
OPEN ACCESS | Research Article

Seasonal and diurnal marine mammal presence in the
proposed marine protected area of Southampton Island,
Hudson Bay, Nunavut as revealed by passive acoustic
monitoring
Veronica Laura Maria Coppolaro a, Kaushik Guptaa, Lisa Losetoa,b, C.J. Mundya, and Marianne Marcouxb

aCentre for Earth Observation Sciences, University of Manitoba, Winnipeg, MB, Canada; bFreshwater Institute, Fisheries and Oceans
Canada, Winnipeg, MB, Canada

Corresponding author: Veronica Laura Maria Coppolaro (email: coppolav@myumanitoba.ca)

Abstract
Marine protected areas contribute to mitigating the effects of human activities on marine ecosystems. The waters of

Southampton Island, Nunavut, Canada are under consideration to become a marine protected area, but baseline informa-
tion of marine mammal presence and habitat use is lacking. This study represents the first passive acoustic monitoring of
marine mammals in this area, with data collected in 2018 and 2019. Bioacoustics analyses and generalized linear models were
used to investigate species seasonal and temporal vocalization trends; infer behavior and habitat use from vocal cues; and ex-
plore vocal activity correlation with sea ice. Over a diel period, bearded seals (Erignathus barbatus (Erxleben, 1777)) and walruses
(Odobenus rosmarus (Linnaeus, 1758)) were found to increase their vocal activity at night, whereas belugas (Delphinapterus leucas
(Pallas, 1776)) mainly vocalized during daytime. Seasonally, bearded seals were recorded only during their breeding season at
sea ice break-up, while walruses vocalized consistently throughout the open-water period outside their breeding season. Bel-
uga vocal trends suggest their use of the area as a migratory corridor during sea ice break-up and freeze-up. Finally, bowhead
whales (Balaena mysticetus Linnaeus, 1758) were recorded later than expected, concurrently with the onset of their mating vocal
displays during the fall migration at sea ice freeze-up.
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Introduction
Protected areas are an important tool for ecosystem conser-

vation both on land and at sea (Chape et al. 2005; González-
Maya et al. 2015; Simard et al. 2016; Xavier da Silva et al.
2018; Pacifici et al. 2020; Ranius et al. 2023). Marine pro-
tected areas (MPAs) play a fundamental role in biodiversity
conservation, habitat restoration, reduction of human distur-
bance, and sustainable management of marine and coastal
ecosystems (Gallardo et al. 2017; Bruno et al. 2018; Sala et
al. 2021; Schmidt et al. 2022). In the last decades, MPAs have
also been recognized as an effective instrument to mitigate
climate change impacts on marine ecosystems by limiting
many of the stressors that affect the local fauna (Hopkins
et al. 2016; CAFF and PAME 2017; Maestro et al. 2019; IPCC
2022). Despite their importance, MPAs cover around 8% of
the ocean and only 3% is fully protected, compared to 15%
of protected land and inland waters worldwide (Maestro et
al. 2019; Sala et al. 2021; UNEP-WCMC and IUCN 2023). Given
the growing pressure that climate change and the related in-
crease in human activity in the ocean is exerting on marine
species, establishing MPAs has become a compelling issue

and a fundamental instrument for reaching the global goal
of protecting 30% of the ocean by 2030 (IPCC 2022; Lalonde
et al. 2022; UNEP, CBD and COP 2022; UNEP-WCMC and IUCN
2023). Among the most affected regions on the planet, the
Arctic is currently experiencing rapid changes in its marine
environment (Garcia-Soto et al. 2021; IPCC 2022). Its cur-
rent warming rate is up to four times the global average,
which contributes to a rapid decrease in sea ice thickness, ex-
tent, and seasonal coverage duration (Comiso and Hall 2014;
Parkinson 2014; Crawford et al. 2021; IPCC 2022; Rantanen et
al. 2022). Sea ice loss represents a significant threat to many
Arctic species, which rely on it as a resting, hunting, and
pupping platform (Stirling and Derocher 2012; Iacozza and
Ferguson 2014), and benefit from it as a barrier to predators
and competing species (Kingsley and Stirling 1991; Higdon
et al. 2012; Florko et al. 2018). Moreover, decreasing sea ice
and longer open-water periods lead to a more accessible Arc-
tic Ocean, with a consequent expansion in human activities
such as vessel traffic (Pizzolato et al. 2016; Andrews et al.
2018; Dawson et al. 2018; Stevenson et al. 2019). Altogether,
climate change and human disturbance are expected to in-
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tensify their pressure on the Arctic environment with po-
tential negative consequences on marine species at both the
individual and population level (Tynan and DeMaster 1997;
Burek et al. 2008; Laidre et al. 2008, 2015; Moore et al. 2012;
Pirotta et al. 2018; Booth et al. 2020). Among the affected
species, marine mammals are of particular interest as they
are considered sentinels of their environment (Moore 2008;
Fossi and Panti 2017; Hazen et al. 2019). Therefore, knowl-
edge of marine mammal presence and habitat use is critical
to determine hotspots, provide baseline information to mon-
itor potential future changes in the ecosystem, and to inform
conservation objectives in the assessment process of MPAs
(Fossi and Panti 2017; Hazen et al. 2019). The waters around
Southampton Island in Hudson Bay, Canada are characterized
by an Arctic climate and experience a complete seasonal ice
cover, which is undergoing rapid and persisting changes, in-
cluding an increase in vessel traffic (Gagnon and Gough 2005;
Andrews et al. 2018; Dawson et al. 2018). This area belongs to
the Kivalliq Region of the Canadian territory of Nunavut and
represents an ecological hotspot for many marine mammal
species (Stewart and Lockhart 2005; DFO 2011; Carter et al.
2019; Yurkowski et al. 2019; Loewen et al. 2020). The Central-
Low Arctic walrus (Odobenus rosmarus (Linnaeus, 1758)), the
ringed seal (Pusa hispida Schreber, 1775), and the bearded seal
(Erignathus barbatus (Erxleben, 1777)) are year-round residents,
whereas the Eastern Canada-West Greenland (EC-WG) bow-
head (Balaena mysticetus Linnaeus, 1758) and the Western Hud-
son Bay beluga (Delphinapterus leucas (Pallas, 1776)) whale pop-
ulations migrate to this area every summer (DFO 2011; AMAP
2013; Carter et al. 2019; Yurkowski et al. 2019; Loewen et al.
2020). The region is also known to be occasionally used by
Northern Hudson Bay narwhals (Monodon monoceros Linnaeus,
1758) and Northwest Atlantic harp seals (Pagophilus groenlandi-
cus (Erxleben, 1777)), and increasingly by Eastern Canadian
Arctic killer whales (Orcinus orca (Linnaeus, 1758)) (Higdon et
al. 2012; NCRI 2012; Loewen et al. 2020). Many of these species
are listed as Special Concern by the Committee on the Status
of Endangered Wildlife in Canada (COSEWIC). The Inuit com-
munity of Salliq—— (or Sallit—— ) / Coral Harbour is
the only community on the Island and has a population of
around 1000 inhabitants (Statistics Canada 2023). The com-
munity relies on the marine areas surrounding Southampton
Island for subsistence harvesting of several of the aforemen-
tioned species (Hay et al. 2000; Hoover et al. 2013; Carter et
al. 2019; Loewen et al. 2020). Due to the importance as both a
marine mammal hotspot and as harvesting ground for local
communities, this region was recognized as an area of inter-
est (AOI) by Fisheries and Oceans Canada (DFO) in 2019 and is
currently under consideration to become an MPA under the
Ocean Act (1996) (Loewen et al. 2020). Despite these efforts,
decreasing sea ice and increasing vessel traffic in and around
the AOI pose potential threats to the ecosystem, hence under-
standing the impact that they might have on marine mam-
mals in this key area is urgent (Carter et al. 2019; Loewen
et al. 2020). However, baseline information on marine mam-
mal use of the AOI is currently sparse (Carter et al. 2019;
Yurkowski et al. 2019; Loewen et al. 2020). To improve our
knowledge on marine mammal habitat use in this area and
provide information that can support the creation of an MPA,

we collected data using passive acoustic monitoring (PAM).
PAM is a non-invasive tool for long-term data collection in
marine areas (Sousa-Lima et al. 2013; Henderson et al. 2018;
Heenehan et al. 2019; Davis et al. 2020), which has been suc-
cessfully used to record biological and anthropogenic sounds
in the Arctic and has contributed to the monitoring and man-
aging of MPAs (Marcoux et al. 2017; Halliday et al. 2019; Kline
et al. 2020; Castellote et al. 2013, 2021). In this study, we ad-
dress current knowledge gaps on marine mammal presence
and use of the Southampton Island AOI using PAM. Specifi-
cally, the objectives of this paper are to (1) provide a baseline
of marine mammal occupancy of the AOI based on under-
water vocal activity of both resident and migratory species;
(2) investigate marine mammal use of the area by analyz-
ing species-specific vocal cues and their seasonal and diur-
nal trends; and (3) explore the influence of sea ice on species
acoustic presence by studying the potential correlation be-
tween sea ice concentration (SIC) and marine mammal acous-
tic detections.

