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ABSTRACT

Understanding the temporal and spatial distribution of bowhead whales is ecologically and culturally important in the context of a rapidly changing climate. Long-
term monitoring can reveal alterations in the bowhead whale distribution range, spatiotemporal patterns, and migration phenology that can be responses to global
change. However, Arctic ecosystems are challenging to monitor. Here, we deployed passive acoustic recorders at three locations in the southern Amundsen Gulf
(western Canadian Arctic) between September 2018 and September 2019 to detect bowhead whale presence, quantify their seasonal occurrence, and examine the
oceanographic conditions that correlate with bowhead occurrence. Results show clear seasonal patterns in the occurrence of bowheads with increased acoustic
presence in spring/summer at all sites. In contrast to their typical migratory behavior, bowhead sounds were detected throughout the year at all sites, providing
evidence of a number of overwintering animals in what is normally their summer feeding ground. The continuous occupancy of bowheads from May to August at all
sites emphasizes the importance of this area as a core foraging ground for this population. Our results indicate a clear selection for the shallowest habitat over an
annual cycle. Statistical habitat modeling indicated associations between bowhead occurrence and decreasing sea-ice coverage, wind speed, temperature, and
salinity. Positive relationships between bowhead detections and zooplankton density suggest a predator-prey dynamic. These results are the first that cover an entire
annual cycle of bowhead presence in the southern Amundsen Gulf, providing new knowledge and current status of bowhead habitat use to support effective

management under ongoing Arctic change.

1. Introduction

The Arctic Ocean soundscape is among the most pristine on the
planet, relatively unpolluted by anthropogenic noise. The overall
ambient sound levels are lower compared to other oceanic regions
(Halliday et al., 2020; PAME, 2019) and the endemic marine fauna are
acclimatized to a quiet and relatively healthy marine soundscape (Haver
et al., 2018; Insley et al., 2017). The Arctic soundscape is mostly
dominated by biological (produced by animals) and geophysical (pro-
duced by wind, ice and waves) sounds. These contributions are
frequency-dependent, and vary temporally (seasonally and interann-
ually) and spatially (geographically and in depth) (PAME, 2019).
However, the Arctic is undergoing rapid changes with temperatures
rising nearly four times as fast as the rest of the globe (Rantanen et al.,
2021). This warming is causing continuously shrinking sea-ice coverage

and thickness; models predict that the Arctic will be ice-free during the
summer by 2035 (Guarino et al., 2020; Wang and Overland, 2009). Such
environmental changes can cause a series of cascading effects through
the entire marine ecosystem (Cooper and Grebmeier, 2022; Frey et al.,
2021; Lefebvre et al., 2022; Moore et al., 2022). Variability of sea ice can
have direct ecological effects on ice-obligated (bearded seals, Erignathus
barbatus, and ringed seals, Pusa hispida) and ice-associated (bowhead
whales, Balaena mysticetus, and beluga whales, Delphinapterus leucas)
marine mammals, which may respond by changing their distribution,
behavior, spatiotemporal patterns, and migration phenology (Gulland
etal., 2022; Hauser et al., 2017; Insley et al., 2021; Stafford et al., 2022).
Indirect effects of the sea-ice decline include an unprecedented increase
in human activities as the Arctic becomes more accessible (Moore et al.,
2012). Oil companies conduct more numerous and geographically-
extended seismic surveys in the Arctic during the ice-free periods
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(Moore et al., 2012), although the North American Arctic has recently
had a moratorium on offshore oil and gas activity. Commercial shipping
has increased (Pizzolato et al., 2016) and vessel traffic has seen a
threefold increase between the 1990s and 2015 in the Canadian Arctic
(Dawson et al., 2018). Consequently, the underwater Arctic soundscape
is experiencing increased anthropogenic noise (mainly from vessels,
seismic surveys construction and sonar) (Halliday et al., 2021). As a
result, marine mammals are exposed to acoustic disturbance, to
increased risk of ship strikes (COSEWIC, 2009) and pollution such as oil
spills (Huntington et al., 2015) that compromise their vital functions and
the health of their ecosystems.

Bowhead whales, the only endemic baleen whale species in the
Arctic, are considered to be the longest living mammal on the planet
(~200 years) (George et al., 2021) and have been culturally important
for the Inuit for centuries (Huntington et al., 2021b). The Bering-
Chukchi-Beaufort (BCB) stock of bowhead whales inhabits the western
Canadian Arctic during summer months, and is listed under Canada’s
Species At Risk Act as Special Concern (COSEWIC, 2009). Under the
management plan for BCB bowheads (COSEWIC, 2009), acoustic
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disturbance is listed as the top threat. Whales rely heavily on marine
soundscapes. Bowheads are highly vocal and use acoustics, actively or
passively, for critical biological functions: they produce a wide variety of
sounds for reproduction, group cohesion, socializing and migration
(Stafford and Clark, 2021). Bowhead sounds range from low-frequency
moans at an almost constant frequency, to calls composed of a series of
pulses varying in amplitude, frequency, duration and interpulse interval
(Clark and Johnson, 1984). These sounds are roughly classified into two
major categories: (a) calls ranging from 25 to 500 Hz, lasting about 1 s
(Clark and Johnson, 1984) and with source levels of about 161 dB (for
20-170 Hz calls; Thode et al., 2016); and (b) songs that consist of re-
petitive and complex moan sequences and range between 50 and 5000
Hz (JASCO, 2009; Delarue et al., 2009; Stafford et al., 2018b; Blackwell
et al., 2007; Tervo et al., 2012). Calls are produced during the summer
foraging and fall and spring migration periods (Clark and Johnson,
1984; Wursing and Clark, 1993) and are thought to function in
mother-calf communication, navigating though ice fields, and coordi-
nating between migrating groups or individuals (George et al., 1989;
Ljungblad et al., 1982, 1980). Songs are produced from fall to spring
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Fig. 1. Top: Map showing typical bowhead migration paths in the western Arctic (solid and dashed white lines). Bottom: Zoomed-in map showing circulation
patterns and locations of the study sites (color-coded stars CB50: blue, CB300: green, PP: red) where the acoustic recorders were deployed. Ocean circulation features
were adapted and redrawn from a map provided by Tom Weingartner and Seth Danielson, University of Alaska Fairbanks; Corlett & Pickart (2017); and Richerol

et al. (2008), and the polynya site from Arrigo & van Dijken (2004).
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(Delarue et al., 2009; Wursing and Clark, 1993) and likely serve a
function of male acoustic display providing cues of the singer’s attri-
butes which are attractive to candidate mates and competitive to rival
males (George et al., 1989; Stafford et al., 2018b). The frequency range
of bowhead vocalizations directly overlaps with shipping noise
(10-1000 Hz) raising conservation concerns for auditory masking from
vessel activity (Pine et al., 2018).

The BCB bowhead whales are migratory and are seasonally present
in the western Canadian Arctic. BCB whales spend their winters in the
Bering Sea, and summers ranging from the Chukchi Sea to the eastern
Beaufort Sea and the Amundsen Gulf (Citta et al., 2021) (Fig. 1). They
number>16,000 animals (Givens et al., 2016) and the population seems
to be healthy and on the increase. Bowheads perform typically a 6,000
km round-trip journey annually (Givens & Heide-Jgrgensen, 2021) and
use the Canadian Arctic for foraging (Harwood et al., 2017). The
migratory phenology of BCB bowheads is largely driven by the season-
ality of feeding hotspots throughout their range (Citta et al., 2015).
Bowhead whales are filter-feeders, using their large baleen plates to
capture zooplankton. Their diet in the southeastern Beaufort Sea con-
sists predominantly of small crustaceans, mostly copepods (76-92%) (e.
8., Limnocalanus macrurus, Calanus hyperboreus and C. glacialis), as well
as euphausiids, gammariid and hyperiid, mysids and isopods (Harwood
and Borstad, 1985; Sheffield and George, 2021). Zooplankton abun-
dance, density and distribution vary seasonally and correlate with areas
of high primary productivity and the timing of phytoplankton blooms
(Walkusz et al., 2012). Zooplankton and bowhead occurrence are also
associated with areas that are defined by different water masses of
distinct temperature and salinity profiles that reflect their origins (Citta
et al., 2018; Eisner et al., 2013). Specifically, water from the Pacific
Ocean contains the bulk of nutrients and plays an important role sup-
porting the productivity of the Canadian Arctic Ocean (Carmack et al.,
1989; Macdonald et al., 1987; Weingartner, 2021), and indirectly affects
higher trophic levels via the food web.

