The sum of squared
deviances were carefully used for model comparison,
since the deviances use both the fixed and random
effects; consequently, a model with more explanatory
variables may not have a smaller (or even the same) sum
of squared deviances. The SSE used only the estimated
fixed-effects parameters; however, since search
algorithms are used to fit these models, again, a model
with more fixed-effects variables may not have a lower
(or even the same) value.

4. For a selection of models resulting from the
comparisons, we also calculated the square root of
the mean squared differences. These values indicate
the accuracy of fraction of the water column estimates
in the same units as fraction of the water column and
facilitated model interpretation.

Results

Overview of satellite-telemetry data and
HSSSM

The 25 bowhead whales were tagged during summer 2012 and
2013 in two regions of the eastern Canadian Arctic—Foxe Basin
and Cumberland Sound. There were 16 whales tagged during July
and August 2012 in Foxe Basin (4 females, 3 males and 1 of
unknown sex) and Cumberland Sound (3 females and 5 males). In
July 2013, 9 juvenile and adult whales (4 non-lactating females, 4
males and 1 of unknown sex) were tagged in Foxe Basin. Females
with calves were not approached for tagging. The whales tagged in
2012 transmitted data for 397 + 204 days on average, while those
tagged in 2013 transmitted for 484 + 245 days (Table 1). The state-
space model predicted two daily locations for each animal. The
combined data set for all whales contained 16,587 locations
throughout the Eastern Canadian Arctic, and the location data
were relatively evenly distributed across seasons with 29%
(n=4,737) in fall, 25% (n=4,095) winter, 22% (n=3,709) in
spring and 24% (n=4,046) in summer. Of all the predicted
locations, 73% (n=12,161) were associated with resident
behaviour and only 13% (n=2207) were associated with transit
behaviour (Figures 1, 2). The greatest proportion of resident
locations for all bowhead whales and years combined was
during winter (83.2% of n=3,405), followed by fall (69.6%,
n=3,297), spring (81.3%, n=3,017) and summer (60.4%,
n=2,442). The high number of winter and springtime resident
locations corresponds with lower numbers of transit behaviours
observed during winter (12%, n=258) and spring (14%, n=301).
Conversely, proportionally fewer resident locations were observed
during fall (transit; 34%, n=745) and summer (transit:41%,
n=903) when transit behaviour was more frequent.
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TABLE 1 Summary information for all bowhead whales tagged in Cumberland (CS) and Foxe Basin (FB) with Wildlife Computers SPLASH Tags

(MK10) between 2012 and 2013.

PTT Start End Duration (days)
114494 2012-07-03 2013-05-21 322
114495 2012-07-03 2014-06-26 723
114496 2012-07-03 2013-12-13 528
114497 2012-07-06 2013-05-10 308
114498 2012-07-06 2013-02-17 226
114499 2012-07-06 2013-06-08 337
114500 2012-07-06 2014-02-21 595
114501 2012-07-07 2013-01-05 183
114502 2012-08-06 2013-07-10 338
114503 2012-08-06 2014-06-26 689
114504 2012-08-07 2013-07-19 346
114505 2012-08-08 2013-06-22 318
114506 2012-08-08 2012-08-27 19
114507 2012-08-12 2013-09-19 403
114508 2012-08-12 2014-08-19 737
114509 2012-08-12 2013-05-26 287
128145 2013-07-03 2014-11-13 498
128146 2013-07-03 2015-05-22 688
128148 2013-07-09 2014-06-06 332
128149 2013-07-09 2013-07-22 13
128150 2013-07-09 2015-07-08 729
128151 2013-07-09 2015-07-01 722
128152 2013-07-09 2015-05-24 684
128153 2013-07-03 2014-07-16 378
128154 2013-07-03 2014-05-18 319

Location Length (m) Sex Age
FB 12 F Sub-adult
FB 11-12 F Sub-adult
FB 11 F Sub-adult
FB 12 M Sub-adult
FB 11 M Sub-adult
FB 13-14 F Adult
FB 12-13 M Sub-adult
FB - - Unk
CS 10 M Juvenile
CS 10 F Juvenile
CS 10-11 F Sub-adult
CS 11-12 M Sub-adult
CS 13-14 F Adult
CS 10 M Juvenile
CS 9-10 M Juvenile
CS 9-10 M Juvenile
FB 11-12 F Sub-adult
FB 13-14 F Adult
FB 13 F Adult
FB 12-13 - Sub-adult
FB 10 F Juvenile
FB 9-10 M Juvenile
FB 9-10 M Juvenile
FB 12-13 M Sub-adult
FB 11-12 M Sub-adult

Unique animals are identified with the Platform Transmitter Terminal (PTT). The day the animal was tagged is the ‘start date’ and the day the tag stopped transmitting data is the ‘end date’.
The region where the animal was tagged is the ‘location’. The ‘body length’ was estimated in metres from observers on board the tagging vessel. The tags transmitted for an average

‘Duration’ of 428.9 days + 218.79 SD.

Diving behaviours

The 25 tagged whales made 206,772 dives, but 22 of recorded
dives were removed as outliers because dive durations and
depths were biologically improbable with durations exceeding
75 min and depths beyond 700 m. Consequently, 206,750 dives
were included in the graphical and initial analyses. We were able
to associate 73% (n=151,279) of the dives with resident
behaviour, 36,379 (18%) with transit and 19,114 (9%) with an
unknown behavioral state. Whales spent on average 5.71 hrs ( +
SD: 2.57) diving (all shapes) to depths of 28m on a daily basis
with an average total of 25.4 + 11.56 dives per day. Among
resident associated dives (Figure 3), 66% (n=99,780) were
square-shaped, 23% (n=34,852) U-shaped, 10% (n=15,662)
were V-shaped, and 0.65% (n=985) were of unknown shape.
Of all the square dives that occurred in association with resident
behaviour, 17% (n=16,699) occurred in winter, 13% (n=13,311)
in spring, 40% (n=39,705) in summer and 30% (n=30,065) in
fall. However, our analysis did not account for surface foraging
behaviour, which likely occurred during late spring/early
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summer when zooplankton often concentrate at the surface.
During transit behaviour, the whales conducted 36,376 dives
where 53% (n=19,280) were square-shaped, 32% (n=11,560)
were U-shaped, 15% (n=5,335) were V-shaped and 0.6%
(n=201) were of unknown shape.