Materials and methods

1 Data collection
Passive acoustic underwater data were collected in the

marine area south of Southampton Island in Hudson Bay,
Nunavut, Canada (Fig. 1). Three hydrophones were deployed
during two field campaigns; hydrophones in Evans Strait (ES)
and South of Coats Island (CI) were installed in June 2018
around 197 km apart, whereas the hydrophone in South Bay
(SB) was deployed in September 2019 at a distance of 33 km
from the community of Salliq and around 95 and 234 km
from the previous deployment locations of hydrophones ES
and CI, respectively. Hydrophones ES and SB were deployed
inside the Southampton Island AOI, whereas CI was located
outside of its borders (Fig. 1). Each hydrophone was part of
a set of instruments connected to each other in a chain-like
style and was deployed as a distinct oceanographic mooring
anchored to the seabed (Fig. A1). All moorings were deployed
as part of the Southampton Island Marine Ecosystem Project
(SIMEP) (Mundy 2022), and hydrophones were opportunisti-
cally installed on the moorings as a pilot project. The 2018
acoustic dataset was collected using a TR-ORCA hydrophone
by Turbulent Research (https://turbulentresearch.com/tr-orc
a), whereas the 2019 dataset was collected using an AURAL-
M2 hydrophone by Multi-Électronique (http://www.multi-elec
tronique.com/aural.html). Deployment information such as
location, survey period, and deployment depth, together with
hydrophone settings are presented in Table 1. The TR-ORCA
hydrophones recorded at a sample rate of 192 kHz with no
set gain, while the AURAL-M2 used a sample rate of 32 kHz
and a gain of 16 dB. The duty cycle of 55 min on and 5 min
off was the same for the two hydrophone types.

2 Data processing

2.1 Bioacoustic data collection and analyses

Acoustic data were analyzed to investigate marine mam-
mal seasonal presence and diurnal vocal trends in the prox-
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Fig. 1. Map of the study area showing hydrophone locations in Evans Strait (ES), South of Coats Island (CI), and in South
Bay (SB). The extent of the Southampton Island area of interest is shown in turquoise. The map was created in RStudio with
shapefiles from the Flanders Marine Institute (2018) and Fisheries and Oceans Canada. The coordinate reference system is
GCS_North_American_1983 and the projection is Lambert Conformal Conic.

Table 1. Mooring deployment information and hydrophone settings.

Mooring
name

Hydrophone
type

Period analyzed
(DD/MM/YYYY)

Number of available
recordings Coordinates

Hydrophone
depth (m)

Ocean floor
(m)

Sample
rate (kHz)

Duty cycle
(min)

Gain
(dB)

ES TR ORCA 5 June 2018–6
December 2018

3054 63◦11′00.1′′N
81◦58′52.4′′W

142 194 192 5 ON/55
OFF

0

CI TR ORCA 16 June 2018–31 July
2018

1096 61◦45′36.8′′N
84◦18′10.3′′W

150 179 192 5 ON/55
OFF

0

SB AURAL-M2 2 September 2019–30
November 2019

2160 63◦48′15.4′′N
83◦17′02.6′′W

34 52 32 5 ON/55
OFF

16

imity of each mooring location. A total of 7543 5-min audio
files were manually analyzed using the sound analysis soft-
ware Raven Pro, version 1.6.4 (Raven Pro 2023). Species vocal-
izations were examined both aurally and visually by creating
spectrograms in Raven Pro using a Hann window of 6000 sam-
ples with 50% overlap. This provides frequency resolutions
of 33.3 and 5.3 Hz, and time resolutions of 0.02 and 0.1 s
for the 2018 and 2019 surveys, respectively. Using different
resolutions to analyze datasets inhibits direct comparisons

of some vocalization characteristics. However, it did not im-
pact the detection of species acoustic presence and the de-
scription of vocal behavior performed in this study. Spectro-
grams were analyzed by zooming in and viewing windows
of 16 s time range and 3 kHz frequency range. Spectrogram
contrast and brightness were adjusted during the analysis
when required. To account for the different sample rates used
during the 2018 and 2019 surveys (Table 1), the Nyquist fre-
quency (Shannon 1949) derived from the lowest sample rate
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between the two survey recorders (around 16 kHz) was set as a
common maximum frequency threshold during the analysis
of spectrograms. This frequency enabled the monitoring of
bearded seal mating trills (Stirling et al. 1983; Cleator et al.
1989); walrus knocks (Stirling et al. 1983; Sjare et al. 2003);
most of beluga calls and whistles (Sjare and Smith 1986;
Chmelnitsky and Ferguson 2012; Garland et al. 2015); and
bowhead whale songs (Stafford et al. 2008; Tervo et al. 2009),
while it excluded high-frequency vocalizations such as most
part of odontocete echolocation clicks (Au et al. 1985; Miller
et al. 1995; Zahn et al. 2021). Species identification analysis
focused on this list of specific vocalization types since they
are better characterized in the literature compared to grunts
and moans. Any vocalizations that could not be clearly as-
signed to a species were not included in this work to avoid
potential species misclassification. Nonetheless, all vocaliza-
tions recognized as marine mammal sounds were included in
the analysis of the marine mammal community vocal activ-
ity. Marine mammal species identification was accomplished
by comparing the vocalizations detected to the material avail-
able in the literature; by consulting experienced researchers
in the field of bioacoustics and by searching dedicated on-
line sound libraries such as the Discovery of Sound in the Sea
audio gallery (https://dosits.org/), the Watkins Marine Mam-
mal Sound Database (https://whoicf2.whoi.edu/science/B/wha
lesounds/index.cfm), and the Macaulay library of the Cor-
nell Lab of Ornithology (https://www.macaulaylibrary.org/).
Acoustic data were annotated in Raven Pro, while the numer-
ical and graphical data analyses were performed in R statisti-
cal software (R Core Team 2022) using RStudio (R Studio Team
2022).

2.2 Sea ice concentration data

To investigate the potential correlation between marine
mammal acoustic presence and local sea ice extent, satel-
lite imaging was used to obtain SIC above each hydrophone
location. SIC was derived from the EUMETSAT OSI-SAF
(EUMETSAT 2019) Special Sensor Microwave Imager/Sounder.
This product provides daily SIC data brightness tempera-
ture which has a 25 × 25 km spatial resolution. SIC over
an area was calculated as the proportion of ice in one grid
pixel over each hydrophone position. The 25-km range corre-
sponds roughly to the average distance traveled by bearded
seal and walrus vocalizations (Cleator et al. 1989; Sjare and
Stirling 1996). All pre-processing and SIC analyses were con-
ducted using ArcGIS 10.6 (ESRI 2018) and R.