The western edge of the Amundsen Gulf (Fig. 1), adjacent to the
eastern Beaufort Sea, is recognized as a core area for the summer feeding
of bowheads (Citta et al. 2015). The Cape Bathurst polynya, and water-
mixing features (upwelling zones) that dominate Cape Bathurst classify
this area as a favorable hotspot for feeding bowhead whales in the
summer (Citta et al., 2015; Walkusz et al., 2012). Additionally, beluga
whales and ringed and bearded seals inhabit the area seasonally.
Zooplankton communities here are dominated by copepods, with Cala-
nus hyperboreus the most abundant in terms of overall biomass (Darnis
et al., 2008; Hop et al., 2011). Even though other parts of the BCB
bowhead distribution range (from the Bering Sea to the western Beaufort
Sea) have been examined in multiple studies and for multiple years (e.g.
Hannay et al., 2013; Tsujii et al., 2021; Ferguson et al., 2021), the
southern Amundsen Gulf is understudied in the habitat range of bow-
head whales, representing a significant gap in information on their
distribution, temporal patterns, and oceanographic drivers. Data on the
winter and spring occurrence of bowheads (and other marine mammals)
are especially lacking, notably for areas far from shore in the Amundsen
Gulf. The earliest information on the distribution of bowheads in the
western Canadian Arctic has been derived from the traditional knowl-
edge of subsistence hunters, resulting in a detailed understanding of
whale movements and behavior (Huntington et al., 2021a) but con-
strained to inshore areas close to hunting camps and communities.
Methodical monitoring of the temporal and spatial distribution of ma-
rine mammals in the Arctic while sea-ice conditions and shipping traffic
(routes and intensity) continuously change provides comparative values
and should be a priority for conservation managers and policy makers.
Marine mammals, positioned at higher trophic levels, make effective
bio-indicators of environmental variation at large spatial scales (Moore
and Huntington, 2008). Long-term and continuous monitoring allows
the detection of shifting patterns in geographic range, seasonality, and
migratory behavior that can be interpreted as responses to environ-
mental changes and anthropogenic disruptions.
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In this paper, we build on previous passive acoustic monitoring
(PAM) studies in the western Canadian Arctic (Halliday et al., 2018,
2019, 2020; Insley et al., 2021) to provide critical information on the
ecology of BCB bowheads by investigating their presence at locations
and times of year that have been outside the scope of previous surveys.
Following the study by Insley et al. (2021) where bowhead whales were
detected through the winter of 2019 in the Amundsen Gulf, this work
presents results from the analysis of acoustic recordings from that entire
year (2018-2019). Specific objectives of this study are to quantify the
spatio-temporal patterns in bowhead whale occurrence in the southern
Amundsen Gulf and pinpoint the timing of migration into and out of the
area by analyzing three one-year-long acoustic datasets from this region.
Another major goal is to evaluate how different environmental variables
are related to whale presence. This work provides crucial information
about the occurrence of a keystone marine species that is a fundamental
component of the Arctic trophic system and one of the primary tradi-
tional food resources for some Indigenous populations.

2. Materials and methods
2.1. Acoustics

a. Acoustic data collection

Underwater autonomous passive acoustic recorders (SoundTrap
ST500, Ocean Instruments) were deployed on bottom-mounted ocean-
ographic moorings at three locations in the southern Amundsen Gulf,
including Cape Bathurst at 49 m depth (CB50 site) and 295 m depth (site
CB300), and Pearce Point at 351 m depth (site PP) (color-coding
throughout figures: CB50 = blue, CB300 = green, and PP = red; Fig. 1,
Table 1). Recorders were in place between September 2018 and
September 2019 with the goal to detect bowhead whale acoustic signals
and to measure underwater sound levels. The recorders sampled at 48
kHz (allowing detection of the entire bowhead vocalization range), with
a duty cycle of 5 min of recording every hour and 16-bit depth. The
moorings consisted of a heavy anchor, tandem acoustic releases, sub-
surface floats, and a short vertical line from the releases to the floats
where the acoustic recorders were attached, along with other in-
struments including conductivity-temperature-depth (CTD) loggers and
Acoustic Zooplankton Fish Profilers (AZFP) whose measurements are
used for subsequent analysis (described below in subsection 4). The
water depth at the deployment sites ranged from 49 m (CB50), to 295 m
(CB300), and to 351 m (PP), and the recorders were attached to the
mooring line 3 to 5.5 m above the bottom (Table 1).

b. Bioacoustic data analysis

Acoustic data were processed using an existing detector/classifier for
bowhead calls (Spectro Detector; JASCO Applied Science Ltd, Victoria,
British Columbia, Canada) (Moloney et al., 2015; Mouy et al., 2013).
The basic acoustic parameters that the detector is programmed to use to
classify bowhead calls include: minimum call duration of 0.1 s, fre-
quency band of 40-8000 Hz, minimum call bandwidth of 100 Hz, and
minimum intercall interval of 0.2 s. The detector is not set to detect and
classify bowhead song, but these are identified manually, as described
below. This detector/classifier has been used extensively to detect this
species in the Beaufort and Chukchi Seas (e.g., Insley et al., 2021; Hal-
liday et al., 2018, 2019; Hannay et al., 2013), and an evaluation of its
performance is presented in the Appendix.

All files with automated bowhead detections were analyzed manu-
ally by ND through visual and aural inspection of spectrograms in Raven
Pro (version 1.6, Cornell Lab of Ornithology) using a fast-Fourier
transform size of 3531 points with 90% overlap and a Hann window.
Spectrograms (examples in Fig. 2) of each 5-min file were examined
over ~ 23 13 s windows at two frequency scales: 0-3 kHz for low-
frequency bowhead calls, and 0-24 kHz for the higher-frequency bow-
head songs. Time and frequency axes were adjusted by the analysts as
needed to include and investigate the signals of interest. During the
manual analysis, all bowhead calls identified were annotated, including
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Table 1
Information for the three acoustic recorders.
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Site ID Deployment Date Recovery Date Latitude Longitude Water Depth (m) Instrument Depth (m)
CB50 07/10/2018 27/09/2019 70.57577 —127.574 49 43.5
CB300 30/09/2018 27/09/2019 70.68122 —126.758 295 289.5
PP 02/10/2018 28/09/2019 70.20092 —123.137 351 348
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Fig. 2. Spectrogram examples from CB50 of bowhead whale songs on the left, and bowhead whale moans on the right. Note the differences in y and x axis scaling
among all spectrograms. Spectrograms on the left include parts of bearded seal calls (trills) interfering with the bowhead songs. Spectrograms on the right also

include other ambient sounds that interfere with the bowhead moans.

comments on the type and quality of call, and the confidence of the
classification. Bowhead call characteristics were examined to classify
the different call types including simple calls (moans) and complex
songs. The primary acoustical parameters that were used to determine
and classify bowhead calls were the frequency range, and duration of the
signal. Specifically, signals considered acceptable for attribution to
bowhead whales were of duration between 0.5 and 3 s. Bowhead moans
were identified as tonal signals in the 50 to 500 Hz bandwidth (as in
Clark and Johnson, 1984). Blackwell et al. (2021) estimated that BCB
whale calls have a call repetition rate of 1.3 calls/whale/hour, but this
estimate was calculated within their migration corridors, and may not
be representative of calling rates in the summer foraging grounds.

Bowhead songs were recognised because they typically have a low-
frequency component similar to a moan, but may also include a high-
frequency signal between 1 and 3 kHz as part of their biphonated vo-
calizations (Stafford et al., 2018b; Tervo et al., 2009; Wursing & Clark,
1993). Bowhead songs are easily identified based on their repetitive
nature, with series of vocalizations repeated multiple times.

Bowhead moans are of characteristic low frequency and there are no
other cetacean species in this region producing similar vocalizations
(Clark and Johnson, 1984; Stafford and Clark, 2021), which facilitated
the distinction from other whale sound sources. However, bowhead
moans can overlap in frequency with ringed seal growls or woofs (Jones
et al.,, 2011; Mizuguchi et al., 2016; Stirling et al., 1987) and their
distinction requires careful manual examination of the call character-
istics such as inflections and number of pulses. Additionally, ice sounds
occasionally overlap in frequency with bowhead calls (especially songs)
and can cause misclassifications of the automated detector. During the
manual analysis the acoustic context typically allows discrimination of
ice signals (which tend to be more continuous) from short bowhead
vocalizations and the characteristic song sequences.

The quality of the sound signals and the confidence of the classifi-
cations varied from high to medium and low. This was evaluated qual-
itatively and depended mainly on the relative amplitude of the call and
on a visually- and aurally-assessed signal-to-noise ratio (SNR). Using the
same methodology, an additional 10% of all files was examined manu-
ally and systematically (we selected every tenth file that occurred) to
look for any false negatives, test the efficacy of the detector, and
examine temporal patterns of all species. To validate the efficiency of the
manual analysis (true data), two experienced researchers (ND and WH)
reviewed all the recordings that were manually evaluated (including
both the files with the automated bowhead detections and the additional
10% of files) and agreed on the reliability of the manual classifications
using the criteria and parameters set for call quality and confidence of
classification. In total, the manual analysis of the 2018-2019 data
included 5,928 5-min sound files between September 2018 and
September 2019 from the three recording sites. For CB50, 3,202 sound
files were manually analysed (38% of the total number of files recorded);
for CB300, 1,564 sound files were analysed (18% of the total); and for
PP, 1,162 sound files were analysed (13.5% of the total). At least two to
three acoustic samples were manually analyzed per day from each site.

c. Sound levels

Underwater sound levels were quantified with the PAMGuide pack-
age in Matlab (Merchant et al., 2015) to evaluate the underwater sound
levels to which bowhead whales are exposed. Sound pressure levels
(SPL) are calculated in three frequency bandwidths, low: 0.02-1 kHz,
medium: 1-10 kHz, and high: 10-24 kHz. SPL was calculated using
Hann windows with 50% overlap in 1 s bins, and then averaged across
the 5-min file. Daily averages were calculated to produce time series and
assess (a) the variability of underwater noise throughout the year at each
site, and (b) the relationship between sound levels and environmental
conditions (ice concentration and wind speed). Cross-correlation
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function (CCF) plots between wind speed and underwater SPL were
examined for each acoustic site and each of the three frequency bands.