The maximum depth of square dives varied over time (Figure 4
top; Table S1), with the shallowest dives occurring during early
summer (29.63 m * 21.7 SD; July), progressively deeper and
variable dives in fall (112.67 m + 111.3; September), and a
maximum in winter (242.37 m *+ 80.3; December). Minimum
dive duration similarly followed seasonal patterns with the
shortest dives occurring during early summer (8.88 mins + 4.2;
July), becoming longer in fall (16.07 mins + 8.7; September) and
greatest in winter (24.84 mins + 8.8; January) (Figure 4; bottom).

Seasonal patterns in bathymetry

Of the 16,587 predicted HSSSM locations, we used 93.6%
(n=15,532) of them to georeference bathymetric data and
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(A): Argos Satellite locations for 25 SPLASH tagged bowhead whales in the Eastern Canadian Arctic derived from hierarchical switching state-
space models (HSSSM). Resident (@) and transit (®) behavioural states derived from the HSSSM are plotted for each animal. (B): Example of
Argos satellite tracks derived from HSSSM predictions for four SPLASH tagged bowhead whales (PTT 114504, 128150, 128152, 128153) resident,
transit and unknown (@) behavioural states highlighted behavioural states derived from the HSSSM are shown for each animal.
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removed 6.4% (n=1,065) that occurred on land. In total, 14,995
bathymetric measurements were associated with predicted whale
locations (Figure 5; Table 2). Of these predicted HSSSM locations,
there were 124 instances (0.83% of locations; n=14,995) where a
location associated with resident behaviour occurred on the same
day as a transit location for a given whale. Although bathymetry
was variable (223.5 m + 164.01 SD) when all HSSSM locations
were combined, tagged whales occupied consistently shallower
areas during resident compared to unknown behaviour during
summer (June-August; Table 2) and occasionally resided in
shallower waters than while transiting (September bottom depth
was 74 m during resident vs. 125 m while transit). A trend towards
deeper waters was observed for unknown behaviours during the
winter (February) and for all behavioural states during late spring
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(March and May) to early summer (June and July). Average
depths utilized by bowhead whales were shallowest during fall
(e.g., September; 74 m + 64.87) and deepest during winter (e.g.,
January; 315 m + 96.69) (Figure 5). However, resident behaviour
occurred in areas with greatest variability in bottom depth during
spring (e.g., May; 286 m + 251.21), when foraging depths
were shallow.

Sea ice concentration values were obtained for 90%
(n=14,994) of all HSSSM predicted locations (Figure S1). This
resulted in a total of 10,712 resident, 2,094 transit and 2,188
unknown locations having corresponding sea ice data. While
animals engaged in resident movement, the average sea ice
concentration across seasons was 69% + 37.60 SD, less ice cover
occurred during transit (61% * 42.16) and unknown behavioural
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FIGURE 4

Heatmap of the maximum dive depth (m) (top) and minimum dive duration (mins) (bottom) of square-shaped dives (n=99,780) associated with
resident behaviour for all bowhead whales (n=25) by time of day (Hour commencing) and day of the month (Day). Data are pooled across years
(2012-2015) and include dives throughout their range (both inside and outside regions of interest).
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(A) Bathymetric (bottom depth) data associated with HSSSM predicted locations for all bowhead whales (n=25) by behavioural state and month.
Shallow bathymetry is indicated by warm colours and deep bottom depths are denoted by cool colours. Due to location uncertainty, predicted
locations occurring on land were removed as bathymetric data could not be determined for these positions. (B) Sea ice concentration
associated with HSSSM predicted locations by behavioural state (resident, transit and unknown) and month where warm colours indicate low ice
concentration and cool colours denote extensive coverage. (C) Boxplots reflect distance in metres between the average daily maximum depth
of square-shaped dives and the mean daily bathymetry associated with resident locations. Scatter points reflect raw data and the colour
gradient indicates corresponding latitudinal position. (D) Average daily square-shaped dive depth (putative foraging dive depth) per individual
associated with resident locations. Raw data is represented by scatter points and colour coded by latitude whereby warm colours reflect
putative foraging dive depth in low latitude regions and cool colors reflect high-latitude behaviours. (E) Maximum bottom depth (bathymetry) by
month with the mean depth of square-shaped dives represented by scatter points such that warm colors indicate shallow dive depth and cool
colors indicate deep depths. (F) Average percent sea ice cover by month with associated square-shaped dive depths displayed as a scatterplot.

Boxplots include notches to indicate potential significant differences (when notches do not overlap) between months.

states (61% + 41.43). Maximum percent ice cover occurred in
March for resident (92% =+ 12.52) and unknown (94% =+ 10.09)
locations—and in February for transit (94% + 6.71)
locations (Table 3).

We statistically evaluated the impact of season, bathymetry,
sea ice, sex and body length on putative foraging behaviour for
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23 whales with complete datasets. We first found no interactions
among factors (M19, full model versus M20 no interactions) for
the distance to bottom response variable. However, we found
fairly strong evidence of season and some evidence for percent
sea ice cover effects on differences between the maximum depth
of probable foraging dives (i.e., square-shaped dives) and
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TABLE 2 Bathymetric data (m) associated with HSSSM predicted locations of bowhead whales by behavioural state (resident, transit and

unknown) and month.