2.3 Statistical analyses

2.3.1 Diurnal analyses
Species-specific vocalizations were extracted from the

three hydrophone datasets and days were divided into
quarters (between 00:00 and 05:59, 06:00 and 11:59, 12:00
and 17:59, 18:00 and 23:59), following the methodology of
Halliday et al. (2019). Generalized linear models (GLMs) were
run to investigate potential diurnal trends in species vocal ac-
tivity. A binomial distribution was selected as the link func-

tion in the GLMs, using the total number of recorded hours
per quarter of day as weights. Marine mammal acoustic pres-
ence was set as the response variable and defined as the
proportion of hours with species vocalizations over the to-
tal number of hours recorded in a quarter of day. Quarter
of day, month, season, and recording location were set as
independent variables. Seasons were defined based on lo-
cal light levels, which were extracted from the National Re-
search Council of Canada’s sunrise/sunset calculator for each
hydrophone location (NRCC 2022). Day and night were de-
limited by local sunrise and sunset times, whereas twilight
was defined as the time of day when the centre of the sun
is found 6 degrees below the horizon (civil twilight, NRCC
2022). Summer was defined as the period with no twilight
and fall as the following period with twilight. No spring or
winter data were collected. For each species, multiple GLMs
were run, including all combinations of the previously men-
tioned independent variables. Models were tested for overdis-
persion using the R package DHARMA (Hartig 2016) and runs
were repeated using a quasi-binomial distribution. The re-
sulting improvement was minimal and did not justify the in-
troduction of quasi-likelihood information criteria (Wang et
al. 2015). Goodness of model fit was quantified by calculat-
ing the McFadden R2 coefficient and corresponding p value,
while model selection was based on model performance by
considering the Akaike’s information criterion (AIC) and the
amount of deviance explained. If needed, Bonferroni correc-
tions for multiple testing were introduced when assessing
the statistical difference between independent variable sub-
groups. Diurnal trends in species-specific vocalizations were
also investigated by dividing days based on local light lev-
els at each hydrophone location (NRCC 2022). Light level
groups included day, night, and twilight, which were defined
as explained in the previous section. GLMs were run using
a binomial distribution as the link function and the total
number of recorded hours per light level group as weights.
Species acoustic presence was set as the response variable
and quantified as the proportion of hours with vocalizations
over the total number of hours in each light level group.
Light level, month, recording location, and season were set
as independent variables. Multiple GLMs were run including
all combinations of the abovementioned independent vari-
ables. Model fit and performance were tested as explained
above.

2.3.2 Sea ice analyses
The seasonal vocal activity of the whole marine mammal

community was analyzed against the SIC trend at each hy-
drophone location. When comparing the three locations, per-
centages of files with marine mammal vocalizations over the
total number of recorded files were used to account for the
differences in recording effort between hydrophones. This
main difference was due to some malfunctioning of the TR-
ORCA mounted on mooring ES that resulted in a substantial
number of corrupted files from September onwards (Table
1). Individual species vocal activity was also analyzed against
the SIC trend. GLMs were run on the dataset recorded by hy-
drophone ES, since it spanned over periods of different SIC.
A binomial distribution was selected as the link function in
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the GLMs, using the total number of recorded hours per week
as weights. The proportion of species vocalizations per week
was set as the response variable, whereas season, week, and
SIC class as the predictors. SIC classes were defined by first
averaging daily SIC per week and then dividing in classes
based on common definitions of sea ice conditions (Cavalieri
et al. 1999; Stirling and Parkinson 2006; Walsh et al. 2022).
Weekly SIC was divided in three classes: sea ice break-up when
SIC was between 80% and 15% during the spring/early sum-
mer break-up period; open water when SIC was below 15%; and
sea ice freeze-up when SIC increased from 15% to 80% during
the fall freeze-up. No recordings took place during consoli-
dated sea ice (SIC higher than 80%). Multiple GLMs were run
including all combinations of the predictors. Autocorrelation
in the model residuals was tested using the Durbin–Watson
function in the R car package (Fox 2002). Model fit and per-
formance were tested following the methodology described
in the above sections.

Results
A total of 6310 5-min files were available for analysis after

removing all corrupted files: 3054 files for hydrophone ES,
1096 for hydrophone CI, and 2160 for hydrophone SB (Table
1). The percentages of files that included marine mammal vo-
calizations over the total available number of files recorded
at each hydrophone location were 39% for ES, 29% for CI, and
46% for SB. These percentages combined represented 40% of
the total available files from the three datasets. Four marine
mammal species were identified in the recordings: bearded
seal, beluga, walrus, and bowhead whale. Of the total number
of files with marine mammal vocalizations, 29% contained
bearded seal trills, 37% walrus knocks, 13% beluga calls and
whistles, and 7% bowhead whale songs. Examples of spectro-
grams of recorded vocalizations for each species are given in
Fig. 2, and the corresponding recordings are provided in the
Supplementary material.

Diurnal vocalization trends
Bearded seal trills were recorded throughout June and in

July (Table 2). However, bearded seal acoustic detections were
rare in July and were excluded from the diurnal analyses.
The model of the quarter of day analysis that best explained
bearded seal vocal activity included the variables quarter of
day and hydrophone location (AIC = 861.48, deviance ex-
plained = 6.7%) (Table A1). Results from this model showed
that bearded seal vocal activity was significantly lower during
the second quarter of day (p < 0.001) compared to the rest of
the time (Fig. 3A), and that bearded seal vocalizations at hy-
drophone ES were significantly higher than at hydrophone
CI (p < 0.001). Similarly, the best model for the light level
analysis included the variables light level and hydrophone lo-
cation (AIC = 743.61, deviance explained = 5.3%) (Table A2).
Bearded seal vocal activity was significantly higher at night
than during the day (p < 0.01) (Fig. 4A). Bearded seal vocal
activity decreased rapidly at sunrise, which in this region is
around 2:00 local time in June; reached a minimum in the
morning between 8:00 and 9:00; and slowly increased dur-

ing late morning to reach maximum values in the afternoon
around 17:00 (Fig. 5A).

Walrus knocks were recorded from June to November
(Table 2). Since walrus acoustic detections were rare in June,
they were not included in the analyses. The model that
best explained walrus vocalization trends included quar-
ter of day, month, and season (AIC = 1415, deviance ex-
plained = 11%) (Table A1). Another model with equivalent
AIC value (AIC = 1416.7) and same deviance explained, in-
cluded quarter of day, hydrophone location, month, and sea-
son as response variables (Table A1). Walrus vocal activity
was significantly lower in summer than in fall, in September
compared to the other months, and during the third quar-
ter of day (all with p < 0.001) (Fig. 3B). Results from the light
level analysis are in agreement with these findings; the best
model for walrus vocal activity included light level, month,
and season (AIC = 1219.1, deviance explained = 7.6%), al-
though the model that included hydrophone location as well
displayed an equivalent AIC (AIC = 1220.9) (Table A2). Wal-
rus vocal activity was significantly lower during the day com-
pared to periods of night (p < 0.001) and twilight (p < 0.01)
(Fig. 4B). A comparison between the quarter of day and the
light level analyses shows that walrus activity was higher dur-
ing the morning twilight, compared to the evening one. As
for bearded seal vocalizations, walrus vocal activity showed
a trough in the middle of the day around 14:00 local time
(Fig. 5B). The duration of this reduced vocal presence varied
among months and was longer in the fall compared to the
summer (Fig. 5B).

Beluga vocalizations were recorded in June and July and
then again from September to November, while they were
absent in August (Table 2). Beluga acoustic detections in
September were rare and hence excluded from the analy-
ses. The model that best explained beluga vocal activity in-
cluded all response variables: quarter of day, hydrophone
location, month, and season (AIC = 1225.2, deviance ex-
plained = 20%) (Table A1). Overall, no significant difference
in vocalizations was found between summer and fall. Vocal-
izations were significantly higher in June than in July, and
in October compared to November (both with p < 0.001). Bel-
uga vocal activity was significantly higher during the mid-
dle of the day, corresponding to the third quarter of day
(p < 0.001) (Fig. 3C). The beluga vocal activity recorded at hy-
drophone ES was the highest of the three locations (p < 0.001).
The light level analysis showed that the model that best ex-
plained beluga vocal activity included light level, hydrophone
location, month, and season (AIC = 922.64, deviance ex-
plained = 21.7%) (Table A2). In agreement with the results
of the quarter of day analysis, this model also showed that
beluga vocal activity was significantly higher during the day
than at night (p < 0.001), whereas activity during twilight pe-
riods did not show any statistically significant difference with
the rest of the light level groups (Fig. 4C). Minimum beluga
vocal activity was recorded between 23:00 and 3:00 local time
(Fig. 5C).