2.2. Temporal patterns

Temporal patterns were examined at two scales: seasonally, where
monthly variation was examined; and daily, where hourly variation was
examined. These two scales were used to quantify seasonal trends and
diel patterns, respectively. These analyses were implemented using the
high- and medium-certainty manual detections of bowhead calls at the
three sites. We accounted for the different number of sound files
analyzed in each day of each deployment by calculating the average
number of bowhead calls detected per file per day. All statistical ana-
lyses were performed in the R programming language (R Core Team,
2017), and models with the same distribution family were compared
using Akaike’s information criterion for small samples (AICc) from the
MuMIn R package (Barton, 2018).

a. Seasonality

For the assessment of the seasonal pattern in bowhead whale
acoustic occurrence, logistic regression models were fit to the binary
presence/absence records of bowhead daily detections using a compli-
mentary log-log model (used cloglog R function) and a logit link func-
tion. Quasibinomial models were also tested on the binomial data to
ensure that the regular binomial model was not over-dispersed. A
generalized linear mixed model (GLMM, lme4 R package; Bates et al.,
2015) was used for this analysis, with station, month, and their interac-
tion as fixed effects, and with week as a random effect to control for
temporal autocorrelation between the daily presence/absence values.
Models with different distribution families were tested for goodness-of-
fit with a chi-square test based on the residual deviance and degrees of
freedom.

b. Dates of arrival and departure

We calculated and plotted the cumulative distribution of days with
bowhead calls to determine the arrival and departure dates of BCB
bowheads at the three sites in the southern Amundsen Gulf. Three
alternative ways were tested for determining these dates to test the
effectiveness of each measure. This included indicating the 5% and 10%
(for arrival date) and 95% (for departure date) quantiles of the bowhead
cumulative distribution for days with whale detections, as shown in
Hauser et al. (2017) and Stafford et al. (2021), and also by visually
selecting the inflection points of the cumulative distribution plot
(Fig. Al in the supplementary material). These points were chosen
based on the rate of increase: when it started to constantly increase for
the arrival date, and when it stopped increasing for the departure date.
Then, the sea-ice concentration at two scales (6 km? and 100 km?) was
determined for these dates to examine the ice conditions during these
pivotal migration times.

c. Diel patterns

For the evaluation of diel patterns in bowhead vocal activity, we
converted the dates into local time (UTC-7), and binned the bowhead
call counts into each hour of the day. Gaussian, Poisson, and negative
binomial general linear models (GLMs) were compared for the best fit to
the data. A GLM with a negative binomial distribution (computed with
the function glm.nb from the R package MASS; Venables & Ripley, 2002)
was used to examine the count of bowhead calls. Models were fit with
hour, month or season (fall: September-November, winter: Decem-
ber—February, spring: March-May, summer: June—August), and station
as explanatory variables for the quantification of diel trends. The in-
clusion of an interaction term between month and hour was also tested in
the models to account for the change of daylight throughout the year.
We built four types of models: a full model that included data from all
three stations, and three separate models, one for each station. Null
deviance was used to compare models from different distribution fam-
ilies. Post-hoc pairwise Tukey’s test (glht function in the R package
multcomp) helped identify significant differences between hours and
months. Autocorrelation function (ACF) and partial autocorrelation
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function (PACF) plots of the final models’ residuals were inspected to
determine any temporal correlation structure.

2.3 Habitat modeling

We conducted statistical modeling analyses to investigate the rela-
tionship between bowhead whales and their environment. Considering
that the bowhead habitat choice is based on the availability and abun-
dance of their prey, especially at their foraging grounds, the variables
tested for this relationship are (a) direct measurements of zooplankton
biomass, and (b) physical mechanisms and parameters which drive and
aggregate zooplankton or primary production that attract bowhead
whales and their prey.

The bowhead life cycle depends on sea-ice melting and freeze-up.
Lower ice concentration translates to the creation of leads and open
water that allow whales to breath. Ecologically, ice strongly affects the
penetration of sunlight into the water column as well as the underlying
circulation, water mixing and primary production. Wind vectors, simi-
larly have a significant impact on the marine ecosystem by driving
currents, drifting ice, producing upwelling that carry nutrients and
planktonic prey into bowhead habitat creating efficient foraging op-
portunities. Temperature and salinity are primary descriptors of the sea
water that indicate the origin of water masses (Pacific/Atlantic water,
river outflows) and strength of stratification, and also drive and are
driven by physical and biological shifts in the ecosystem. Heat acceler-
ates the ice melt and enhances primary productivity in the Arctic, while
gradients in temperature and salinity force water circulation (eddies,
upwelling, currents) that transfer organisms across the water column.
Temperature can catalyze or depress growth in different organisms;
thus, both temperature and salinity are closely connected to biological
production and bowhead prey aggregation.

Multivariate logistic GLMMs with the bowhead daily presence as
response variable and a suite of in situ oceanographic variables (recor-
ded by other instruments on the same mooring) and remotely-sensed
environmental variables were tested to examine which environmental
features may be related to bowhead occurrence during 2018-2019 in the
Amundsen Gulf. All variables were collected/extracted for the same
period and location as the acoustic sampling and each were averaged per
day to match the bowhead occurrence records and to match the different
temporal scales of the various datasets.

2.3.1 In situ measurements

The moorings with acoustic recorders also included CTD loggers
(Sea-Bird 16plus at CB50, MicroCAT 37SM at CB300 and PP; Sea-Bird
Scientific, Bellevue, Washington, USA) deployed on the mooring line
above the acoustic recorders (40.5 m at CB50, 287 m at CB300, 345 m at
PP). Temperature, salinity and pressure were measured every 15 min at
each site. An upward-facing AZFP (ASL Environmental Sciences, Saa-
nichton, BC, Canada) was also deployed at CB50 and PP (AZFP data
were not available for CB300 for this analysis). AZFP data (38, 125, 200
and 455 kHz) were acquired at a rate of 1 ping every 5 s (at CB50) and 1
ping every 15 s (PP), and the AZFP data were averaged internally with
25 and 44 cm vertical resolutions, respectively. AZFP measurements
allow broad classification of marine mammal prey (zooplankton and
fish) and help determine prey presence, vertical distribution, and
abundance estimates throughout the year, including the under-ice
period. Target abundance estimates were represented by nautical area
scattering coefficient (NASC) values, which represent the mean back-
scattering volume, calculated for each cell and integrated over the entire
water column for each 5-min time period. The 455 and 200 kHz data
represent small-sized zooplankton, the 125 kHz data represent meso-
and micro-zooplankton and small fish, and the 38 kHz data represents
pelagic fish which are primarily Arctic cod in the study area (Geoffroy
et al., 2011, 2016). During 2018-2019, NASC data from the 125, 200,
and 455 kHz transducers were available for CB50, and from the 38, 125,
and 455 kHz transducers for PP.
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2.3.2 Remotely sensed data

Daily ice concentration data from the Advanced Microwave Scan-
ning Radiometer 2 (AMSR2) sensor onboard the GCOM-W satellite
(Spreen et al., 2008) were extracted into two spatial scales: (1) pixel
values (6.25 km width) for sea-ice concentration directly over each
recorder for each deployment day, which provides the finest resolution
daily sea-ice concentrations; and (2) the average of all pixels within a
100 km radius centered over each recorder, which provides a larger
scale likely representing the detection range of bowhead calls. All of the
process of extracting and averaging the ice concentration data to a daily
scale and across all grid cells was performed in ArcMap (version 10.8,
Esri, Redlands, California, USA).

Wind data were downloaded from Environment Canada’s Historic
Climate Database (https://www.canada.ca/en/services/environment
/weather/data-research.html) for the Cape Parry climate station,
which is the closest station to the mooring sites (~60 km west of PP, and
100 km and 120 km east of CB300 and CB50, respectively). Wind speed
and wind direction measurements were downloaded in hourly scale and
daily means were calculated and matched with the results of the manual
detection analysis. For calculating the daily mean of wind direction, the
circular R function (Tsagris et al., 2022) was used. In order to assess how
representative the wind measurements were for each acoustic site, we
examined CCF plots between wind speed and underwater sound level
measurements at each acoustic site and for each of the three frequency
bands. Wind direction measurements were transformed into a categor-
ical variable where the numeric value (in degrees) was binned into eight
principal wind directions (N, NE, E, SE, S, SW, W, NW). For the assess-
ment of the dominant wind speed and direction, and their variability
through the year in relation to the sea-ice state, we used the openair R
package (Carslaw, 2022) and the pollutionRose and calendarPlot func-
tions. All names and variables used are described in Table 2.

Table 2
Response and explanatory variables used for the habitat modeling analysis, with
their corresponding names used in the text.

Class Measured Description of variables Name
Response Presence/absence of bowhead Detection
acoustic detections in each day
Explanatory  In-situ Salinity measured with CTD ata  Salinity
fixed depth for each site
Temperature measured with Temperature
CTD at a fixed depth for each site
NASC values at 125 kHz z125
NASC values at 200 kHz 2200
NASC values at 455 kHz z455
Remotely Mean daily Ice concentration in Ice100
sensed 100 km radius
Mean daily Ice concentration at Ice6
the pixel right at the station
Mean daily wind speed Wind speed
measured at Cape Parry weather
station
Mean daily wind direction Wind direction
measured at Cape Parry weather
station
Sea-ice coverage Ice Season
Model Types Model that includes CB50, PP AZFP
data and the AZFP STATIONS
measurements
Model that includes CB300, PP DEEP
data and the CTD measurements ~ STATIONS
Model that includes CB50 data SHALLOW
and both CTD and AZFP STATION
measurements
Model that includes CB300, ALL STATIONS

CB50, PP data and only wind and
ice variables
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2.4 Data analysis - model selection

The ice concentration at 100 km resolution (Ice100) variable was
used to define an additional categorical variable of sea-ice coverage
category (Ice Season). We used the dates for each station when there
was<20% and>70% ice concentration to define the ice-free and ice-
covered seasons (as performed in Woodgate and Peralta-Ferriz, 2021;
Andrews et al., 2018), respectively, and the dates between these con-
centrations were used as the transitional periods (shoulders) between
ice-covered and ice-free seasons. Ice season was tested in models as an
interaction with each fixed term (for all explanatory variables except ice
concentration) in the global model (including all the variables to be
tested for relationships) as a way to account for and quantify seasonal
effects in the data. The same models were also tested with the ice-free
periods defined to be below 15% ice concentration, but no significant
differences occurred and 20% was chosen.

