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Abstract

Sound is an important parameter in the marine environment. Foxe Basin, Nunavut, sustains a
diverse community of Arctic marine mammals, including the Atlantic walrus (Odobenus rosmarus
rosmarus), bowhead whale (Balaena mysticetus), beluga whale (Delphinapterus leucas), bearded
seal (Erignathus barbatus), and ringed seal (Pusa hispida), all of which vocalize. Passive acoustic
monitoring can be used to better understand these species and their relationship to their
environment. The Atlantic walrus, in particular, holds significant cultural and ecological importance
in Foxe Basin. As shipping is expected to increase in the region, its potential vulnerability to vessel
disturbance remains largely undocumented. In the first data chapter, two hydrophones were
deployed at two sites in Foxe Basin over a full year (2023-2024) to characterize daily vocal
presence of multiple marine mammal species and evaluate the influence of environmental
covariates. Walrus and bearded seal vocalizations were detected year-round, with peaks during
the breeding season, whereas bowhead and beluga whale vocalizations were seasonal, reflecting
summer migration and winter occurrence, respectively. Ringed seal vocal presence was less
frequent. Overall, sea ice concentration emerged as the dominant environmental driver of marine
mammal acoustic presence, with species-specific responses reflecting differences in ecological
dependence on ice. In the second data chapter, recordings from a single hydrophone were
combined with Automatic Identification System (AIS) vessel data during the 2023 shipping season
(August-October) to assess the influence of vessel activity on walrus vocal behaviour. Walruses
vocalized throughout the monitoring period, but hourly knock detections were 50% lower during
the shipping season compared with the period before vessel arrival. Reduced vocal activity was
associated with higher vessel speeds and closer vessel proximity, whereas the presence of two
or more vessels was associated with increased vocal activity. This could potentially reflect a
Lombard effect in walruses in response to elevated ambient noise levels. Together, the results of
both data chapters highlight passive acoustic monitoring as a powerful tool to document marine
mammal vocal presence, their relationship to the environment, and to identify acoustic response
to vessel disturbance. As shipping activity increases, sustained acoustic monitoring will be

essential to safeguarding species like the Atlantic walrus.
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Chapter 1 General Introduction

1.1 Marine soundscape and passive acoustic monitoring

Animals rely on sensory information for essential biological functions, such as foraging,
mating, predator avoidance, orientation, and maintaining social bonds (Tyack, 2008). In the marine
environment, light attenuates rapidly with depth, limiting visibility, whereas sound propagates
faster and over greater distances than in air. This physical property has driven the evolution of
advanced auditory and vocal adaptations in marine mammals (Duarte et al., 2021). Sound is
therefore a fundamental component of their habitat, directly influencing their ability to
communicate with conspecifics and interact with their environment (Tyack, 2008). The underwater
soundscape is composed of three components: biophony, the sounds produced by living
organisms; geophony, sounds originating from the environment such as wind, waves, and sea ice;
and anthrophony, any sounds generated by human activities such as shipping (Farina, 2014).
Within this soundscape, marine mammals produce a wide diversity of vocalizations, associated
with specific behaviours, spanning from low- to high-frequency signals and short- to long-range
calls (Richardson et al., 1995; Tyack, 2008; Erbe & Thomas, 2022). Vocalizations, therefore, serve
as a reliable proxy for species presence and can provide information on behaviour, seasonal
patterns, and habitat use without requiring direct observation (Mellinger et al., 2007; Nanaware et
al., 2014). Passive Acoustic Monitoring (PAM) is based on the deployment of autonomous
underwater hydrophones that capture the entire marine soundscape, offering a comprehensive
picture of the biological, physical, and anthropogenic roles in shaping the marine environment
(Cato et al., 2006; Cominelli et al., 2024; Gibb et al., 2019; Mellinger et al., 2007). As a non-
invasive tool capable of long-term deployment, PAM is particularly well-suited to Arctic
environments, where sea ice, prolonged darkness, and harsh weather restrict access and
observational effort outside summer months (Cato et al., 2006; Cominelli et al., 2024; Gibb et al.,

2019)



In the Arctic, PAM has been widely applied to monitor individual species, such as bowhead
whales (Diogou et al., 2023; Wams et al., 2025), belugas (Castellote et al., 2020; Scharffenberg
et al., 2025), walruses (Coppolaro et al., 2024; Mouy et al., 2012), and bearded seals (Frouin-
Mouy et al., 2016; Maclintyre et al., 2013). PAM has also been used for multi-species acoustic
monitoring (Chou et al., 2020; Coppolaro et al., 2024; De Vreese et al., 2018; Halliday et al.,
2017a; Marcoux et al., 2017; Mattmdller et al., 2022). As highly specialized species, Arctic marine
mammals are closely tied to their physical environment; therefore, long-term acoustic monitoring
datasets are particularly valuable for examining how environmental variables shape marine

mammal acoustic presence across time and space, as investigated in this thesis for Foxe Basin.