Bowhead whale songs were recorded from October to De-
cember (Table 2). However, only one recording in December
included bowhead whale songs and was not included in the
analyses. The best model that explained bowhead whale vo-
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Fig. 2. Spectrograms of examples of recorded species-specific vocalizations: (A) bearded seal trills, (B) walrus knocks, (C) beluga
calls and whistles, and (D) bowhead whale song. The X axis shows time, and the Y axis shows frequency. The color bars above
each spectrogram display the corresponding sound intensity.

Table 2. Summary of seasonal acoustic presence of detected species. The upper and lower tables show results from the 2018
and 2019 surveys, respectively. For each month, solid color represents presence of species vocalizations, line pattern represents
absence, and white indicates no recorded data.

Species Hydrophone

2018 June July August September October November December

ES
CI
ES
CI
ES
CI
ES
CI

2019 June July August September October November December

Bearded seal SB

Walrus SB

Beluga SB

Bowhead whale SB

Months

Bowhead whale

Beluga

Walrus

Bearded seal
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Fig. 3. Boxplots of the proportional detection of species vocalizations during each quarter of day as a function of months
for the three hydrophones cumulatively. Each box represents the interquantile range; the line inside the box displays the
mean; and the whiskers delimit the maximum and minimum values. Each recorded species is presented in a separate plot,
and quarters of day are displayed in different colors. Note: months with rare or no detections are not displayed.

cal activity included month and hydrophone location as re-
sponse variables (AIC = 706.1, deviance explained = 25.6%),
whereas quarter of day did not contribute significantly (Table
A1). Overall, bowhead whale vocalizations were higher in
November than in October and at hydrophone ES compared
to the other locations (both with p < 0.001) (Fig. 3D). The
light level analysis showed that the best model included
hydrophone location and month as explanatory variables
(AIC = 654.83, deviance explained = 25.4%), although the
model with light level as well showed an equivalent AIC
(AIC = 653.35) (Table A2). A difference was found between
bowhead whale vocal activity during twilight periods and
daytime (p < 0.05), but no statistically significant difference
was observed between the rest of the light level groups (Fig.
4D). Overall, no diel trend in bowhead whale singing activity
was observed (Fig. 5D).

Vocalization relation with sea ice concentration
Hydrophone ES was the only unit that recorded during

all three SIC classes, while hydrophone CI and SB mainly
recorded during sea ice break-up and freeze-up, respectively.
The marine mammal community vocal activity was high dur-
ing sea ice break-up and decreased towards the open-water
season at hydrophone ES and CI and showed an overall in-
creasing trend during sea ice freeze-up at hydrophone ES (Fig.
6). All marine mammal species demonstrated seasonal vari-
ability in their vocal activity. Bearded seals were mainly de-
tected in early summer from June to the beginning of July,
while walruses between early summer and fall, with high-
est vocal activity in November. Belugas were recorded from
early summer to fall with a trough in August, whereas bow-
head whales were only detected in fall with maximum values
in November (Table 2 and Figs. 7, A2, and A3). Bearded seal

http://dx.doi.org/10.1139/as-2023-0076
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Fig. 4. Boxplots of the proportional detection of species vocalizations for different light level groups as a function of months
for the three hydrophones cumulatively. Each box represents the interquantile range; the line inside the box displays the
mean; and the whiskers delimit the maximum and minimum values. Each recorded species is presented in a separate plot and
light levels are displayed in different colors (D = day, N = night, T = twilight). Note: months with rare or no detections are not
displayed.

trills at hydrophone ES were only recorded in June and ended
just before the open-water season in early July, when SIC de-
creased below 20% (Fig. 7A). A similar trend was found at
hydrophone CI, where bearded seal vocal activity decreased
drastically when SIC dropped below 40% at the end of June
and no trills were recorded during the open-water period (Fig.
A2-A). At ES, walrus knocks were recorded during the open-
water season with significantly lower vocal activity levels
compared to bearded seals (Fig. 7B). While walrus recordings
at CI were too rare to identify any seasonal trends (Fig. A2-B),
walrus vocal activity at SB increased during sea ice freeze-up
with maximum values reached in late November when SIC
exceeded 50% (Fig. A3-A). Beluga vocal activity at ES was high

during sea ice break-up; almost completely absent during the
open-water period; and increased again just before local sea
ice freeze-up (Fig. 7C). Similarly, the highest beluga vocal ac-
tivity recorded at CI was recorded between late June and early
July and stopped when SIC decreased below 30% (Fig. A2-C).
In contrast, belugas at SB were mainly recorded during the
open-water period and only rarely at sea ice freeze-up (Fig.
A3-B). At hydrophone ES, recordings of bowhead whale songs
started during the late open-water period and continued dur-
ing sea ice freeze-up with high levels of vocal activity (Fig. 7D).
Bowhead whale singing at hydrophone SB was recorded dur-
ing sea ice freeze-up starting in late November, when SIC was
already above 50% (Fig. A3-C). Overall, during sea ice freeze-
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Fig. 5. Species hourly vocalization trends for the three hydrophones cumulatively. Each plot displays local time on the X axis
and hourly presence of each marine mammal species on the Y axis. Hourly presence was defined as the proportion of files with
species-specific vocalizations recorded by any of the hydrophones during each hour of the day and for a specific month over
the total number of files recorded during the same period. Each recorded species is presented in a separate plot and different
colors represent months. Note: the Y-scale used for bearded seal vocalizations is different than for the rest of the species.

up most of the marine mammal vocalizations recorded at
ES and SB were bowhead whale songs (Figs. 7D and A3-C).
Bearded seal, walrus, and bowhead whale vocalizations were
each recorded during one sea ice class only. Instead, beluga
vocalizations recorded at hydrophone ES ranged across differ-
ent sea ice classes, which allowed to test a potential correla-
tion between seasonal vocalization trends and SIC. The model
that best explained beluga vocal activity included SIC class,
season, and week as explanatory variables (AIC = 196.36, de-
viance explained = 13.5%) (Table A3). Beluga vocalizations
were significantly higher in summer than in fall (p < 0.001),
and during sea ice break-up compared to periods of open wa-
ter (p < 0.001).

Discussion
The variety of vocalizations detected across seasons and

species contribute to confirming the Southern part of the
Southampton Island AOI as a high-use area for at least four
endemic Arctic marine mammal species. Despite some sim-
ilarities between beluga and narwhal vocalizations, narwhal
acoustic presence was deemed improbable due to the absence
of typical narwhal pulsed calls in the datasets and given the
rarity of narwhal sightings in the study area (GN 2012; NWMB
2013; Loewen et al. 2020).

Diurnal vocalization trends
The diurnal trend recorded suggests a relationship be-

tween light levels and bearded seal vocal activity, which in-
creased at nighttime and decreased towards the middle of
the day. Information on bearded seal acoustic behavior in the
sub-Arctic is lacking; however, in the High Arctic, bearded
seal underwater vocal activity is known to decrease during
the day compared to night-time (Cleator et al. 1989; Van Par-
ijs et al. 2001; Frouin-Mouy et al. 2016). At high latitudes,
bearded seal breeding season goes from March to late June
(Burns 1981; Cleator et al. 1989; Van Parijs et al. 2001; Jones
et al. 2014; Frouin-Mouy et al. 2016, 2017; Halliday et al. 2017).
While some studies found clear peaks in bearded seal vocal
activity early in the morning and late in the evening through-
out the year (Van Parijs et al. 2001; Frouin-Mouy et al. 2016;
Halliday et al. 2019) and during the entire breeding season
(McLaren 1958; Burns 1981; Cleator 1996), others recorded
weak or no diel trends during the end of the breeding season
(Cleator et al. 1989; Halliday et al. 2017). Overall, this acous-
tic trend could be linked to bearded seal haul-out habits.
Bearded seals tend to haul-out during periods of maximum
sunlight to thermoregulate, molt, and pup, whereas in the
evening they return to the water to forage and potentially so-
cialize (Cleator et al. 1989; Krafft et al. 2000; Van Parijs et al.
2001). Similar haul-out trends have been observed in other
pinnipeds (Thomas and DeMaster 1982; Green and Burton
1988; Van Parijs et al. 1999; Heide-Jørgensen et al. 2014). This
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Fig. 6. Marine mammal community vocal activity (color bars) and local sea ice concentration (SIC) (black line) as a function of
day at each hydrophone location. Each panel shows data for a single hydrophone. The X axis displays the date; the left Y axis
shows vocal activity expressed as the percentage of hours in a day that included marine mammal vocalizations over the total
number of hours recorded during the corresponding day; the right Y axis shows the percentage SIC above each hydrophone
location.