Month Resident Transit Unknown
Mean + SD Min-Max Mean + SD Min-Max Mean + SD Min-Max
1 315 + 96.69 2-936 278 +114.32 8-587 318 + 101.09 14-622
2 279 + 116.40 3-922 353 + 163.75 54-1108 336 + 154.82 7-905
3 259 + 14822 1-1107 229 + 12891 4-530 277 + 1425 6-929
4 238 + 143.83 1-1199 198 + 105.89 1-423 229 + 10831 30-476
5 286 + 251.21 1-1175 261 +231.10 2-1658 269 + 192.1 1-1111
6 226 + 23324 1-1720 213 + 252,11 2-1466 397 + 298.52 2-1433
7 200 + 190.69 3-1140 167 + 122.96 1-658 226 + 136.56 6-663
8 145 + 117.68 1-975 153 + 114.70 1-668 187 + 123.46 2-717
9 74 + 64.87 1-342 125 + 124.86 2-796 92 + 75.33 1-516
10 118 + 75.66 1-828 141 + 148.58 3-1032 121 + 66.09 1-273
11 228 + 117.73 1-739 206 + 208.39 1-1802 235 + 126.10 1-906
12 297 + 103.49 1-773 266 + 116.93 8-708 294 + 113.01 2-787

Data were pooled across individuals and years. Instances where bottom depths (bathymetric data) associated with transit and unknown behaviour states are deeper than those associated

with resident behaviour are in bold.

bathymetry (i.e., sea bottom). For example, square-shape dive
depth was shallowest in July (27 m + 20.238 SD), and was
considerably deeper in December (223.8 m + 70.312 SD). The
difference between the maximum depth of square-dives and the
sea bottom was on average 204 m + 171.677 in July and 119 m +
80.626 SD in December (Table 3, S1; Figure 5). Seasonal patterns
in sea ice conditions were also noted such that bowheads
occupied areas of low ice cover in fall (49% + 3.58 SD;
November) and high concentrations in winter (93% + 10.311
SD; January) (Table 3; Figure 5). Distance to bottom models
treated these two factors as having impacts (Table S2A), with
M16 having the lowest AIC (10360.85) suggesting it was the best
model. No interactions among factors were found (M19 full
model versus M20 no interactions, p=0.8614; Table S2B). Other

than season and sea ice cover, we found little evidence of
additional impacts of sex or body length on these distances
(M16 versus M20, p=0.4918; Table S2B). In terms of impact
trends, there was a slight curvilinear and upward trend of
distance to bottom with sea ice cover (logarithm of distance
was used in the model), with summer having the largest
differences (i.e., more shallow dives), fall having the smallest
differences (i.e., deepest dives), and summer and winter being
similar (Table S2C and Figure 52).

For the fraction of water column (i.e., maximum depth of
square-shaped dives relative to bathymetry), season showed the
highest impact relative to the other models with only one factor
(i.e., M2 versus M1, M3, and M12; Table S3). Furthermore, the
model with just season showed the biggest drop in both sum of

TABLE 3 Sea ice concentration (%) values by season associated with HSSSM predicted locations of bowhead whales by behavioural state

averaged across individuals and years.

Month Resident ice (%)
1 89.15 + 18.045
2 90.04 + 15.440
3 9157 + 12,521
4 88.39 + 14.145
5 80.08 + 29.482
6 67.6 + 37.009
7 66.85 + 33.363
8 61.42 + 36.558
9 43.92 + 42,058
10 2658 + 39.672
11 25.27 + 41.642
12 40.79 + 39.445

Transit ice (%) Unknown ice (%)

85.11 + 24.688
93.64 £ 6.71

88.36 + 17.03
91.85 + 14.094
91.48 + 14.9 93.96 + 10.094
92.64 + 16.616 92.06 + 11.374
85.53 + 23.253
83.19 + 31.042
71.99 + 34.538
61.32 + 38.634
41.43 + 43.02

30.22 + 42.814

83.94 + 27.758
74.68 + 36.838
64.82 + 31.631
64.68 + 39.085
36.93 + 41.287
23.97 +39.283
23.45 + 39.032
43.19 + 41.396

20.82 +39.112
43.34 + 40.324

Data are expressed as mean values with standard deviations.
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squared deviances and SSE relative to the null model (i.e., SSE of
358.93 and 263.86 for MO (null) versus M2 (season),
respectively, Table S3). Adding in other factors and
interactions among factors resulted in only very modest drops
[e.g., SSE of 263.86 and 261.33 for M2 (season) versus M19 (full
model)]. This evidence indicates that season was the most
important factor related to changes in the relative feeding dive
depths. For example, fraction of the water column was 0.76% +
0.209 SD in October showing close agreement to the maximum
depth of putative foraging dives and the depth of the sea floor
(Table 5 and Figure 5). However, during early summer, fraction
of the water column was 0.22% =+ 0.224 SD in July indicating a
mismatch between diving behaviour and bathymetry (Table 5).
Unlike distance to bottom, which represents the distance in
metres between the maximum depth of square-shaped dives and
the associated depth of the sea bottom, fraction of the water
column is a scaled measure indicating relative agreement
between bowhead dive behaviour and bathymetry.

Foraging time

Combining all square-shaped dives (n=6,029) that occurred
in the six core-use regions we found evidence of putative
foraging behaviour across seasons (Table 5). Estimated time
spent foraging was lowest during spring (2.68 hrs + 2.547 SD;
May) when dive depth was shallow (52.67 m + 81.972 SD) and
greatest in fall (7.34 hrs + 5.697 SD; October) when foraging
depth was comparatively deeper (141.59 m + 112.103 SD)
(Figure 6). Year-round foraging behaviour (i.e., consistent
occurrence of square-shaped dives) was observed in three
regions—Cumberland Sound, Hudson Bay and Hudson Strait.
Within season, daily foraging time was elevated in Gulf of
Boothia/Prince Regent Inlet and Central East Baffin Coast
compared to Cumberland Sound, Hudson Bay and Hudson
Strait. Accounting for estimated median body length to infer
age-class of tagged whales, we found that juveniles conducted a
total of 2,410 dives, while sub-adults made 2,587 dives and adults
dove 875 times across all seasons and years.