Assessing multicollinearity (Zuur et al., 2009) included using the
variance inflation factor (VIF). We applied the vif R function (Faraway,
2016) to all the explanatory variables and if the VIF value was>4 the
variables were alternately removed in order to reduce multicollinearity
and VIF scores (Zuur et al., 2010). Scatterplot matrices and univariate
models were also used to identify high collinearity in pairs of predictors
and evaluate the level of correlation with the response variable. The
predictors that correlated least with bowhead whale occurrence were
removed before fitting the models or were not included in the same
model with their collinear pair.

ACF and PACF plots of the global model’s residuals were used to
determine any temporal correlation structure. GLMMs allowed us to
account for temporal autocorrelation structure in the data by including
month/week as a random effect. Station was also included as a random
effect to account for the variability among the different sites when data
from more that one station were included in the models. Models were
examined with different random structures, with nested effects (week,
month/week, or season/month/week) and/or crossed effects (week -+
station, month/week + station, or season/month/week + station), and
compared with the anova function from the stats R package.

The multi-model inference MuMIn R package (Barton, 2018) was
used for model selection. As a first step we built a global model, then the
dredge function was used to build all possible model combinations based
on all the variables included in the global model. Finally, the best model
was chosen as the most parsimonious (fewest parameters) among the
candidate models. The goodness-of-fit for the estimation of the variance
explained by the best and candidate models was assessed with the
function r.squaredGLMM (Barton, 2018). The best-ranked models
within an AICc difference of 2 (AAICc < 2) were selected as candidate
models, as a means to incorporate model selection uncertainty (Burn-
ham et al., 2011). For diagnostic purposes, the R package car (Fox et al.,
2011) was used. Quantile-quantile (Q-Q) plots, residuals versus fitted
values, ACF and PACF plots of the final models’ residuals were explored
for heterogeneity, over-dispersion, and temporal correlation.

The above modeling process was repeated four times, depending on
the set of in-situ predictors considered and the stations included in each
analysis (Table 2): (1) AZFP variables and data from CB50 and PP,
producing the AZFP model (AZFP STATIONS); (2) CTD data from stations
at similar depths including CB300 and PP, producing the Deep model
(DEEP STATIONS); (3) both AZFP and CTD data from CB50, producing
the Shallow model (SHALLOW STATION); and (4) data from all three
stations with only the remotely-sensed variables (ALL STATIONS). CTD
measurements could only be compared between sites of similar depths
since the shallow site had conductivity and temperature data with high
variability (measured at 40 m) and over a much larger range than data
from deep sites (measured at ~ 300 m), thus the model that included
CTD variables was based on the CB300 and PP data. AZFP measurements
were not available for CB300 and a model that included the NASC values
could only be fit for the CB50 and PP data. Consequently, a model that
allowed using whale detections from all three stations could only
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involve remotely-sensed environmental variables. An additional reason
for fitting four types of models was to compare the predictive ability of
the different data sources and to guide future sampling strategies. For
comparison, the same modeling process was repeated using two ice
seasons (instead of three), with a threshold set at 50% sea-ice concen-
tration to define the ice-free (<50%) and the ice-covered (>50%) sea-
sons. The resulting models were compared with their equivalent three-
ice-seasons models using AICc and R2.

SPLs were evaluated as a function of wind speed and station, ac-
counting for changes among the three ice coverage periods (Ice Season:
ice free, ice covered, ice shoulder). For that purpose, a GLM with a
Gaussian distribution was fit between the daily averages of SPL, pooled
from all stations and bandwidths, as response variable, and station with
the interaction of wind speed and Ice Season as explanatory variables.

3. Results
3.1. Bioacoustic analysis

Based on the acoustic sampling and analysis described here, quan-
tification of the number of individuals detected was not possible. Any
reference to detection rates, call density or call count does not refer to
counts of individual whales, but rather to the number of bowhead calls
detected.

Manual detections were partly driven by the automated detections in
that all automated detections were evaluated manually and used in the
analysis. Results from the manual analysis included also the detections
from the separate 10% analysis of all files that were considered inde-
pendently from the automated detections. In the end, the detections
used for the analysis are those derived from all manual inspections of
acoustic files, which are, however, partly dependent on the initial
automated detections (Table 3).

Bowhead whales were detected acoustically at all sites and in all
months throughout the one-year sampling period, except for November
2018 at CB50 and CB300 (Table 3, Fig. 3). For the months with bowhead
detections in the period from September 2018 until March 2019, the
number of days with bowhead calls per month varied from: 1
(December) to 22 (March) at CB50, and 2 (September) to 5 (January) at
both CB300 and PP (Fig. 3). Occurrences relative to ice concentration
show that at CB50, bowhead whale calls are detected just prior to sea-ice
formation (shoulder season noted with grey shading in Fig. 3). Then, in
November, no bowhead calls are detected when ice concentration rea-
ches > 70%. Then monthly number of days of bowhead acoustic pres-
ence increase each month from December through March. Bowhead
whale calls are present during 1/3rd of days in March. At CB300 and PP,
bowhead calls are also detected during these ice-covered months.

Most of the bowhead signals were moans; in addition, many complex
calls were identified throughout the sampling period. Complex bipho-
nated songs were recorded in early spring and early fall but were
recorded most often in April at all sites. Specifically, at CB50, singing
was recorded in 100 sound files between 7 March to 7 May 2019 (note
that we systematically analyzed 10% (~144 files) of all files during that
period) and throughout September (2 to 27 September 2019). Similarly,

Table 3
Summary of the results from the bioacoustic analysis at the three sites for the
entire deployment period (all calls were annotated in each file).

Numbers Bowhead whale
CB50 CB300 PP

Manual analysis Detections 24,388 11,101 3863

Files 1919 946 461

Days 214 173 126
Automated analysis Detections 5879 1432 436

Files 2581 762 308

Days 266 150 98
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at CB300, bowhead song occurred in 18 sound files from 11 April to 7
May 2019 and from 7 to 25 September 2019, which is slightly later than
at CB50. At PP, song was recorded in 48 sound files from 15 April to 8
June 2019.

3.2. Temporal patterns

3.2.1. Seasonality — Daily presence

The seasonality analysis was carried out to quantify any seasonal
patterns in the occurrence of bowheads in the Amundsen Gulf. A GLMM
binomial model with the presence of bowhead calls per day as response
variable and with week and the interaction between the recording sta-
tion and month of the year as fixed effects was chosen as the best model.
The model (Fig. 4) indicated that at all stations there was higher like-
lihood to detect bowhead acoustic presence in spring and summer
months (April to August), compared to the fall and winter (October to
February) (p < 0.05 for all comparisons). At both CB sites, significantly
higher detections occurred between April and September compared to
winter and fall months, with significantly lower likelihood to detect
bowheads in October compared to the previous months (April to
September). However, at CB50 in February the likelihood of whale
presence was higher compared to November and December. At PP,
higher bowhead presence occurred between April and August with June
and July showing significantly more days with bowhead detections than
the rest of the year, including August. At CB50, March showed signifi-
cantly increased whale presence compared to the previous winter
months and compared to the other two stations. Overall, at CB50 there
was higher likelihood for bowhead presence throughout the year,
compared to CB300 and PP, except November to December at PP when
there was higher likelihood of detecting whales. At PP there was lower
likelihood for bowhead presence in summer (April to September)
compared to both CB sites.

3.2.2 Dates of arrival and departure

The fact that bowheads overwintered at the study site during the
deployment period allowed the assessment of arrival date to be more
effective using inflection points in the bowhead cumulative distribution
plot rather than the use of 5% or 10% quantiles (Table 4, Fig. Al).
However, the 10% quantile almost coincided with the inflection point
for the Cape Bathurst sites. For the departure date from PP the inflection
point corresponded to the 95% quantile. Bowheads in 2019 first
migrated to CB50 in early spring (March 2), then reached CB300 about a
month later (March 31), and PP two weeks after that (April 14) (Table 4,
Fig. Al). The timing of their departure from the area could only be
determined for PP (August 8) since it was the earliest compared to the
other sites and our recordings ended before the animals began their fall
migration from Cape Bathurst in 2019. All sites were covered with ice
(ice concentration > 83%) when the whales migrated to the area, and PP
was still ice-free (ice concentration = 0%) when the bowheads started to
depart for their fall migration.

3.2.3 Diel patterns — Hourly call count

The variability of bowhead call counts based on the hour of the day
for every station and for the months when most bowheads were present
(April to September) shows some diel variability between and within the
three stations, but no strong consistent patterns are evident.

Full model. A negative binomial GLM with response variable taken
to be the counts of bowhead calls per hour per day for the entire year,
and explanatory variables station and hour of the day, was chosen as the
best full model. This model indicated that fewer calls were recorded at
PP compared to both CB sites (p < 0.001). Also, the number of bowhead
calls was significantly higher overall from April to September (p <
0.001), and in the evening hours, specifically at 17:00 and 21:00 (p <
0.01), and 23:00 (p < 0.05).