suggests that bearded seals spend more time in the water at
night; hence, the abrupt decrease in vocal activity during the
day might be explained in terms of haul-out habits, due to a
reduced number of individuals in the water during daytime,
and by the tendency of males to emit breeding calls when
more females can be exposed to it (Van Parijs et al. 2001;
Frouin-Mouy et al. 2016). Finally, although bearded seal vo-
cal activity decreased during June, the proportion between
the number of files with trill detections and the total files
recorded at each hour of the day remained higher than 50%.
This result could reflect the presence of at least some bearded
seals vocalizing underwater at all hours of the day. Since

bearded seal trills can be recorded between 30 and 45 km
from the source (Cleator et al. 1989; Stirling et al. 1983), our
results might include detections of individuals vocalizing in
a wide area around the hydrophone locations.

Our diel analyses show an abrupt decrease in walrus call-
ing activity during the middle of the day and reveal that wal-
ruses in this area are more vocally active underwater dur-
ing night and morning twilight. As for bearded seals, this
trend could link to walrus physiological requirements. Sum-
mer data from satellite transmitters and visual surveys show
that walruses take advantage of the hours of maximum sun-
light to molt and thermoregulate on the ice (Salter 1979;
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Fig. 7. Seasonal trend of individual species vocal activity (color bars) and local sea ice concentration (SIC) (black line) at hy-
drophone Evans Strait (ES). Each recorded species is presented in a separate plot. The X axis shows the date; the left Y axis
shows the percentage of vocal activity for each species; and the right Y axis shows the percentage SIC.

Stirling et al. 1983; Born and Knutsen 1997; Heide-Jørgensen
et al. 2014). The haul-out timing reported in the literature
corresponds well to the period of decrease in walrus vocal-
izations recorded in this study. Moreover, Inuit knowledge on
walrus habits inform on their tendency for morning feeding
and afternoon haul-out, which would explain our recorded
peak in morning twilight vocalizations (Loughry 1955; Born
and Knutsen 1997). Compared to bearded seals, the decrease
in walrus vocal activity occurred later in the day and often
reached low or null values, suggesting that, at certain hours
of the day, no walrus was vocalizing in the recording area.
Also, the underwater propagation range of walrus vocaliza-
tions is around 10 km (Sjare and Stirling 1996; Sjare et al.
2003) which restricts the monitoring distance compared to
bearded seals.

Belugas are known to emit a wide range of vocalizations
that can, in some cases, be linked to different behaviors and
activities. In this study, we focussed on calls and whistles,
which are generally associated with communication and so-
cial activities, and did not collect clicks, which are linked to
foraging and navigation (Au et al. 1985; Chmelnitsky and Fer-
guson 2012; Panova et al. 2012; Castellote et al. 2020). Most
beluga vocalizations detected in this study were emitted dur-
ing the daytime. PAM studies of beluga summer diel vocal
trends found in the literature give discordant results. Some
studies show peaks in beluga vocal activity during daylight
periods (Scharffenberg et al. 2019; Booy et al. 2021), others at
night (Roy and Simard 2015), whereas no diel vocal patterns
were found in another study (Halliday et al. 2017). Moreover,

year-long monitoring revealed opposite vocal trends during
the day in separate parts of the St. Lawrence estuary (Giard
et al. 2020). Spatial and temporal changes in acoustic detec-
tions might reflect movements and habitat use rather than
implying diurnal trends in acoustic behavior. Variables such
as tide, prey availability, and disturbance might influence vo-
calization patterns and should be included in future stud-
ies. Finally, differences between studies could also depend on
the type of vocalization recorded. Overall, this study suggests
that belugas use the area for socializing, which mainly occurs
during daytime. However, without expanding the recording
frequency range and (or) including visual observations, we
are unable to investigate additional beluga behavior and to
interpret the decrease in calls as part of a diel vocal pattern
or as movements towards different locations.

Bowhead whales emit a wide variety of vocalizations that
can change with the season. Our analyses focussed on songs,
which are mainly used as mating vocal displays during the
winter breeding season (Reese et al. 2001; Tervo et al. 2009;
Stafford et al. 2012; Ahonen et al. 2017). Our results show
no significant correlation between bowhead whale singing
activity and quarters of day or light levels. Previous work
on bowhead whale diel vocal patterns led to mixed results
that vary with season and type of vocalizations analyzed.
One spring study reported higher detection rates of songs
and moans during daylight hours compared to night-time
(Cummings and Holliday 1987). To the contrary, one fall study
found higher detections of bowhead whale calls during night-
time compared to daylight periods (Blackwell et al. 2007).
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Similarly, a year-round study that analyzed both songs and
calls recorded an increase in bowhead whale detection rates
during evening hours (Diogou et al. 2023). Another study
(Johnson 2013) focussed exclusively on songs emitted dur-
ing spring migrations and recorded bowhead whale singing
during the entire day with no significant differences between
hours, in agreement with our fall results. As for belugas, the
recorded vocalization pattern could link to bowhead whale
movements more than being the result of an actual change
in singing activity. Our results show that recording location
and month play a fundamental role in explaining bowhead
whale singing trends, suggesting that these recordings are
more strongly associated to movements than for the rest of
the species in this study. Indeed, the fact that bowhead whale
songs were recorded continuously throughout the day could
make this species relatively easier to monitor using just PAM
compared to species that display diel vocal patterns and re-
quire additional monitoring techniques to verify their pres-
ence during silent periods.

Vocalization relation with sea ice concentration
Marine mammal vocal activity showed maximum values

during the month of June and early July at both hydrophone
ES and CI. This period corresponds to the end of the sea ice
break-up in the study area (Gagnon and Gough 2005; Andrews
et al. 2018; Carter et al. 2019). Bearded seal and beluga were
the main species that contributed to the overall detections.
Local knowledge identifies bearded seals as resident species
that can be found in the Southampton Island AOI year-round
(GN 2012; Carter et al. 2019). Although most PAM studies of
bearded seals have occurred in the High Arctic (Stirling et al.
1983; Van Parijs et al. 2001; Frouin-Mouy et al. 2017; Escobar-
Amado et al. 2022), the reported vocal seasonality seems to
agree with the results of this study. High bearded seal vocal
activity is known to occur during sea ice break-up, which cor-
responds to the end of their breeding season (Burns 1981;
Cleator et al. 1989; Van Parijs et al. 2001; Jones et al. 2014;
Frouin-Mouy et al. 2016, 2017; Halliday et al. 2017). In June,
bearded seal trills were recorded as often as 24 h per day; such
values are typical of the breeding season, when male bearded
seals continuously emit trills to attract females (MacIntyre
et al. 2013; Halliday et al. 2017). The lack of data recorded
before the sea ice break-up inhibits a potential determina-
tion of the start of bearded seal breeding season in the study
area. Correlation between SIC and bearded seal vocal activity
was not assessed in this study; however, bearded seal vocal-
izations decreased abruptly at the end of June, going from
maximum values to no recorded calls in less than a week. No
trills were recorded after the beginning of July, which cor-
responds to the end of the sea ice break-up period in the
area (Hochheim and Barber 2014; Andrews et al. 2018; Carter
et al. 2019). In most PAM studies, bearded seal vocalizations
decreased in late June/early July followed by no detections
during the open-water period (Hannay et al. 2013; Jones et
al. 2014; Frouin-Mouy et al. 2016; Halliday et al. 2017). In
the Beaufort and Chukchi Sea, bearded seals vocalizations
were recorded year-round but still showed a decrease during
the open-water season (MacIntyre et al. 2013, 2015). When