Discussion
Summary of findings and limitations

Our analysis of multi-dimensional behaviour revealed that
bowheads engage in putative foraging year-round that varies
seasonally in depth, intensity (i.e., hours per day), and with sea
ice cover (Figures 5, 6). Although evidence of peak foraging
occurred during fall when a daily average of 7.3 hrs (Table 5)
were allocated to putative foraging dives in October, feeding
continued throughout the winter (e.g., 5.7 hrs in December;
Table 5). Probable foraging dives to the sea bottom (Figure 5D)
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varied across seasons and sea ice conditions for distance to
bottom (absolute measure of distance between probable foraging
dive depth and depth of sea bottom) and across season only for
fraction of the water column (relative measure of agreement
between feeding depth and bathymetry). Accounting for the
absolute distance to bottom (m) provides insight into whether
whales were likely targeting diapausing Calanus spp. found near
the seafloor (Kvile et al., 2019; Banas et al., 2021), whereas
relative (fraction of water column) differences provided
behavioural information about the general characteristics of
the putative foraging dive. The strong support for seasonal
impacts on foraging behaviour and proximity to the seafloor,
along with the seasonal vertical ontogenetic migration of
copepods in the Calanidae family (Madsen et al., 2001;
Baumgartner and Tarrant, 2017), indicate that bowheads were
mostly likely exploiting high-energy, diapausing life-stages
during fall and winter and surface aggregations of feeding
copepods during spring and summer (Madsen et al, 2001;
Fortune et al, 2020b). This finding is consistent with the
Bering-Chukchi-Beaufort bowhead population that exploit
prey aggregations near the sea bottom during fall (Olnes et al.,
2020). To a lesser extent, shallow epipelagic dives during early
summer may have also reflected consumption of mysids,
euphausiids and chaetognaths (Pomerleau et al., 2012).

Sea ice conditions varied seasonally along with feeding
behaviour as whales selected areas where sea ice persisted
during summer (61% cover in August; Table 4) and where
some open water remained during winter (93% in January;
Table 4). However, sea ice impacts were only detected for the
model that accounted for the absolute differences (distances to
sea bottom; Table S2) between putative foraging dive depth and
the seafloor. No evidence of sea ice effects was observed for
models that included relative differences (i.e., fraction of water
column; Table S3). Selection for greater sea ice cover during the
open-water summer season, may provide refuge (Ferguson et al.,
2010) from mammal-eating killer whales that are known to
predate on bowheads (Reinhart et al., 2013; Young et al., 2019;
Matthews et al., 2020). The apparent preference for sea ice cover
during early summer may also reflect initiation of the
phytoplankton bloom and consumption of recently ascended
late-life stages and early life-stages of copepods (Baumgartner
and Tarrant, 2017; Sampei et al., 2021). Occupying areas with
open water in winter likely provide bowhead whales with
breathing access and reduce risk of entrapment for younger
animals (Mitchell and Reeves, 1982; Ferguson et al., 2010). These
findings are consistent with year-round foraging with autumn
hyperphagia, suggesting that bowheads forage at depth widely
throughout their range, but at low rates (hours per day) across
the eastern Canadian Arctic.

Although previous studies in Cumberland Sound
corroborated that square-shaped dives are a reliable indicator
of feeding activity (Fortune et al, 2020a), similar co-located
tagging and prey field sampling studies have not been conducted
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FIGURE 6

(A) Total time spent conducting putative foraging dives (square-shaped) daily by month with data pooled across individuals (n=25) and years
(n=4). Data are colour coded based on season whereby purple = fall, blue = spring, green= summer and yellow= winter. (B) heatmap of the
proportion of time (24hrs) spent foraging per day based on the total daily proportion of time spent conducting square-shaped dives. Data
pooled across individuals and years. Cool colors (purple) indicate low density of data points and warm colors (yellow) represent comparatively
high densities of data. (C) Total time spent conducting putative foraging dives by region and season with data pooled across individuals and
years. Boxplots include notches to indicate potential significant differences (when notches do not overlap) between months (A) and seasons (B)
and violin plots (grey shaded area) shows the data distribution.
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TABLE 4 Summary information on bowhead whale putative foraging behaviour with georeferenced environmental covariates.

Month Dive depth (m) Bathymetry (m) DTB (m)
1 198.46 + 92.135 32634 + 72.638 146.34 + 101.888
2 145.03 + 93.88 289.02 + 92.898 174.12 + 108.056
3 113.09 + 88.519 277.02 + 128.386 209.14 + 154.682
4 105.8 + 74.111 242.16 + 109.744 179.64 + 132.325
5 70.72 + 66.104 264.29 + 185.373 237.31 + 212.969
6 4538 + 49.662 236.96 + 174.22 22432 + 197.192
7 26.98 + 20.238 207.69 + 158.523 20431 + 171.677
8 31.74 + 29.396 183.36 + 104.819 172.25 + 125.409
9 7859 + 59.518 96.34 + 62.245 37.42 + 44353
10 125.04 + 62.429 145.73 + 60.29 34.78 + 50.907
11 188.19 + 97.282 25251 + 91.657 90.98 + 86.122
12 223.8 + 70312 323.73 + 63.884 118.8 + 80.626

FWC Sea ice (%) Sample (n) Year (n)
0.578 + 0.255 93.03 + 10.311 430 3
0.461 + 0.2661 93.02 + 8.628 281 3
0.391 + 0.2867 90.22 +9.927 299 3
0.407 + 0.2747 87.75 + 9.156 293 3
0.304 + 0.2606 83.55 + 15.608 306 3
0.273 + 0.2684 79.62 + 20.118 235 3
0.217 + 0.2242 76.18 + 19.554 270 4
0.257 + 02614 86.08 + 19.285 236 3
0.675 + 0.2423 60.99 + 18.79 141 3
0.756 + 0.2092 51.96 + 8.121 272 3
0.678 + 0.2703 49.07 + 3.587 191 3
0.661 + 02116 7856 + 22.154 352 3