1.2 Impact of climate change and increasing vessel traffic

Arctic marine environments and the marine mammals that rely on them are increasingly
affected by climate change and increasing industrial and commercial shipping (Hauser et al., 2018;
Laidre et al., 2008). Over the past decade, Arctic sea ice has reached record-low levels,
transitioning from perennial to seasonal ice cover with longer open-water seasons (Chou et al.,
2020; Stroeve & Notz, 2018), leading to the spatiotemporal expansion of shipping routes across
previously remote areas (Chou et al., 2020; Llobet et al., 2023; Taylor et al., 2023). Vessel traffic
can cause ship strikes, drive displacement of animals from habitat, and lead to physiological stress
and mortality (Bejder et al., 2006; Ferrari et al., 2026; Jansen et al., 2010; Laist et al., 2001; Lemos
et al., 2022; Nichol et al., 2017). Marine vessels generate underwater noise primarily through
propeller cavitation, machinery, and flow, producing broadband low-frequency sounds that can
propagate over large distances (Aktas, 2016; Smith & Rigby, 2022). Underwater noise can overlap
with the hearing and vocalization range of many marine mammals (Erbe, 2012; Khopkar et al.,
2026). Shipping corridors also overlap with species' habitats (Halliday et al., 2017b), suggesting
broader effects on migration paths and timing, breeding grounds, and foraging grounds. Prolonged
exposure to vessel noise, especially at low frequency, can cause temporary or permanent shifts

in hearing thresholds in marine mammals (Hildebrand, 2005; Southall et al., 2019). Increasing
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underwater noise levels can interfere with marine mammal communication through acoustic
masking (Brewer et al., 2023; Erbe, 2012; PAME, 2021), reducing communication range (Putland
et al., 2017), altering signal structure (Holt et al., 2009, 2012; Maciel et al., 2026; Rolland et al.,
2012), and driving changes in calling rates (Arranz et al., 2021; Hastie et al., 2021; Pirotta et al.,

2012; Romano et al., 2011).

In cetaceans, elevated shipping noise has been associated with reduced communication
ranges in beluga whales in the St. Lawrence Estuary (Gervaise et al., 2012), increased
vocalization amplitude in North Atlantic right whales in response to rising ambient noise levels
(Parks et al., 2011), and decreased vocal presence in narwhals with vessel proximity (Ewing et
al., 2025). Pinnipeds show similar responses, including reduced vocalization amplitude in harp
seals in the presence of vessels (Terhune et al., 1979) and altered dive behaviour in harbour and
grey seals exposed to vessel noise (Mikkelsen et al., 2019). These numerous impacts underscore
the need for continued acoustic monitoring in regions facing increasing industrial pressure,

especially for species sensitive to disturbance.

1.3 Study species: the Atlantic walrus (Odobenus rosmarus
rosmarus)

1.3.1 General overview
The walrus, known as aivik in Inuktitut, is a large pinniped and the only extant member of

the family Odobenidae. The species is recognizable by its pair of elongated upper canine teeth
into tusks (Berta et al., 2018). Two subspecies are recognized: the Pacific walrus (Odobenus
rosmarus divergens) and the Atlantic walrus (Odobenus rosmarus rosmarus) (Linnaeus, 1758).
The Atlantic walrus was listed as a species of “Special Concern” in 2006 and 2017 by the
Committee on the Status of Endangered Wildlife in Canada for both the High Arctic/Baffin Bay and

Central/Low Arctic populations (COSEWIC, 2006, 2017).