Single station models. Three negative binomial GLMs with the
same response and explanatory variables as above (except station) were



N. Diogou et al.

Progress in Oceanography 213 (2023) 103004

304
CB50
204
304
|cB300

-
o
1

o
L

Number of days with bowhead detections
N
o

30
PP
201
10_ ..
oA s s B — — -_
OCT NOvV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP
2018-2019

Fig. 3. Number of days with acoustic detections per month for bowhead whales for the CB50 (blue), CB300 (green), and PP (red) sites. The yellow shaded area
represents the period at each station when ice concentration is below 20% (“ice-free™), and the grey shaded areas when ice concentration is between 20% and 70%

(“ice-shoulder”).
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Fig. 4. Seasonal patterns of the year-round bowhead acoustic presence in the Amundsen Gulf. The red line represents the fitted values of the seasonal model of the
bowhead whale call detections in a day at three sites (CB50, CB300, PP). Each panel includes values (red line) that represent the GLMER logistic regression model
predicted results per month and for each station. Bowheads are present in the area all months of the year. A clear seasonal pattern indicates bowhead presence at all
sites from April until September, whereas there are few days with whale detections in fall and winter. The gray points are the raw data with an added jitter (—0.1, 0.1)
that allow them to be all seen. The degree of jitter added was 0.1 points both directions for y axis at the highest density.

chosen as the best models for each individual station. ACF plots indi-
cated little evidence for non-zero autocorrelations. At all sites, from
April to September there were significantly more bowhead calls
compared to the rest of the year (p < 0.001), except for PP where more
calls were detected in October than September. At CB50, the models
showed no significant diel variability observed throughout the year. At
CB300, there was significantly higher probability to record more bow-
head calls at 17:00 compared to the rest of the day (p < 0.05). At PP,
there were significantly more bowhead calls detected at 05:00 (p < 0.05)

and at 17:00 and 21:00 (p < 0.01). These diel patterns were not
consistent across all months. The pairwise Tukey’s tests within each
month and station showed significant differences in the numbers of
bowhead calls per hour for August at CB300 and for May-August at PP.
Heatmaps (Fig. 5) illustrate the number of bowhead detections per hour
for these months at these two stations. At CB300, a significantly higher
numbers of bowhead calls were found in August at 10:00. At PP,
significantly more calls were detected in May at 05:00 and 21:00, in
June at 09:00, and in August at 12:00. However, these diel differences
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Table 4
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Three metrics of migration timing (arrival and departure) of bowhead whales at each recording site during the 2018-2019 study and associated ice concentrations on
those dates. The date of migration in the area is calculated three ways: by indicating the 5th and 10th percentile of the bowhead cumulative distribution of days with
whale presence, and by visually selecting the inflection points at the cumulative distribution plot (Fig. A1). PCTL represents the precise quantile value. The date of
departure from the sites is represented by the 95th percentile and the visual determination of the inflection point. Ice concentration is calculated in two scales (6 km

pixel and 100 km radius).

CB50 CB300 PP
PCTL Date Ice6 Ice100 PSTL Date Ice6 Ice100 PCTL Date Ice6 Ice100
Inflection Arrival 0.103 02/03/2019 83 90.5 0.077 31/03/2019 96 91.4 0.185 14/04/2019 83 90.5
5th percentile 0.051 30/01/2019 92 93.4 0.053 19/02/2019 99 90.9 0.056 03/12/2018 91 85.9
10th percentile 0.1 02/03/2019 83 90.5 0.1 05/04/2019 96 94 0.1 02/12/2018 100 99.5
Inflection Departure N/A N/A N/A N/A N/A N/A N/A N/A 0.959 08/08/2019 0 2.3
95th percentile N/A N/A N/A N/A N/A N/A N/A N/A 0.951 07/08/2019 0 1.3
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Fig. 5. Heatmaps showing the number of bowhead calls per day for the months and stations that the Tukey’s test (see the box plots and the Tukey’s test results for all
months and stations in the Appendix A) indicate significant differences in diel variability, and indicate that certain days in specific months were driving the diel

patterns at PP (and, to a lesser degree, CB300).

show large variation and do not allow us to conclude any consistent diel
patterns in bowhead acoustic activity in the wider area, at each site or in
each month.

3.3. Habitat modeling

In the study area there was strong variability in wind speed and di-
rection throughout the 2018-2019 study period (Fig. A4-A6). However,
the easterly winds were prevalent year-round and strengthened during
the shoulder seasons (Fig. A7) causing ice to break-up at all sites in
November, and at CB50 also in April (Fig. A4-A7). Northerly and
westerly winds intensified during the ice-free season, and southerly
winds during the ice covered season (Fig. A7). The dominant feature is
the presence of sea ice which covers the area in winter (November to
April), fractures and opens up in mid-May, and freezes-up in late
October. At PP, less sea-ice coverage was observed in October and early
November compared to the Cape Bathurst sites.

The statistical modeling was performed to determine the environ-
mental variables associated with the bowhead daily acoustic detections.
For all four categories of the habitat models, multicollinearity (VIF > 4)
was identified between the two ice variables (Ice100 and Ice6; r = 0.88,
p < 0.001) (Fig. A3). Based on the AICc, comparison of the two uni-
variate binomial GLMs that included each of the ice variables and the
response, Ice100 was chosen as a more influential variable to bowhead
occurrence; thus, Ice6 was omitted from all global models and the
analysis. For the SHALLOW model, where all in-situ and remotely sensed
variables were considered, salinity with temperature (|r| = 0.72, p <
0.001), and z200 with z125 (r = 0.89, p < 0.001), were identified as
collinear (VIF > 4). Each of the variables in the collinear pairs was
examined in separate models to avoid multicollinearity.

AZFP model. From the four top candidate models (Table A1) that
included data from CB50 and PP, the most parsimonious contained five
explanatory variables and one interaction (Table 5). The variables that
showed a significant relationship with bowhead year-round occurrence
at the two sites were Ice Season, z125, and the interaction between Wind

speed and Ice season. The modeling results showed that the acoustic
occurrence of bowheads at CB50 and PP increased during the ice-free
period (odds ratio, OR = 32.87, p < 0.01), and with increasing z125
(OR = 1.02, p < 0.001). The interaction between Wind speed and Ice
season (OR = 0.93, p < 0.01) indicated a negative relationship with
bowhead daily detections during the ice free period in all candidate
models (OR = 0.93-0.94, p < 0.05) (Table A1), while the relationship
was positive during the ice covered and shoulder seasons. Wind speed
alone was not significant (OR = 0.98-0.99, p > 0.05) in any of the
candidate models but indicated a negative effect on whale daily de-
tections. No effect or significant relationship was shown with the z455
(OR =1, p > 0.05). All five competing models agreed on the significant
predictors and their relationship to bowhead occurrence.

DEEP model. The significant variables in all four competing top
models that included data from the deep stations (CB300 and PP)
maintained their effect and significance in all models that included them
(Table A2). The most parsimonious model included two explanatory
variables (ice season, temperature) and two interactions with ice season
(with wind speed, and temperature). According to this model, at CB300
and PP, the probability of bowheads being acoustically present in a day
was higher when temperature (measured at ~ 300 m depth) was higher,
during the ice free period (OR = 8.3 x 10%, p < 0.001). This correlation
was the strongest among the chosen models, and showed that in the
absence of ice, temperature has a strong positive effect on bowhead
presence. Conversely, during the ice covered and shoulder seasons the
effect of temperature on whale occurrence was negative. Temperature
alone had a significant negative relationship with the bowhead daily
detections (OR = 0.01, p < 0.05). Additionally, the probability of
detecting whales in a day was lower when wind speed increased during
the ice free period (OR = 0.93, p < 0.001) with the effect remaining
negative during the ice covered and shoulder season, even though it was
of lower magnitude (Fig. 6). Wind speed alone did not have a statisti-
cally significant relationship with bowhead presence (OR = 0.99, p <
0.05).

SHALLOW model. The most parsimonious model of the six top
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Table 5

Top parsimonious models within 2 AICc values from their competing models in
each of the four model categories (all competing models are shown in Tables 1-4
in the Appendix A). Effect size of the fixed effects are displayed as odds ratios. Ice
Season is a categorical term: ice free = ice free, ice cov = ice covered, ice sh =ice
shoulder. The significant variables are in bold and the significance, as dictated
by the p-value levels, is represented by these codes: *, p < 0.05; **, p < 0.01; ***,
p < 0.001.