Data were first computed as daily means for each individual (n=25) and were subsequently averaged across individuals and sampling years (2012-2015) on a monthly basis. To determine
the depth of probable prey ingestion, Dive depth reflects mean daily square-shaped dive depth (metres). To examine the proximity of probable foraging dive depth to the sea bottom and
corresponding sea ice conditions, Bathymetry indicates the depth of the seafloor (metres) and Sea ice reflects the percent sea ice concentration associated with area-restricted search

locations as predicted by HSSSM. DTB reflects the distance to bottom variable and denotes the distance in metres between the sea bottom and the maximum depth of square-shaped dives
and FWC represents the fraction of the water column and indicates the percent difference between the maximum depth of square-shaped dives and the bottom depth (Dive depth/
Bathymetry). FWC values close to one reflect dive depths that closely approached the sea bottom and values close to zero indicate comparatively shallow dives that did not approach the sea
floor. Sample indicates the number of mean daily dive records and corresponding bathymetry and sea ice condition data and Year represents the number of years of data.

elsewhere in their range. Furthermore, since the quality and
quantity of zooplankton prey are known to vary spatially and
temporally, it is unlikely that feeding conditions will remain
constant year-round. Consequently, net energy gain is expected
to vary seasonally and regionally despite consistent foraging
effort. To address these limitations, in-situ physical and
biological oceanographic sampling need to be expanded near
bowheads. Given the lack of spatio-temporal data about
bowhead whale feeding conditions, we made inferences about
prey quality based on the depth of putative foraging dives and
the proximity to the sea bottom. However, with limited location
information (two predicted HSSSM per day) our estimates of
bathymetry are coarse. To obtain a long timeseries of movement
data, the daily resolution of locations was sacrificed. In the
future, medium duration tags with fast acquisition GPS and
inertial sensors (e.g., accelerometers) may be used to increase the
number of daily locations while improving location accuracy
and permitting the quantification of prey ingestion time.
Another consideration is that by considering probable foraging
behaviour on days when whales displayed horizontal movement
that was consistent with resident behaviour only, we excluded
the possibility for intermittent foraging during transit. We also
may have overestimated daily foraging time during winter when
sea ice conditions preclude movement between regions and
resident behaviour is expected to dominate. However, the
overall impact of excluding sporadic feeding while migrating
between areas is low given the relative sparseness of transient
locations and because daily foraging time was calculated based
on dive behaviour consistent with foraging (validated through
field observations; Fortune et al., 2020a). Another consideration
is that the 8 m depth threshold for summary dive data
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determined by Wildlife Computers, precluded the inclusion of
surface or near surface feeding between 0 and 8 m.
Consequently, it is possible that putative foraging time is
underestimated during spring when copepods are expected to
aggregate near the surface (Madsen et al., 2001).That said,
summertime sampling near feeding whales in Cumberland
Sound demonstrated that the mixed-layer depth was at 17 m
on average and that the shallowest prey layer occurred between
30 and 40 m (Fortune et al, 2020a). Consequently, we don’t
anticipate that the exclusion of shallow dives less than 8 m in
depth resulted in underestimated feeding estimates during other
times of year (summer, fall and winter). Furthermore, when
including the time spent at the surface with the time spent diving
(all shapes) to depths 28 m when displaying resident behaviour
for a randomly selected whale (PTT 11495), we found that this
accounted for a total of 20.49 hrs leaving only 3.5 hrs for dives
shallower than 8 m on August 1, 2012. This suggests that our
dive dataset is comprehensive, providing a complete picture of
summary dive behaviour.

Climatic impacts on foraging conditions

There are numerous ways in which future oceanographic
shifts can impact the foraging conditions of low-trophic, high-
latitude species, such as bowhead whales. Most important, is the
thinning and earlier breakup of sea ice (Notz and Stroeve, 2016;
Stroeve et al., 2017), which has created new opportunities for
phytoplankton blooms to occur below the sea ice. For example,
in the Chukchi Sea increased light penetration through the no-
longer snow-covered sea ice, is sufficient to support

frontiersin.org


https://doi.org/10.3389/fmars.2022.853525
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Fortune et al.

10.3389/fmars.2022.853525

TABLE 5 Summary information about the Depth (m) of probable foraging of bowhead whales based on the maximum depth and minimum
duration [Time foraging (hrs)] of square-shaped dives (Sample n=6,029) by A: month with data pooled across individuals and years and B: region

and season. Data are expressed as mean + SD.

A
Month Depth (m) Time foraging (hrs) Sample (n)

1 183.37 £ 120.753 5.06 + 4.111 499

2 143.48 + 128.265 3.46 + 3.148 364

3 108.42 + 127.764 3.05+29 386

4 100.18 + 112.42 2.98 +2.863 336

5 52.67 + 81.972 2.68 +2.547 473

6 37.90 + 52.152 3.85 + 3.387 326

7 29.00 + 25.25 512 + 4.322 596

8 69.46 + 96.536 523 +3.84 732

9 111.29 + 115.669 598 + 4.538 686

10 141.59 + 112.103 7.34 + 5.697 687

11 201.46 + 147.224 4.34 + 3.824 476

12 210.61 + 102.971 5.71 + 4.529 468
B

Region Season Foraging time (hrs) Depth (m) Sample (n)

Central East Baffin Coast Fall 7.23 + 4516 294.54 + 177.349 166
Central East Baffin Coast Spring 2.04 + 1.662 40.82 + 35.329 11
Central East Baffin Coast Winter 6.82 + 4.925 194.33 + 145.396 9
Cumberland Sound Fall 4.61 + 3.469 219.55 + 119.537 369
Cumberland Sound Spring 2.83 +2.705 96.01 + 102.185 175
Cumberland Sound Summer 4.59 +2.938 127.27 + 124.879 264
Cumberland Sound Winter 5.59 + 4.04 237.15 + 112.355 98
Foxe Basin Fall 3.97 +3.186 88.46 + 108.864 449
Foxe Basin Spring 1.15 £ 0.852 26.67 + 13.65 3
Foxe Basin Summer 4.16 + 3.644 33.27 + 34.885 432
Gulf of Boothia Fall 8.07 + 5.827 102.76 + 78.015 743
Gulf of Boothia Summer 5.57 + 4.356 30.89 + 37.952 780
Hudson Bay Fall 5.05 + 5.026 176.49 + 109.139 38
Hudson Bay Spring 291 +£2952 84.47 + 107.958 552
Hudson Bay Summer 3.8 + 4.056 52.46 + 90.61 91
Hudson Bay Winter 2.76 +2.188 144.95 + 129.889 133
Hudson Strait Fall 3.9 + 3.466 200.33 + 101.396 84
Hudson Strait Spring 291 + 2.555 80.32 + 116.602 454
Hudson Strait Summer 5.03 + 3.594 41.87 + 46.83 87
Hudson Strait Winter 5.02 £ 4.236 181.51 + 117.334 1091