comparing hydrophone detections in this study, ES recorded
more hours with trills compared to CI, which could indicate
that ES provides preferred breeding habitat for bearded seals.
Results of the GLM show that beluga vocal activity was high
during periods of opening sea ice and in the summer. Bel-
uga is a migratory species that seasonally occupies the waters
of the Southampton Island AOI (Finley et al. 1982; GN 2012;
Higdon 2017; Carter et al. 2019; Yurkowski et al. 2019). Most
Western Hudson Bay belugas overwinter in Hudson Strait
and migrate in spring and early summer to different areas
of Hudson Bay when the sea ice starts to break up (Sergeant
1973; Reeves and Mitchell 1989; Richard 2010; Higdon 2017;
Loewen et al. 2020). Although data were not collected ear-
lier in the season, the timing of the first beluga vocalizations
recorded in this study at sea ice break-up coincides with their
known arrival time in the region, which happens during the
general spring migration between May and June (Finley et al.
1982; Higdon 2017). Most belugas then use the waters of ES
and the southern coast of Southampton Island as a migratory
corridor towards other summering areas (Finley et al. 1982;
Higdon 2017). Interviews with Salliq community members re-
vealed that belugas can be found around CI and close to the
southern coast of Southampton Island during the summer,
and that some belugas spend the whole open-water season in
South Bay, with maximum presence in July and August (GN
2012; Higdon 2017; Carter et al. 2019; Loewen et al. 2020).
This suggests that beluga summer arrival in the AOI hap-
pens when local SIC has already started to decrease, in agree-
ment with local knowledge and with beluga migratory behav-
ior reported for other areas of the Arctic (Smith et al. 2007;
Heide-Jørgensen et al. 2010; Hannay et al. 2013; Hauser et al.
2017).

In this study, no walrus knocks nor bowhead whale songs
were recorded during sea ice break-up. Walruses might have
been too distant from our hydrophones for their vocaliza-
tions to be recorded at this time. In this area, walruses are
known to spend the winter close to the Southern coast of
Southampton Island, along the floe edge (Orr and Rebizant
1987; Loewen et al. 2020; Higdon et al. 2022), which was
around 40 km from ES, the closest hydrophone recording
during the break-up period. Bowhead whales are known to
produce moans, grunts, and simple calls in late spring and
summer, whereas they mainly shift to songs during their
breeding season in the winter (Blackwell et al. 2007; Tervo
et al. 2009; Stafford et al. 2012; Ahonen et al. 2017; Thomisch
et al. 2022). Since our analyses only included songs, we were
unable to determine whether bowhead whales occurred in
the study area during the sea ice break-up period and hence
no information is available regarding their arrival time in the
study area.

The period of open water shows an overall decrease in ma-
rine mammal vocal activity that follows the reduction in SIC
at hydrophone ES and CI. Recordings from hydrophone SB,
instead, show high marine mammal vocal activity from the
last part of the open-water season until the freeze-up period.
Compared to the other two hydrophones, SB was deployed
in a bay and in relatively shallow waters; hence, the high
vocal activity could indicate that the shallow habitat of this
coastal region is preferred, at least during the final period
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of open water. However, to prove this, it would be necessary
to record data synchronously at all three hydrophone loca-
tions. Many of the vocalizations recorded at hydrophone SB
during the open-water period were grunts and moans that
we could not unambiguously attribute to a specific species;
still, they provide information on marine mammal seasonal
occupancy. No bearded seal trills were recorded during the
open-water period. We hypothesize this to be linked to a gen-
eral reduction in vocal activity at the end of their breeding
season, as it happens for many seal species (Van Parijs et al.
1999; Van Opzeeland et al. 2010; MacIntyre et al. 2013; Llobet
et al. 2021). A reduction in vocal activity does not necessar-
ily correspond to a reduction in presence. Frouin-Mouy et
al. (2017), for example, observed bearded seals outside their
breeding season near their hydrophone locations but did not
record any trills. In some cases, instead, bearded seal trills
were recorded year-round, including during open-water peri-
ods (MacIntyre et al. 2013, 2015). There could be regional dif-
ferences in bearded seal vocal behavior and (or) mating strate-
gies, which might explain different acoustic detections. For
example, the presence of territorial males that maintain ter-
ritories year-round using vocal displays compared to roaming
males that do not is likely to change the underwater sound-
scape of the area (Van Parijs et al. 2002, 2004; MacIntyre et al.
2013). Salliq community members report bearded seal obser-
vations in our study area during the open-water period (GN
2012; Carter et al. 2019). This leads us to hypothesize that
bearded seals in this region might stop vocalizing in summer
or switch to different types of vocalizations that were not in-
cluded in our analyses. The absence of trills might also imply
that male bearded seals in this area do not maintain local
territories year-round or that the main local mating strategy
depends on roaming males. Walrus knocks dominated the
open-water period at hydrophone ES and SB, whereas walrus
vocal activity was rare at hydrophone CI. The waters south
of Southampton Island are one of the most important wal-
rus hotspots in Hudson Bay (Loughry 1955; Orr and Rebizant
1987; Born et al. 1995; Cobb 2011; GN 2012; Loewen et al.
2020; Higdon et al. 2022), supported by year-round observa-
tions of walruses (Orr and Rebizant 1987; GN 2012; Carter et
al. 2019; Loewen et al. 2020). Local knowledge reports wal-
ruses moving towards ES and CI in early summer taking ad-
vantage of the seasonal ice retreat to feed in shallow waters
(GN 2012; COSEWIC 2017; Carter et al. 2019); this behavior
agrees with the timing of our detections in the area. Most of
the studies on walrus vocalizations focussed on their breed-
ing season, which goes from January to April in the High
Arctic (Mansfield 1958; Fay et al. 1984; Stirling et al. 1987;
Sjare and Stirling 1996; Born 2003), although rare sightings
of copulation were recorded in June and early July (Mansfield
1958; Miller and Boness 1982). During the breeding period,
males emit specific sequences of knocks and other sounds
to maintain territories, access to females, and compete with
other males (Ray and Watkins 1975; Fay et al. 1984; Stirling
et al. 1983, 1987; Sjare and Stirling 1996; Sjare et al. 2003;
Larsen and Reichmuth 2021). Female walruses are also able
to produce knocks, although they are reported to be less vo-
cally active than males (Schusterman and Reichmuth 2008).
Mock mating behavior was observed in the summer for wal-