YEAR-ROUND AZFP DEEP SHALLOW ALL
MODELS
(Intercept) 0.31 2.51 0.13 0.89
Ice season [ice free] 32.87%* 0.02* 1.77E491%** 8.93*
Ice season [ice sh] 1.67 0.92 0 1.62
Salinity 1.06
Temperature 0.01*
Wind speed 0.99 0.99 0.98
z125 1.02%**
z455 0.99
Salinity * Ice Season 0**
[ice free]
Salinity * Ice season [ice 24.35
sh]
Ice season [ice free] * 8.3 x
Temperature 108
Ice season [ice sh] * 5.62
Temperature
Ice season [ice free] * 0.93** 0.93%** 0.94%**
Wind speed
Ice season [ice sh] * 1.05 1.01 1.02
Wind speed
Random Effects
6> 3.29 3.29 3.29 3.29
T00 week:month 0.4 0.26 0.1 0.16
T00 month 4.83 2.54 6.14 5.01
T00 station 1.94 0.1 1.1
ICC 0.69 0.47 0.65 0.66
N station 2 2 3
N week 53 53 52 53
N month 12 12 12 12
Observations 701 706 348 1054
Marginal R2/ 0.101 / 0.214 / 0.784 / 0.053 /
Conditional R 0.717 0.582 0.925 0.674
AlCc 578.175 578.535 219.419 828.875

competing models (Table A3) that examined all environmental vari-
ables and bowhead data from CB50 included four explanatory variables
(Table 5). This model suggests that the ice season is most important for
explaining the presence of bowhead vocalizations at CB50 throughout
the year (OR = 1.77E + 91, p < 0.01), such that whale occurrence
increased during the ice free period (Fig. 6). At five out of the six
competing models, bowhead presence was significantly more likely
during the ice free period, indicating a strong relationship between
whales and sea-ice state. Z455 and salinity during the ice free period
were negatively correlated with bowhead acoustic occurrence at CB50,
and these variables were significant in most of the competing models
(Table A3). Salinity during the ice free period (OR =0, p < 0.01) had the
largest negative effect on the variability of whale occurrence at CB50.
Conversely, salinity during the ice shoulder had a positive effect on the
bowhead occurrence (Fig. 6).

ALL STATIONS model. Out of five top competing models, the most
parsimonious that included data from all three sites contained three
predictor variables (Table A4). The chosen model included two signif-
icant relationships indicating that: (1) as wind speed increased during
the ice free period, bowhead daily presence decreased (OR = 0.94, p <
0.001), and (2) bowhead presence was significantly more likely during
the ice free period (OR = 8.93, p < 0.01) (Table 5, Fig. 6). The rest of the
competing models also contained a significantly negative correlation
with wind speed alone (OR = 0.97p < 0.05). Even though wind direction
was present in two of the competing models, any relationships with the
bowhead daily detections were not significant (Table A4).

The AZFP, DEEP, and ALL STATIONS models showed low marginal
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R? values (0.10, 0.21, 0.05, respectively), indicating that the models’
fixed effects explained little variation. These models had much larger
conditional R? values (0.72, 0.58, 0.68 respectively) (Table 5), sug-
gesting that other factors captured in the random effects explained a
greater proportion of the variation. A conditional R? that approaches
one is an indication that most of that unexplained variation is between
stations rather than between observations within stations. The
SHALLOW model that considered all environmental variables and
included data from only one station had R? = 0.78 (conditional R? =
0.92), explaining a very large amount of variability in the data. Overall,
the use of a categorical Ice season variable with three levels (accounting
for the ice shoulder period) instead of two (ice covered and ice free)
improved to a great extend the performance of all four types of models
and increased their variance explained (marginal R* AZFP — 0.083,
DEEP — 0.076, ALL — 0.034, SHALLOW — 0.35; conditional R% AZFP —
0.69, DEEP — 0.65, ALL — 0.68, SHALLOW — 0.78).

Models that included only the spring-summer data were also exam-
ined but gave very similar results to the year-round models when
considering the ice-free period results.

3.4. Sound levels

The measurement of underwater sound levels was implemented to
consider any interferences of noise on the detectability of the whales.
Seasonal variability of sound levels was observed at all sites (Fig. 7,
Table 6). A GLM showed that about 30% of the sound level variability at
all stations and frequencies was driven by wind speed with the two
variables showing a linear positive relationship (Table 6). The signifi-
cant increase of sound levels in all cases in the summer coincided with
the absence of ice that exposes the underwater soundscape to the in-
fluence of processes at the air-ocean interface (e.g. waves). Thus, the
effect of wind speed to the increase of underwater sound levels is more
prominent during the ice free period (Table 6). Sound levels at CB50
were substantially higher compared to CB300 and PP, mainly due to
strumming noise produced by the mooring but also linked to the shallow
depth of the site. No files that were polluted by strumming noise were
removed from the sound levels analysis, since strumming sound can be a
legitimate concern when trying to detect bowhead vocalizations, and the
point of the analysis was to assess the influence of sound levels on the
detection of bowhead vocalizations.

The CCF plots of wind speed measurements from the Cape Parry
weather station and the SPLs measured at each site revealed a strong
correlation, especially at higher frequencies (Fig. 7). Specifically, at
CB50 and CB300, the highest correlation was 53% at the 10-24 kHz
bandwidth (-1 and -3 h lag, respectively). SPLs at PP were 58% corre-
lated (1 h lag) at the 1-10 kHz frequency band with the wind speed
measurements. The positive or negative lags are most likely related to
the position of each acoustic site compared to the Cape Parry climate
station. The use of the smoothed variables for the visual examination of
the seasonal variability and the relationship between wind speed, sea-ice
coverage and SPLs indicate that as sea ice disappears in May, the SPLs at
all three frequency bands respond with an abrupt increase (Fig. 7). This
effect appeared to be stronger at the medium frequency band (1-10
kHz).

4. Discussion

The analysis of three year-long acoustic datasets from the southern
Amundsen Gulf provides important insights into the spatial and tem-
poral variability of the bowhead occurrence in the western Canadian
Arctic. The endemic bowhead whales were detected at all three stations
for most months of the year, confirming the ecological importance of the
southern Amundsen Gulf. Most importantly, all three study sites repre-
sent prime habitat for bowheads during the summer, and were chosen by
some individuals during the entire year. Systematic manual bioacoustic
analysis of a sample of the recordings (13.5% to 38% of the acoustic
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files) allowed us to quantify temporal patterns, and measurements of
environmental variables and estimates of bowhead prey assisted the
assessment of drivers of habitat use for bowhead whales through an
entire year (September 2018 — October 2019) off Cape Bathurst and
Pearce Point.

4.1. Temporal patterns in bowhead detections

Our results showing the peak of bowhead occurrence in this part of
the Amundsen Gulf during the spring and summer months at all acoustic
stations agree with results from previous studies (Citta et al., 2015;
Clarke et al., 2018; Halliday et al., 2018; Harwood et al., 2017) and
Indigenous knowledge (Huntington et al., 2021a). This summer
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residency reflects part of the general migration pattern of bowheads,
who typically spend their summers feeding in the western Canadian
Arctic. The almost continuous acoustic records of bowhead calls from
April until August verifies that the southwest Amundsen Gulf is an
important site for bowhead whales in the summer. Cape Bathurst is of
special ecological importance and makes a good habitat for bowheads,
especially near the shallow site that was occupied continuously by
whales from March until September, longer than tagged bowheads in
2006-2012 who left the area by mid-August (Citta et al., 2015).
Recurring upwelling events make Cape Bathurst an ecological hotspot,
at times occupied by a large abundance of foraging bowheads, about ten
times greater than bowhead densities on the Beaufort Shelf (Citta et al.,
2015; Harwood et al.,, 2010; Walkusz et al., 2012). Surprisingly,
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bowhead calls were also detected during winter, although at low
detection rates (1-5 days per month), when the animals were expected
to have migrated from the Canadian Beaufort Sea/Amundsen Gulf to
their winter breeding grounds in the northern Bering Sea. This obser-
vation is discussed by Insley et al. (2021).

Seasonal analyses demonstrated some variations in bowhead pres-
ence between stations, with a generally higher probability to detect
bowheads near Cape Bathurst (CB50) throughout the year compared to
the other two sites. CB50 is preferred by the animals compared to the
adjacent deeper site (CB300) even though they are only 32 km apart
(CB50 is 170 km from PP). Located in relatively shallow water (43 m)
about 12 km from the shore (PP is ~ 40 km from the shore), the CB50
site is part of the Cape Bathurst flaw lead polynya complex where the
absence of solid ice could facilitate the presence of whales (Arrigo and
van Dijken, 2004; Citta et al., 2015) in the winter and year-round.

The shallower habitat of the CB50 recorder is likely what increased
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the probability of bowhead occurrence compared to the deeper stations
(CB300 and PP at 290 and 348 m, respectively). Bowheads from the
Eastern Canada-West Greenland stock are found to feed at shallower
depths in spring and summer (at 70 and 120 m, respectively) compared
to the rest of the year (250 m) (Fortune et al., 2020). Also, bowheads
from the BCB stock while in the Amundsen Gulf, spend most time
feeding at about 75 m (Citta et al., 2015). At a shallow site of the Alaskan
Beaufort Sea, Thode et al. (2016) estimated that bowheads were calling
at depths between 25 and 30 m. However, there is not enough known
about the actual calling behavior of bowheads at different depths, sea-
sons, sites, or in the context of specific activities. In our research we did
not account for animals that were not vocalizing, but expect that our
acoustic monitoring fully captures the daily presence of calling and
foraging individuals representing meaningful temporal patterns at each
site. Additionally, bowhead calls have a source level around 150 dB re 1
pPa at 1 m (Cummings & Holliday, 1987; Thode et al., 2020), such that a
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Table 6

GLM results showing the relationship between SPLs and wind speed
when all three frequency bandwidths (low, medium, high) are pooled.
Ice Season is a categorical term: ice free = ice free, ice cov = ice
covered, ice sh = ice shoulder. The significance of the variables, as
dictated by the p-value levels, is represented by these codes: *, p < 0.05;
** p < 0.01; *** p < 0.001.

Predictors Estimates
(Intercept) 86.72%**
Station [CB300] —4.15%**

Station [PP]

Ice season [ice free]

Ice season [ice sh]

Wind speed

Ice season [ice free] * Wind speed
Ice season [ice sh] *Wind speed
Observations

R?