phytoplankton growth in the Arctic Ocean (Arrigo et al., 2012;
Horvat et al.,, 2017). Given current trends of decreasing sea ice
thickness across the Arctic, sub-ice phytoplankton are likely to
continue increasing in occurrence and extent (Horvat et al,
2017). This will likely shift the timing and magnitude of net
primary productivity (e.g., diatoms) needed to support the
secondary production of herbivorous calanoid copepods
(Swalethorp et al.,, 2011; Darnis and Fortier, 2014). Such shifts
in environmental conditions are likely to impact the
development, energy needs and recruitment of three dominant

Frontiers in Marine Science

544

bowhead whale prey species—Calanus hyperboreus, C. glacialis
(Arctic origin) and C. finmarchicus (temperate) (Scott et al,
2000; Niehoff et al., 2002; Falk-Petersen et al., 2009).

Faced with climatic shifts, smaller bodied, low-energy
temperate species (C. finmarchicus) (Falk-Petersen et al., 2009)
may have a competitive advantage over slower growing, larger
and higher energy Arctic species (C. hyperboreus and
C. glacialis). For example, earlier phytoplankton blooms and
warmer water temperatures increase copepod growth rates and
metabolic demand, potentially allowing C. finmarchicus to reach
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reproductive spawning stages of development faster than multi-
year Arctic species as has been observed in subarctic waters
(Weydmann et al., 2018). Consequently, temperate species may
outcompete Arctic taxa because they are more capable of
exploiting longer periods of food availability to support
spawning (Swalethorp et al., 2011). Such shifts in community
composition have begun to be documented in bowhead whale
foraging areas (Disko Bay, Greenland) where C. finmarchicus
and C. hyperboreus once represented equal proportions of
copepod biomass (1990s), but where C. finmarchicus now
dominates (Moller and Nielsen, 2020). Since late-stage
copepodites of Arctic origin such as C. hyperboreus (1.03-1.81
mg lipid for overwintering stage five and adult female
individuals) contain over 25 times as much stored lipid as
similarly aged temperate species (C. finmarchicus contain 0.04-
0.08 mg of lipid per individual stage five and adult female), the
numerical abundance of lower energy prey must be sufficiently
high to offset the energetic loss of lipid-rich Arctic species (Falk-
Petersen et al., 2009).

Prey consumption differences

Understanding how prey field characteristics differ based on
species composition is important for elucidating the energetic
impacts of climate change to balaenids. In Cumberland Sound
during summertime (August), bowheads dove to deeper depths
(215m +28.7 SD) and exploited lower densities of prey (285 orgs m”
* + 175.4 SD) that consisted of a lower proportion of temperate
species (7.4% C. finmarchicus) and higher proportions of Arctic
taxa (26.1% C. glacialis and 18.2% C. hyperboreus; Fortune et al.,
2020b). However, in previously occupied summertime feeding
habitats in the lower Bay of Fundy and Scotian Shelf, right whales
targeted dense near-bottom layers consisting almost exclusively of
diapausing (stage five) life-stages of C. finmarchicus (Baumgartner
and Mate, 2003; Davies et al., 2013; Baumgartner et al., 2017). On
average, whales dove to 121 m (+ 24.2 SD) encountering prey
abundances of 7,481 (+ 4, 581 SD) orgs per m™ (Baumgartner and
Mate, 2003). The higher abundances of prey encountered by right
whales may help compensate for the comparatively lower energy
value of available copepods, but it may also be necessary to offset
their lower filtration rate. Right whales have a smaller mouth gape
than bowhead whales and would need to feed on either higher
abundances of prey or for longer times to obtain energy ingestion
rates similar to bowheads (van der Hoop et al., 2019).

Seasonality in foraging behaviour
and fasting

In the absence of foraging ecology studies with similarly high
spatio-temporal resolution to our bowhead study, there remains
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much guesswork about the seasonal feeding activity of North
Atlantic right whales. Currently, only a segment of the North
Atlantic population resides on calving grounds where they are
presumed to fast (Dombroski et al., 2021). Consequently, a
portion of the right whale population is unaccounted for
during winter months (Hayes et al., 2018; Charif et al., 2020).
Although the time spent foraging per day is unknown for right
whales on a monthly basis, movement of individuals between
known foraging grounds (e.g., Cape Cod Bay, Massachusetts,
USA) and presumed areas of fasting (southeastern US) occurs
frequently based on photo-identified individuals. This suggests
that even non-reproductive animals likely spend at least a
portion of the winter fasting (Brown and Marx, 2000).
However, high-resolution archival tags are designed to provide
detailed dive data over a short period of time (<24 hrs) and
therefore yield an incomplete picture of daily feeding activities
that preclude assessing seasonal shifts in foraging effort.
Consequently, estimates of annual and even daily foraging
effort must be extrapolated beyond the available data (e.g.,
Savoca et al,, 2021). This contrasts with what long-term
satellite telemetry and time-depth recorder data have revealed
for both the eastern (Laidre and Heide-Jorgensen, 2012; Nielsen
et al., 2015; Chambault et al., 2018; Fortune et al., 2020c) and
western (Citta et al., 2015; Olnes et al., 2020; Citta et al., 2021)
bowhead whale populations.