ruses around CI, and subadults were reported to become sex-
ually active after the main mating season and associate with
females in late spring and summer (Ray and Watkins 1975;
Miller and Boness 1982; Fay et al. 1984). Since little informa-
tion is available on walrus vocal behavior outside the breed-
ing season, we formulated different hypotheses to explain the
knocks recorded in this study. The presence of knocks during
the open-water season could potentially reveal a later breed-
ing period for walruses in our study area compared to the
High Arctic; it could represent sub-adult male vocal behavior
aimed at learning territory protection and female courtship
techniques; or it might be linked to different behaviors, such
as the intense summer feeding in this area, although walrus
use of knocks for foraging is still not well understood. Fi-
nally, Pacific walruses in the Chukchi Sea have been recorded
emitting knocks year-round (Mouy et al. 2012; Hannay et al.
2013; Rideout et al. 2013), whereas, to our knowledge, no At-
lantic walrus knocks have been reported in Hudson Bay out-
side the breeding season. Hence, our results provide novel
information on walrus vocal behavior and contribute to con-
firming their use of the AOI during the open-water period.
Belugas are known to be a loquacious species (Schevill and
Lawrence 1949; Chmelnitsky and Ferguson 2012; Giard et al.
2020; Simard et al. 2023). The rare recordings of beluga vo-
calizations during the open-water period at all hydrophone
locations suggest that they transit through the study area in
spring but spend the summer elsewhere. Traditional knowl-
edge provides valuable information on their presence in
South Bay during the summer (GN 2012; Carter et al. 2019).
Unfortunately, hydrophone SB only recorded from Septem-
ber onwards; hence, beluga presence in early summer in this
area could not be investigated. Hydrophone ES recorded belu-
gas a second time shortly before the sea ice freeze-up. Belugas
are known to transit through the Southampton Island AOI
between October and December during their fall migration
(McDonald et al. 1995; Stewart and Lockhart 2005; Smith et
al. 2007; COSEWIC 2020). A peak in beluga vocal activity was
recorded in mid-October at hydrophone SB and then in late
October/early November at hydrophone ES. However, con-
clusions on beluga local movements cannot be drawn with
certainty since hydrophone ES and SB recorded during dif-
ferent years. In this study, bowhead whale songs were first
recorded towards the final part of the open-water season and
continued until the end of the monitoring period. Although
most bowhead whale songs have been recorded in winter
and early spring in areas of high SIC (Stafford et al. 2012;
Ahonen et al. 2017), bowhead whale singing during open-
water periods is not unusual (Hannay et al. 2013; Thomisch et
al. 2022). The high marine productivity of the waters around
Southampton Island contributes to making this area an im-
portant summer ground and a migration corridor for bow-
head whales (Reeves et al. 1983; Cosens and Blouw 2003; Cobb
2011; Higdon 2017; Carter et al. 2019). Although most individ-
uals of the EC-WG population spend the summer in Frozen
Strait and Southern Foxe Basin or aggregate to the West in
Roes Welcome Sound (Cosens and Innes 2000; Cosens and
Blouw 2003; Nielsen et al. 2015; Higdon 2017), some move
to the waters south of Southampton Island, which is a sum-
mer calf rearing area (DFO 1999; Hay et al. 2000; Cosens and
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Blouw 2003; Higdon 2017; Loewen et al. 2020). Our record-
ings during open water also agree with bowhead whale vi-
sual observations made by Salliq residents in summer and
early fall north of CI and in South Bay (Hay et al. 2000; GN
2012; Carter et al. 2019). Recordings of the marine mammal
community during sea ice freeze-up show an overall increase
compared to the open-water period, reflecting a shift in ma-
rine mammal habitat use and behavior during this time. Wal-
rus vocalizations at hydrophone SB followed an increasing
trend with SIC, with recordings beginning during the final
period of open water in late September and increasing to-
wards November. At hydrophone ES, instead, all walrus vo-
calizations stopped in early November. Since in the AOI sea
ice starts forming close to the coast (Hochheim and Barber
2010; Andrews et al. 2018; Gupta et al. 2022), walruses in
this area may follow the sea ice and prefer shallow, coastal
areas during freeze-up. Further data are needed to test this
hypothesis. Walruses prefer sea ice as a hauling platform
(Salter 1979; Fay et al. 1984; GN 2012; Hannay et al. 2013) and
change their seasonal distribution depending on sea ice phe-
nology, including break-up and freeze-up timing, features,
and local concentration (Orr and Rebizant 1987; Mansfield
and St. Aubin 1991; Jay and Hills 2005; Rideout et al. 2013;
MacCracken et al. 2017; Chou et al. 2020). Moreover, visual ob-
servations in the study area report high numbers of walruses
occupying haul-out sites along the northern coast of CI in
late summer; during sea ice freeze-up, walrus then move east-
ward through ES and towards South Bay and the southeast-
ern coast of Southampton Island (Loughrey 1955; Orr and Re-
bizant 1987; GN 2012; Carter et al. 2019). However, informa-
tion on walrus movements in the Southampton Island AOI in
fall and winter is lacking and acquiring further data on their
seasonal local migrations has been recognized as a research
priority by the community of Salliq (COSEWIC 2017; Carter et
al. 2019; Loewen et al. 2020). Beluga vocalizations were rare
during sea ice freeze-up, reinforcing the hypothesis that they
migrate out of the AOI towards their wintering grounds be-
fore the formation of high SIC. This eastbound movement
may be a response to sea ice formation, as recorded for belu-
gas in other areas of the Arctic (Heide-Jørgensen et al. 2010;
Hauser et al. 2017; Stafford et al. 2021). The decrease in beluga
recordings in late October and early November integrates in-
formation from local knowledge, which reports belugas leav-
ing South Bay when the sea ice starts forming and the last
beluga hunts happening in November (GN 2012; Carter et
al. 2019). Singing bowhead whales were recorded during the
freeze-up period until the end of the surveys in early Decem-
ber and end of November for hydrophone ES and SB, respec-
tively. During this period, bowhead whales sang continuous,
distinctive, and repetitive songs, similar to what is reported
from other areas of the Arctic (Stafford et al. 2012; Ahonen
et al. 2017; Thomisch et al. 2022). Both bowhead whale vocal
activity in late fall/early winter and the onset of mating vo-
cal behavior in this area have not been recorded before. Cor-
relation between bowhead whale vocal activity and sea ice
was not tested in this study; however, occurrence of singing
shows a general increase with SIC. A similar fall trend of in-
creasing vocal activity with SIC was found in other studies
on bowhead whale vocalizations (for example, Hannay et al.

2013) and might also be linked to a better sound transmis-
sion under a dense sea ice cover (Diachok and Winokur 1974;
Stafford et al. 2012). Bowhead whales are known to begin
their fall migrations in relation to advancing sea ice (Laidre
et al. 2008; Ferguson et al. 2010; Hannay et al. 2013; Stafford
et al. 2021). This study shows that bowhead whales occupy
the region of ES during sea ice freeze-up, potentially using
it as a migration corridor between their summer and win-
ter grounds (Reeves et al. 1983; COSEWIC 2009; Ferguson et
al. 2010; Higdon 2017). Information on bowhead whale fall
presence and migration movements in the AOI is sparse. Tag
data from one study reported that bowhead whales transit
the study area between late September and October (Nielsen
et al. 2015), which corresponds to the latest period of bow-
head whale hunting for Salliq community members (Carter
et al. 2019). In the winter, there have only been rare sightings
of bowhead whales at the floe edge along the southwestern
coast of Southampton Island (Hay et al. 2000). Without ad-
ditional data, we are unable to tell whether the vocalization
trend recorded in this study in late fall is linked to a change in
bowhead whale distribution or to previous detection limita-
tions. Finally, recorded singing behavior in late fall could sug-
gest that bowhead whales in this region initiate mating con-
currently with their fall migration, which would contribute
to confirming ES as a key area for this species.

Conclusions and future work
This study presents the results of the first marine mam-

mal acoustic survey in the Southampton Island AOI and in-
forms on species seasonal and diurnal vocal activities. Based
on the type of vocalizations recorded, specific use of the area
was found to differ among species. It represents a breeding
habitat for bearded seals; a summer key area for walruses;
a migration corridor for both belugas and bowhead whales,
and possibly, an important region for the onset of bowhead
whale mating. These results contribute to the current un-
derstanding of marine mammal habitat use, acoustic behav-
ior, and breeding periods in this important sub-Arctic region
and provide valuable information for the creation of the pro-
posed MPA. Moreover, given the importance of this area to
many marine mammal species and the rapid changes that
this region is experiencing, our study represents a first acous-
tic baseline that can be used to study marine mammal reac-
tions to future changes in the underwater soundscape and
to inform management plans of anthropogenic activities in
the AOI. The pilot-project and opportunistic data collection
nature of this study result in some limitations that should
be overcome in future work. Among them, the hydrophone
malfunctioning and the short overlap in recording time be-
tween the 2018 and the 2019 surveys that further inhibit a
comparison among sites and years. Future studies in the AOI
should consider including consistent and synchronous PAM
at different sites and during consecutive years, as well as in-
tegrating it with other monitoring methods such as visual
observations, data loggers, and acoustic tags that might test
many of the hypotheses presented in this study. An underwa-
ter sound propagation model specific to the study area would
also benefit local PAM studies. Future work should consider
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expanding the acoustic analyses to include more species and
a wider vocal repertoire for each of them. Finally, GLMs of
marine mammal vocal behavior may include additional pa-
rameters such as bathymetry, oceanographic variables, and
prey availability.
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Appendix A

Table A1. Resulting coefficients and Akaike’s information criterion (AIC) values of the binomial distribution generalized lin-
ear models of the effect of quarter of day, hydrophone location, month, and season on the proportion of marine mammal
vocalizations.