AlCc

20498.902

bowhead vocalizing near the surface would easily be detected by the
recorders at 43 m and near 300 m depth, and over distances > 10 km.
Shallow water acts as a high (and low) pass filter on low frequency
sounds so the detection range is likely less on the shelf than it is in deeper
water. Therefore, bowhead signals should propagate effectively and be
detectable over greater distances at the deeper sites (CB300 and PP).
That, combined with the higher detection rates at CB50, reinforces the
indication of bowheads selecting for the Cape Bathurst shallow habitat,
particularly during the spring and summer.

Even though our ability to detect bowhead calls and the maximum
distance for detections change with underwater sound, depth, and
temperature, we do not expect systematic biases at our determination of
spatio-temporal patterns. Specifically, the much higher sound levels at
the shallow site (CB50), and especially in the summer (Fig. 7), might
cause lower bowhead detections at this site which do not appear to affect
the patterns presented here. Instead, more bowhead detections occurred
at CB50 in the summer and also compared to the deeper sites, empha-
sizing the robust assessments of the spatial patterns.

The higher sound levels recorded in summer at all sites (Fig. 7), when
the number of bowhead whale calls was significantly higher, suggest
that the seasonal pattern quantified for bowhead occurrence was also
not an artefact of the seasonal variability of wind speed and underwater
noise levels. Even though the sound models and the habitat models
suggest that wind likely had a masking effect on the detectability of
bowhead signals, the shape of the seasonal patterns presented here
should be unaffected. Nevertheless, the detection rates of the whales are
likely to be underestimated, particularly at the deep sites (as shown by
the DEEP model). The SHALLOW model does not imply an effect of wind
speed on the bowhead daily presence at CB50, which is likely related to
higher received levels of bowhead calls at CB50 due to their proximity to
the recorder. On the other hand, CB50 had higher flow-noise than the
other sites, increasing the sound levels at low frequencies (<100 or 200
Hz) (Bassett et al., 2014; Simard et al., 2014). With the majority of
bowhead signals ranging in frequency between 100 and 500 Hz, we
expect some effect of strumming noise on the detectability of the bow-
head calls produced at the lower end of the frequency range, likely
resulting in an underestimation of the number of calls detected at CB50.
Despite this potential masking from flow noise, CB50 still had a strong
seasonal pattern and higher bowhead residency compared to the deeper
sites.

Considering any other potential biases to bowhead whale presence,
whether the high-frequency AZFP signals (at 38, 125, 200, and 455 kHz)
are perceived by the animals and disturb them in any way, is unknown.
However, the AZFP emissions are highly directional and are likely to be,
at most, detectable only by bowheads almost directly above the
mooring. Further, since AZFPs were deployed at all sites and functioned
throughout the deployments, we expect any possible effects to be similar
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at all sites, and hence do not expect any interference or bias on the
seasonal patterns presented here. During periods with increased un-
derwater sound levels (e.g., storms, noisy ice processes), the detect-
ability (manual or automated) of bowhead calls decrease due to
masking. However, manual analysis allowed calls of much lower
amplitude to be identified with sufficient confidence compared to the
automated detector. Overall, any masking effect due to the variability of
sound was not taken into account for the quantification of seasonal
patterns of the whale occurrence; as a result, our figures can be
considered conservative.

Additional false negatives from the automated detector occurred due
to similarities with other marine mammal sounds. For example, bow-
head song was often misclassified by the detector as beluga calls due to
its high-frequency components. Also, a type of bearded seal call of lower
frequency and shorter duration and two types of ringed seal call (growls
and woofs) were often misclassified by the detector as bowhead moans
due to overlap in their acoustic characteristics. By manually analyzing
all automated detections, all misclassifications by the detector were
excluded from the results presented here. During the period of ice cover,
the detected bowhead calls were largely of lower amplitude and were
more likely to be confused for ringed seal sounds. Nonetheless, our
winter results include several examples of acoustic signals with no
wavering or pulsed component so that we are confident they belong to
bowheads and are not confused with other species, including ringed
seals. Additional efforts, including careful manual analysis, are gener-
ally required to discriminate species with confidence when ranges
overlap temporally and spatially.

The seasonal pattern was characterized by west-east-west move-
ments. Acoustic detections progress across the three sites, eastward in
the spring and westward in fall, following the typical migratory route of
bowheads, similar to Clark et al. (2015) but on a smaller spatial scale. In
2018-2019, migrating bowheads arrived first at CB50 (most western
site) in early March, but did not arrive at CB300 or PP until early and
mid-April, respectively. At the end of the season, evidence of the fall
whale migration started at PP (most eastern site) in August, while
bowheads migrated away from the two CB stations in October. During
this study, abundance estimates of mesozooplankton increased at CB50
in the fall (Fig. 8, Fig. A3) suggesting a food-web or aggregation
response of potential forage zooplankton that could have influenced fall
bowhead occupation of CB50. Also, dominant easterly winds influenced
ice motion that may have supported the localized east to west move-
ments of the whales near Cape Bathurst.

The steep increase in bowhead detection across sites in April resulted
partly from singing activity, mentioned above, which occurred during
the arrival of whales at their foraging grounds. Songs were detected as
early as 7 March 2019 at CB50, and as late in the season as 27 September
2019 at CB50. The peak of singing takes place predominantly from
December to February at the Bering Sea breeding grounds, typically
lasting from October to April annually (Delarue et al., 2009). Therefore,
our song detections in the Amundsen Gulf are likely part of the ending
(in spring) and beginning (in early fall) of their stereotypical winter
singing behavior, which might serve communication and coordination
functions during migration. Songs are presumed to be produced by
males as a reproductive display or during agonistic behaviour (Stafford
and Clark, 2021), indicating that all three sites are occupied by male
bowheads. Although more larger animals were also found in the
Amundsen Gulf during aerial surveys in the 1980s (Koski et al., 1989),
with our acoustic recordings we are unable to conclude whether there
were strong sex or age segregations at our sites. Bowhead song was re-
ported here for the first time on the BCB summer grounds, even though
PAM has been implemented elsewhere in the Amundsen Gulf since 2014
(e.g., Halliday et al., 2018, 2019, 2020). Further details of the call types
detected and their acoustic parameters or their temporal occurrence is
not common practice to be presented in studies of cetacean temporal
patterns or habitat preferences (Diogou et al., 2019¢, 2019b, 2019a;
Halliday et al., 2018) and falls out of the scope of this work.
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The absence of consistent diel patterns throughout the year or across
all sites agree with Halliday et al. (2018) at the northern Amundsen Gulf,
and Blackwell et al. (2007) at the western Beaufort Sea, who also did not
observe strong diel patterns. However, like Blackwell et al. (2007) who
recorded significantly higher detection rates at night than in daytime
during their fall recordings, we recorded higher detection rates in the
late hours of the day. Diel differences were more prominent at the deep
sites in summer and may represent a synchronization to the movements
of copepods and euphausiids, key prey species for bowheads that un-
dergo diel vertical migration and feed at the surface at night in the
eastern Beaufort Sea in the summer (Dmitrenko et al., 2020).The
increased whale detection rates during the later hours of the day could
be related to increased vocal activity due to foraging in deeper waters (i.
e., Pearce Point) where zooplankton DMV was evident. However, syn-
chronized diel movements of zooplankton at CB50 was not evident given
the highly-dynamic shallow water column (AZFP unpublished data, A.
Niemi), such that call numbers did not significantly vary over the diel
cycle.

4.2. Habitat associations with bowhead detections

Year-round variability in ice concentration, wind speed,
zooplankton, bottom salinity, and bottom temperature were signifi-
cantly associated with the bowhead acoustic occurrence in the
Amundsen Gulf in 2018-2019, as shown in the four types of the most
parsimonious models. Even though habitat variables only explain a part
of the variation (5 to 78%) in the acoustic presence of bowhead whales,
these relationships allow us to generate hypotheses about the potential
mechanisms that determine bowhead whale distribution at their feeding
grounds. The low marginal R? values for most models indicated that
there are likely one or more factors that we failed to capture in our
models. However, it is common in ecological studies to only
explain<10% on average (2.5 to 5.4%) of the variance observed in the
data (Mgller and Jennions, 2002), and, in particular, whale habitat
models tend to show low predictive power. The higher R? value for the
SHALLOW model is likely due to the fact that it includes data from only
one station when should be easier to capture the habitat preferences
compared to attempting that for different sites where variability is much
higher. Here, we discuss the bowhead distribution by seeking clues that
reveal the physical mechanisms that may aggregate prey and optimize
foraging for the whales.

Ice concentration provides a dominant control for Arctic organisms
and their distributions (Bluhm et al., 2017). Ice is a fundamental feature
of bowhead habitat selection (Ferguson et al., 2010; Steiner et al., 2021)
affecting them by influencing access to habitat and via food-web pro-
cesses. All four models point to ice being the most important predictor of
bowhead whale acoustic presence. Bowheads navigate a highly dynamic
ice-covered environment, travelling from thick pack ice fields to young,
thin ice areas and open water in the summer. Similarly to Clark et al.
(2015), who detected bowheads in fully ice-covered areas in the western
Beaufort Sea during winter and fall, our detections reveal that bowheads
arrived when ice concentration was still high (80-100%) at their spring
feeding sites in the southern Amundsen Gulf. However, our models
indicate that their daily occurrence was less probable when the sea was
ice covered (i.e. > 70%), agreeing with previous work at the northern
Amundsen Gulf (Halliday et al., 2018).