We found evidence of year-round foraging in three regions
across the eastern Canadian Arctic—Cumberland Sound,
Central East Baffin Coast and Hudson Strait. For example,
whales spent an average of 5 hrs (+ 4.2 SD) conducting
putative foraging dives during winter in Hudson Strait
(Table 4). Since different age-sex groups of bowhead whales
occupy Hudson Strait during winter (Heide-Jorgensen et al.,
2010; Higdon and Ferguson, 2010; Fortune et al., 2020c), it
appears all demographic groups likely consume prey during
winter, unlike North Atlantic right whales (Dombroski et al.,
2021). Although juvenile males appear to allocate more time to
feeding across seasons compared to females, this may be an
artifact of an unbalanced sample size given that foraging effort
for sub-adult males and females (equal sample sizes) shows close
agreement, providing support of year-round foraging effort
despite demography. Furthermore, wintertime feeding has
been corroborated for the eastern population by longitudinal
analysis of stable isotopes and mercury analysis from bowhead
baleen (Matthews and Ferguson, 2015; Pomerleau et al., 2018).
Behavioural evidence of year-round foraging has been detected
for the western population in the Gulf of Anadyr in the Bering
Sea, where whales conduct probable foraging dives to the
seafloor where diapausing life-stages of copepods are
anticipated to aggregate (Citta et al, 2015). Year-round
feeding was also inferred for the EC-WG population based on
dive frequency data analysis from satellite-telemetry tags with
time-depth recorders (Nielsen et al., 2015).
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Seasonal differences in prey availability

Ultimately, the divergent life-history characteristics of
bowhead and right whale prey may drive observed differences
in foraging ecology. Calanus hyperboreus has a multi-year life
cycle with a life span ranging from 3-4 years, allowing organisms
to accumulate stored energy in the form of lipids. They also
overwinter several years in a row before molting into an adult
and spawning. In addition, adult females are likely multiannual-
iteroparous and thus able to spawn in consecutive years (Hirche,
1997, 2013). Consequently, the suspected availability of high-
quality prey throughout the year may be sufficient to support the
energetic needs of bowhead whales despite their comparatively
low daily feeding rates (hours per day). This is supported by our
observations of deep putative foraging dives near the sea bottom
during winter. Conversely, Calanus finmarchicus typically has a
one-year (or less) life-cycle (Conversi et al., 2001; Swalethorp
et al,, 2011) and is comprised of nauplii and early copepodite
stages after winter spawning that are small, low in lipids, and
potentially poorly filtered by right whale baleen (assuming dead-
end filtration; Mayo et al., 2001). In the absence of late-stage
C. finmarchicus (Baumgartner et al., 2007; Baumgartner et al.,
2017), right whales consume a diverse diet of lower energy taxa
such as Centropages spp. and Pseudocalanus spp. in mid-winter
to early spring (DeLorenzo Costa et al., 2006a, 2006b; Parks
et al,, 2011). In the absence of an energetically rich, year-round
food resource, right whales may require seasonally higher
feeding rates to allow for the accumulation of stored energy
(blubber) to survive the period when C. finmarchicus is
unavailable to them and to support the high costs of
reproduction (Miller et al., 2011; Moore et al., 2021).

Differences in whale feeding activity

Should the density of temperate prey (C. finmarchicus) be
insufficient to compensate for the loss of energy-rich Arctic taxa,
balaenid whales may adjust their activity budgets to allocate
more time to feeding. Such a behavioural shift presumes that
animals would not be feeding at maximum rates under present
environmental conditions. Based on short-term, fine-scale
biologging studies, right whales forage for 40% (1.85 hrs +
1.255 SD; Baumgartner and Mate, 2003) and > 42% (7.16 hrs
+4.275 SD; van der Hoop et al., 2019) of the total time they were
studied during the summer in the Bay of Fundy, Nova Scotia,
Canada. However, long-term tagging (>24 hrs) and co-located
prey sampling in the Bay of Fundy and Scotian Shelf found that
right whales spent on average 15.07 hrs per day (12-22 hrs per
day) feeding during summer (Goodyear, 1996). Foraging
behavior was determined based on the presence of long and
deep dives (134 m on average) to depths that coincided with
maximum calanoid copepod biomass—96% of which were
C. finmarchicus (Goodyear, 1996). Conversely, during the
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same time of year (August), we found that bowheads allocated
considerably less time on average to feeding with only 5.23 hrs (+
3.84 SD) spent making probable foraging dives. Although
bowheads spent apparently less time each day feeding sub-
surface than right whales, there was considerable variation in
foraging time (i.e., some individuals fed for as little as 1.44 hrs
and others as much as 10.52 hrs per day on average in August;
Table 5). Such variability suggests bowheads alternated between
days of high and low foraging effort. The full extent of right
whale foraging and the potential for similar shifts in time-
budgets between days remains poorly understood, leaving an
incomplete understanding of species-specific foraging strategies
under present environmental conditions.

There are several possible explanations for why bowheads
and right whales show dissimilar foraging behaviour. Evidence
of bowhead year-round feeding indicates a degree of behavioural
flexibility, whereby individuals respond to seasonal variation in
prey availability. This suggests that bowheads may have a
comparative advantage over right whales when it comes to
climate change since at least a portion of the declining right
whale population fasts during winter (Dombroski et al., 2021).
Similar observations have been made in other mammalian
species—including Endangered African penguins (Spheniscus
demersus) that employ a flexible foraging acquisition strategy
based on shifts in prey abundance (Campbell et al., 2019).
Furthermore, increased foraging effort in endangered
Galapagos sea lions (Zalophus wollebaeki) is believed to reflect
limited availability of resources throughout the year compared to
the increasing California sea lion (Zalophus californianus)
(Villegas-Amtmann et al.,, 2011). Consequently, the
comparatively higher foraging effort of right whales during
summer may reflect poor feeding opportunities during other
times of year. However, low and variable foraging effort that
shifts across latitudinal gradients as whales migrate north to
high-latitude foraging grounds during the open-water season,
and return south in fall as sea ice reforms (Ferguson et al., 2010;
Fortune et al, 2020c), along with evidence of reduced
abundances and energetic density of prey, suggests that
bowheads may encounter sub-optimal feeding conditions.
Bowheads may then need to allocate time to foraging activities
throughout the year to offset lower daily energetic gains.
Reconciling these observed differences in feeding activity
require seasonal observations of right whale dive behaviour on
daily time scales as it is unknown how much time individuals
allocate to feeding activities during other times of year.