Species Model # Quarter of day Location Month Season AIC Dev. expl. (%) R2 p

Bearded seal 1 ∗ ∗ 861.48 6.7 0.10 <0.001

2 ∗ 886.14 5.5 0.07 <0.001

3 ∗ 926.26 0.9 0.03 <0.001

Walrus 1 ∗ ∗ ∗ 1415 11 0.16 <0.001

2 ∗ ∗ ∗ ∗ 1416.7 11.1 0.16 <0.001

3 ∗ ∗ 1441.3 9.9 0.14 <0.001

4 ∗ ∗ ∗ 1442.9 9.9 0.14 <0.001

5 ∗ ∗ 1454.7 8.9 0.13 <0.001

6 ∗ ∗ ∗ 1456.3 8.9 0.13 <0.001

7 ∗ 1480.6 7.7 0.12 <0.001

8 ∗ ∗ 1482.3 7.8 0.12 <0.001

9 ∗ ∗ ∗ 1604.3 3 0.04 <0.001

10 ∗ ∗ 1607.1 2.9 0.04 <0.001

11 ∗ ∗ 1616.9 2.4 0.03 <0.001

12 ∗ 1627.2 2 0.03 <0.001

13 ∗ ∗ 1641.9 1 0.02 <0.001

14 ∗ 1644.7 0.9 0.01 <0.001

15 ∗ 1654.4 0.4 0.01 <0.001

Beluga 1 ∗ ∗ ∗ ∗ 1225.2 20 0.29 <0.001

2 ∗ ∗ ∗ 1233.2 19.8 0.28 <0.001

3 ∗ ∗ ∗ 1281.4 17.7 0.26 <0.001

4 ∗ ∗ 1289.4 17.5 0.25 <0.001

5 ∗ ∗ ∗ 1359.1 11.5 0.21 <0.001

6 ∗ ∗ 1367.5 11.4 0.20 <0.001

7 ∗ ∗ ∗ 1407 10.2 0.18 <0.001

8 ∗ ∗ 1415.1 10.1 0.17 <0.001

9 ∗ ∗ 1430.1 8.6 0.17 <0.001

10 ∗ 1438.4 8.5 0.16 <0.001

11 ∗ ∗ 1495.7 6.2 0.13 <0.001

12 ∗ ∗ 1498.9 8.8 0.13 <0.001

13 ∗ 1503.7 6.1 0.12 <0.001

14 ∗ 1506.4 8.8 0.12 <0.001

15 ∗ 1695.1 0 0.01 <0.01

Bowhead whale 1 ∗ ∗ 706.1 25.6 0.15 <0.001

2 ∗ ∗ ∗ 710.42 25.1 0.15 <0.001

3 ∗ 807.75 3.1 0.02 <0.001

4 ∗ ∗ 812.49 2.3 0.02 <0.001

5 ∗ 815.24 0 0.01 <0.01

6 ∗ ∗ 819.51 0 0.01 <0.05

7 ∗ 827.91 0 0.00 ns

Note: for each species, models are presented in order of increasing aic with the best model shown in bold. “dev. expl.” indicates deviance explained; “ns” indicates a
nonsignificant p value at the 5% level.
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Table A2. Resulting coefficients and Akaike’s information criterion (AIC) values of the binomial distribution generalized linear
models of the effect of light level, hydrophone location, month, and season on the proportion of marine mammal vocalizations.

Species Model # Light level Location Month Season AIC Dev. expl. (%) R2 p

1 ∗ ∗ 734.61 5.3 0.10 <0.001

Bearded seal 2 ∗ 744.48 2.8 0.08 <0.001

3 ∗ 799.77 1.1 0.01 <0.001

1 ∗ ∗ ∗ 1219.1 7.6 0.18 <0.001

2 ∗ ∗ ∗ ∗ 1220.9 7.6 0.18 <0.001

3 ∗ ∗ 1242.9 7.6 0.16 <0.001

4 ∗ ∗ ∗ 1244.7 7.6 0.16 <0.001

5 ∗ ∗ 1251.9 6.4 0.15 <0.001

6 ∗ ∗ ∗ 1253.5 6.5 0.15 <0.001

7 ∗ 1277.9 6.0 0.13 <0.001

Walrus 8 ∗ ∗ 1279.5 6.1 0.13 <0.001

9 ∗ ∗ 1393.4 1.7 0.05 <0.001

10 ∗ ∗ ∗ 1393.7 1.5 0.05 <0.001

11 ∗ ∗ 1397.4 0.8 0.05 <0.001

12 ∗ 1399.5 0.8 0.05 <0.001

13 ∗ ∗ 1438.8 0.6 0.02 <0.001

14 ∗ 1441.6 0.8 0.01 <0.001

15 ∗ 1451.2 0.0 0.01 <0.001

1 ∗ ∗ ∗ ∗ 922.64 21.7 0.36 <0.001

2 ∗ ∗ ∗ 938.47 20.7 0.34 <0.001

3 ∗ ∗ ∗ 977.93 19.1 0.32 <0.001

4 ∗ ∗ 994.67 18.0 0.30 <0.001

5 ∗ ∗ ∗ 1054.8 7.8 0.26 <0.001

6 ∗ ∗ 1072.1 6.2 0.25 <0.001

7 ∗ ∗ ∗ 1109.8 7.2 0.22 <0.001

Beluga 8 ∗ ∗ 1121.8 7.0 0.21 <0.001

9 ∗ ∗ 1124.4 4.6 0.21 <0.001

10 ∗ 1143 2.8 0.20 <0.001

11 ∗ ∗ 1192.6 10.4 0.16 <0.001

12 ∗ ∗ 1202.9 3.0 0.15 <0.001

13 ∗ 1210.4 2.2 0.14 <0.001

14 ∗ 1214.4 9.7 0.14 <0.001

15 ∗ 1347.8 1.0 0.05 <0.001

1 ∗ ∗ 654.83 25.4 0.16 <0.001

2 ∗ ∗ ∗ 653.35 24.1 0.16 <0.001

3 ∗ ∗ 753.37 0.0 0.03 <0.001

Bowhead whale 4 ∗ 754.67 2.2 0.02 <0.001

5 ∗ 761.65 0.0 0.01 <0.01

6 ∗ ∗ 763.45 0.0 0.02 <0.01

7 ∗ 770.86 0.0 0.00 ns

Note: For each species, models are presented in order of increasing AIC with the best model shown in bold. “Dev. expl.” indicates deviance explained; “ns” indicates a
nonsignificant p value at the 5% level.
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Table A3. Resulting coefficients and Akaike’s information criterion (AIC) values of the generalized linear mod-
els of the effect of sea ice concentration (SIC) class, week, and season on the proportion of beluga vocalizations
recorded at hydrophone ES.

Model # SIC class Week Season AIC Deviance explained (%) R2 p

1 ∗ ∗ ∗ 196.36 13.5 0.73 < 0.001

2 ∗ ∗ 242.70 0.0 0.66 < 0.001

3 ∗ 272.92 5.6 0.62 < 0.001

4 ∗ ∗ 274.61 2.8 0.62 < 0.001

5 ∗ ∗ 356.13 0.0 0.50 < 0.001

6 ∗ 362.65 0.0 0.49 < 0.001

7 ∗ 399.12 0.0 0.44 < 0.001

Note: Models are presented in order of increasing AIC with the best model shown in bold.
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Fig. A1. Schematic of mooring Evans Strait (ES). The ellipse
shows the hydrophone position.

Fig. A2. Seasonal trend of individual species vocal activity
(color bars) and local sea ice concentration (SIC) (black line)
at hydrophone Coats Island (CI). Each recorded species is pre-
sented in a separate plot. The X axis shows the date; the left
Y axis shows the percentage of vocal activity for each species;
and the right Y axis shows the percentage SIC.
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Fig. A3. Seasonal trend of individual species vocal activity
(color bars) and local sea ice concentration (SIC) (black line)
at hydrophone South Bay (SB). Each recorded species is pre-
sented in a separate plot. The X axis shows the date; the left
Y axis shows the percentage of vocal activity for each species;
and the right Y axis shows the percentage SIC.
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