At the shallow CB50 site, the chance to detect bowhead calls
increased significantly during the ice-free season. However, at the deep
sites that relationship reverses, with a higher presence of bowheads at
CB300 and PP in November-December. The formation of land-fast ice
(immobile, attached to the coastline) by November/December at the
CB50 site may have caused the pack ice (mobile, wind-driven) around
CB300 and PP to be more preferable habitat for whales during that
period. Thus, in late fall, bowhead whales appear to be detected more at
deeper sites and further from the shore, exhibiting a preference for
mobile first-year ice (i.e. in Fig. A6 compared to ice concentration in
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Fig. A4 during November). Additionally, sound propagation is more
efficient at the deeper sites, so distant bowheads during November-
December are more easily detected at CB300 and PP compared to CB50.

The control of sea ice on upwelling (Pickart et al., 2013, 2009),
stratification and circulation (Meneghello et al., 2021), and primary
producers that fuel Arctic food webs (Niemi et al., 2019) can influence
foraging opportunities for whales. This control exerted by sea ice on
food resources likely contributed to the positive relationship we
observed of the bowhead detections with zooplankton density and the
ice-free season (AZFP model).

Temperature is an important driver for the marine ecosystem and
crucial for bowhead whales that thrive in low water temperatures
(<2°C) and ice dominated environments. In our models, bottom tem-
perature at the deep sites is among the most influential oceanographic
variables showing a negative relationship with bowhead occurrence
during the ice covered period and a positive one during summer (ice free
period). The linkage between temperature at depth and bowhead de-
tections is unclear, and it could be (a) related to the presence of prey that
respond directly to temperature or undergo seasonal migrations to the
Atlantic layer in Amundsen Gulf (Darnis and Fortier, 2014) or (b) a
reflection of overall seasonal changes in the system. Since the temper-
ature at CB300 and PP is measured at about 300 m, the corresponding
water mass represents waters of Atlantic Ocean origin, which occur
below waters of Pacific Ocean origin (Scheifele et al., 2021). Tempera-
ture fluctuations at that depth could be linked to eddies (Kubryakov
etal., 2021) or downwelling and relaxation events which have also been
associated with higher copepod nauplii abundances compared to intense
upwelling that lasted 1-5 days (Jones and Halpern, 1981; Papastepha-
nou et al., 2006; Smith et al., 1986). Additionally, in the Barents Sea,
bowheads’ main prey, C. hyperboreus and C. glacialis, showed a negative
relationship with temperature and higher biomass in deep vs. shallow
water (Aarflot et al., 2018), while faster hatching and development
times have been shown in C. glacialis at lower temperatures (0 °C)
(Cornelius et al., 2013; Weydmann et al., 2015). Finally, the strong
positive relationship with temperature in the summer likely masks a
seasonal trend in both temperature and whale presence.

The negative correlation between salinity and bowhead presence
during summer at CB50 likely corresponds with seasonal ice melt that
lowers water salinity at the time of bowhead migration into Amundsen
Gulf. The plume of the Mackenzie River would also decrease salinity at
CB50 as it moves at the surface and turns eastward into Amundsen Gulf.
The Mackenzie River source of freshwater peaks in May and continues
throughout the summer (Carmack and Macdonald, 2001; Lansard et al.,
2012). Discharge from the Husky and/or Horton Rivers into Franklin
Bay could also decrease the water salinity at CB50 (Lansard et al., 2012),
contributing to the observed relationship between salinity and bowhead
presence at this hotspot location. The abundance of bowheads’ prey,
C. glacialis, also declined with salinity and temperature in samples from
shallow areas in the eastern Arctic (Daase and Ola, 2007).

Previous studies have shown a strong response of bowheads to
concentrated calanoid copepod prey at Cape Bathurst (Walkusz et al.,
2012). Estimates of copepod abundance (z455) were indeed highest at
CB50 and analyses over a diel cycle indicated that z455 was low in the
presence of bowheads suggesting efficient foraging. Bowhead detections
were only positively associated with z125, not z455, throughout the
year. These results suggest that at both CB50 and PP, the less abundant,
yet highly nutritious, prey such as euphausiids and amphipods, could be
especially important to support bowhead presence during the ice-
covered period when key copepod species (e.g. C. hyperboreus) have
undergone their seasonal migration to deeper water (Darnis et al.,
2017). Highest z125 values at PP occurred in December (Fig. 8), coin-
ciding with the highest chance to detect bowheads that month at PP
compared to the CB sites (Fig. 4). The z125 increase at PP may represent
an offshore movement of prey to which the bowheads may respond if
present during winter. The z125 peak in May and overall higher values
through June at CB50 (Fig. 8), coincide with the higher probability to
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detect bowheads there in April-June (Fig. 4). At other Arctic sites, such
as the Chukchi Sea and the western Beaufort Sea that bowheads use as
corridors during their migration routes, no relationship was established
between whales and their abundance of prey (Stafford et al., 2021; Tsujii
et al., 2021).

Wind speed appeared as a significant variable for all model types,
emphasizing the consistent negative effect that wind can have on bow-
head daily detections. High wind speeds can increase underwater sound
levels significantly (Fig. 7, Table A5), thus decreasing the detection of
acoustic signals of interest. Hence, wind noise can mask low-amplitude
bowhead calls, and produce the negative relationship between wind
speed and bowhead daily occurrence across sites. However, the fact that
wind speed does not appear to negatively affect the bowhead daily
presence at the shallow station (CB50), where sound levels are higher,
indicates that the wind-induced underwater noise is likely less signifi-
cant for the detectability of bowhead signals at a site with a high number
of whales. The opposite seems to be true for the deeper sites where the
occurrence of bowheads is lower (the probability of detecting bowhead
calls increases with the number of whales present). The interaction be-
tween wind speed and Ice season indicates that the negative effect of
wind speed becomes stronger during the ice-free period, likely because
ice has a dampening effect on underwater noise production by winds.
The same relationships were observed at the northern Amundsen sites in
2015-2016 (Halliday et al., 2021; Insley et al., 2017), and at the western
Beaufort Sea when bowhead detection rates would decrease on windy
days (Blackwell et al., 2007). However, wind magnitude can also have
an ecological impact on the ecosystem. For instance, in a highly pro-
ductive system in oceanic waters around southwest Africa, primary
productivity remained low during strong upwelling winds but increased
as soon as winds weakened (Jones and Halpern, 1981). However, the
positive effect of wind speed during the ice shoulder season in the AZFP
model is likely an indication of increased easterly winds in mid-May
(Figure A7) that advect ice offshore and cause upwelling of nutrients
and the formation of phytoplankton blooms that fuel the entire food web
(Arrigo and van Dijken, 2004; Carmack and Macdonald, 2001; Pickart
et al., 2013). Even though wind direction plays a significant role in the
functioning of the ecosystem, it remained an insignificant variable in all
our models. The relationship between whale occurrence and wind di-
rection might be lagged, or perhaps a finer scale wind measurement
(closer to the site locations) is required to capture potential effects on the
ocean biological productivity.

5. Conclusions

Passive acoustics is a highly efficient tool for the assessment of
bowhead whale distribution and the only method to measure compar-
ative values and monitor changes in the underwater soundscape. With a
complete year of acoustic recordings from multiple locations in the
western Canadian Arctic, this work emphasizes the importance of the
southern Amundsen Gulf for foraging bowhead whales that are
constantly present in summer but also more sparsely in winter. The Cape
Bathurst area has been described as an ecological hotspot and important
habitat for bowhead whales. This study confirms the continued use of
the area by bowheads, identifying smaller-scale variability in habitat use
at Cape Bathurst such that locations < 50 km apart can have drastically
different bowhead presence. Bowheads first reach the shallower Cape
Bathurst in early spring when a combination of strong easterly winds,
the polynya and lower ice coverage allow access to the area, and an
earlier start of pelagic primary production. The presence/absence of sea
ice plays a key role in the habitat use of whales that dominate all sites
during the ice free period. Some bowhead whales were found to over-
winter at all sites in the southern Amundsen Gulf in 2019, suggesting
that the decrease in the seasonal cycle of sea ice and the presence of
euphausiids and amphipods could support them physically and nutri-
tionally, and, at a larger scale, is triggering unprecedented shifts in the
marine ecosystem (as explained in Insley et al., 2021).
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With this work, we have sought to improve our understanding of
how changes in factors such as sea-ice coverage, wind speed, water
temperature, salinity, and zooplankton density effect bowheads in the
Amundsen Gulf. Decreasing bottom water temperature and wind speed
are considered here as indications of relaxation or downwelling events
and perhaps eddies, that help aggregate bowhead prey and make it
available for the whales at deep sites. Considering the complexity of
physical and biological processes taking place in the water column and
within the trophic web, these variables do not fully explain bowhead
whale ecology. Further investigation of additional oceanographic vari-
ables, in situ and sensed remotely, both along the water column and on
the sea surface (such as water column stratification, sea surface height
anomalies and upwelling indices, sea surface temperature, and cur-
rents), should improve future models.

Expanding the network of acoustic stations and the temporal scale of
acoustic observations is imperative to allow interannual comparisons of
bowhead habitat use and clarify their responses to underlying ecological
processes. Further investigation of the AZFP data over the water column
and through time could provide additional information on the prey-
predator dynamics. These recommendations are the basis of our plans
for our next research efforts. The Arctic, one of the last relatively pristine
acoustic habitats in the world, is undergoing rapid changes. Due to its
intrinsic harsh conditions and remoteness, the use of passive acoustic
methods is paramount to long-term Arctic underwater monitoring, and
is crucial for the conservation of the entire Arctic ecosystem and its
native anthropo-communities.
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