Sensitivity to climate change

Biogeographical shifts through dispersal may be an
important mechanism to mitigate adverse impacts from
declines in foraging conditions caused by borealization. This
may be particularly crucial for polar species as marine
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ecosystems are experiencing pronounced shifts in response to
climate change (Moore and Huntington, 2008; Tulloch et al,
2019; Huntington et al., 2020). For example, 16.9 km per decade
shifts to high-latitude regions have been observed across many
terrestrial species (Chen et al., 2011). Consequently, the timing
of bowhead whale migration, along with their distribution and
residency patterns, particularly during open water season, are
likely to change overtime (Chambault et al., 2022).

Understanding where and to what extent suitable foraging
habitat occurs throughout their range under present
environmental conditions can provide insight into the
sensitivity of a species to climatic shifts, whereby small
geographic ranges result in higher extinction probability
(Purvis et al.,, 2000). For example, Pacific bluefin tuna
(Thunnus orientalis) employ flexible migration patterns that
help compensate for energetic costs incurred from both
climate change and variability in thermal oceanographic
conditions (Carroll et al., 2021). Our analysis revealed that
bowheads forage widely throughout the eastern Canadian
Arctic, supporting earlier reports of probable foraging in nine
regions across the eastern Arctic (Disko Bay, Clyde Inlet, Isabella
Bay, Broughton Island, Cumberland Sound, Frobisher Bay and
northern Foxe Basin) (Nielsen et al., 2015; Fortune et al., 2020c).
Utilizing dive behaviour data to infer putative foraging dives
(square-shaped) for times when horizontal behaviour was
consistent with resident behaviour or area-restricted movement
allowed us to quantify foraging time over long timescales (>365
days), revealing that whales foraged extensively below 8 m
throughout their range and across seasons. This suggests that
there is considerable suitable habitat that supports bowhead
foraging under present environmental conditions.

The potential for biogeographical shifts in bowhead
distribution and habitat-use during the open water season
(e.g., Gulf of Boothia/Prince Regent Inlet and Admiralty Inlet)
may help buffer reductions in prey quality that are more likely to
occur in the southern portion of their range first. However, to
what extent the carrying capacity of high-latitude ecosystems
will be able to support a greater population of whales is
unknown. Furthermore, population models suggest that the
EC-WG bowhead whale population rebounded following
commercial exploitation by whaling in the early 1900s more
slowly than would be predicted based on demographic
expectations (Ferguson et al, 2021). Delayed recovery may
indicate that the marine ecosystem was degraded from over
exploitation and the population will be unable to recover to pre-
exploitation stock sizes or pristine carrying capacity (Savoca
et al,, 2021). This would suggest that in addition to future shifts
in foraging conditions, population growth may be limited
despite their apparently flexible foraging behaviour.
Assessment of habitat suitability in the high-latitude
ecosystems requires: 1) long-term monitoring of the two-
dimensional (horizontal and vertical) distribution, abundance,
and composition of prey relative to physical conditions across

Frontiers in Marine Science

547

10.3389/fmars.2022.853525

seasons; 2) knowledge of the demographic composition (age, sex
and reproductive status) and abundance of whales currently
occupying the area; and 3) detailed diet analysis from in-situ
prey sampling near feeding whales equipped with biologgers,
DNA metabarcoding of scats and stomach content analysis from
harvested animals.

Conclusions

Our study provides important insight into the spatio-
temporal foraging strategy of bowhead whales in the eastern
Canadian Arctic relative to bathymetry and sea ice conditions.
With strong evidence of year-round feeding and comparatively
low foraging effort across seasons and regions, we suggest that
bowheads may be less sensitive to climate-induced shifts in prey
compared to North Atlantic right whales, and that there is
capacity for both behavioural adjustment (e.g., increased time-
spent foraging) and dispersal (northward shift in distribution) to
help offset shifts in prey quality and quantity overtime. However,
a lack of detailed information about the characteristics of prey
consumed by bowheads across regions and seasons precludes us
from quantifying spatio-temporal variability in prey
consumption. Since calanoid copepods have a life-history that
varies seasonally (Falk-Petersen et al., 2009; Jung-Madsen et al.,
2013; Weydmann et al., 2018) with lipid content increasing from
eggs (spring) to diapausing and adult life-stages (fall), feeding
conditions are not expected to be static over time. Consequently,
understanding to what degree low-trophic species are likely to
incur energetic costs and their ability to counterbalance such
deficits through behavioural changes or dispersal requires the
simultaneous collection of foraging behaviour data using inertial
sensing biologgers (equipped with three-dimensional
accelerometers, magnetometers and gyroscopes) and associated
physical and biological oceanographic conditions.

Another confounding issue with which bowheads will have
to contend as sea ice extent and thickness continues to decline
over time is increased pressure from mammal-eating killer
whales (Reinhart et al., 2013; Young et al., 2019; Matthews
et al., 2020). Given the importance of sea ice during summer
foraging, and the potential physical protection this provides
from killer whale predation, decreased availability of sea ice in
the future may adversely impact foraging effort as whales may
need to travel greater distances to access sea ice while foregoing
feeding opportunities. However, the degree to which future
populations will exhibit reduced feeding opportunities due to
predator avoidance or decreased juvenile survival are unknown.
With continued sea ice loss and the opening of the Northwest
Passage (Heide-Jorgensen et al., 2012; Kochanowicz et al., 2021),
new opportunities have emerged for industrial activities through
commercial fisheries, shipping, and oil and gas exploration in the
Arctic. Although such expansion in human activity presents new
economic opportunities, endemic species such as bowhead
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whales are likely to face new challenges through acoustic
disturbance (vessel noise, sonar and seismic operations)
(Robertson et al., 2013; Gulas et al., 2017; Halliday et al., 2020)
as well as elevated risk of fishing-gear entanglement and vessel
strikes (Citta et al., 2014; McWhinnie et al., 2018).
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