The Atlantic walrus has a discontinuous distribution across the Arctic and sub-Arctic
(Higdon et al., 2022). In Canada, its total abundance has been estimated at 21,400, although it is
believed to be underestimated due to a lack of survey coverage (COSEWIC, 2017). Based on
genetics and tissue stable isotope composition, the Atlantic walrus in Canada is divided into two
populations: the High Arctic Canada/Baffin Bay and the Central/Low Arctic Canada (DFO, 2002,
2019; Garde and Hansen, 2021). Each of these populations is divided into three management
units (stocks). The High Arctic population comprises the Baffin Bay (BB), West Jones Sound (WJS)
and Penny Strait-Lancaster Sound (PS-LS) stocks. The Central Arctic comprises the Foxe Basin
(FB) and Hudson Bay-Davis Strait (HB-DS), and south and east Hudson Bay stocks (Stewart,
2008). The FB walrus stock is one of Canada’s largest, with an abundance estimated at 13,452
(Stewart et al., 2013)

1.3.2 Ecology

Walruses are highly gregarious and can form large aggregations of thousands at haul-out
sites (uglit in Inuktitut) (Stewart et al., 2016), where they rest, moult, nurse, breed, and have access
to foraging grounds (Mansfield, 1958; Born and Acquarone, 2007; Hamilton et al., 2015). Although
haul-out behaviour is central to walrus ecology, individuals spend substantial time at sea: in
Svalbard, walruses spent approximately 83% of their time in the water (Gjertz et al., 2001), and in
Greenland, 50-65% of their time was spent actively diving (Born et al., 2005). Walruses typically
inhabit shallow, productive continental shelves, where they can dive to forage in waters less than
100 meters deep. Individuals use their vibrissae to detect and feed on benthic invertebrates
including Mya truncata and Macoma calcarea (Mansfield, 1958; Fisher, 1989; Born et al., 1995;
Fisher and Stewart, 1997). Due to its specialized benthic diet, the walrus occupies a narrow
ecological niche. Although walruses are primarily benthic feeders, occasional predation on ringed
seals (Pusa hispida) and bearded seals (Erignathus barbatus) has been reported (Lowry & Fay,
1984; Seymour et al., 2014). Beyond foraging, the marine environment is also used for social
interactions and reproduction; during the winter mating season, males vocalize extensively and
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engage in competitive displays underwater to establish dominance and gain access to female
groups (Sjare et al., 2003; Sjare & Stirling, 1996). Most walrus studies have focused on behaviour
at haul-out sites, leaving underwater behaviour comparatively under-documented, a gap that PAM

can address.

1.3.3 Vocalizations
On land, grunts and roars are associated with agonistic behaviour, barks are indicative of

submission in adult individuals, distress in juveniles or mother-pup contact calls (Verboom et al.,
1995; Charrier, 2021; Charrier et al., 2010, 2011; Miksis-Olds et al., 2016; Miller and Kochney,
2021). Although walruses of both sexes and all ages are known to emit airborne vocalizations,
only males have been reported, other than captive individuals (Schusterman and Reichmuth,
2008), to produce underwater calls, including knocks (low-frequency pulses, 0.5-15 repetitions per
second, 0.2-8.0 kHz), bell sounds (metallic tonal sound, marking the beginning or the end of a
song, lasting 1-2 seconds, 40-1200 Hz), whistles (tonal sound, emitted at the surface of water by
blowing air while breathing), and grunts (low-frequency, < 1kHz) (Ray and Watkins, 1975; Sjare
and Stirling, 1996; Sjare et al., 2003; Miksis-Olds et al., 2016; Larsen and Reichmuth, 2021;
Panova et al., 2026). Other underwater calls in Pacific walrus have been described as snorts,
tones, rasps, moans, and chuffs, although their function is not yet well understood (Schusterman

and Reichmuth, 2008; Charrier, 2021).

Knock calls are produced by the lower jaw striking the upper jaw repeatedly (Larsen and
Reichmuth, 2021; Miller and Kochnev, 2021). Knocks are impulsive vocalizations, meaning short
duration sounds with a broad frequency range (Stirling et al., 1987; Rideout et al., 2013). The high
amplitude of knocks enables sound propagation over several kilometres (Stirling et al., 1983; Sjare
et al., 2003). A stereotypical series of repeated knocks punctuated by a bell sound and/or whistle
is emitted by the dominant males, used to monopolize access to a female herd (Sjare et al., 2003).

During the mating season in winter, from February to April, polygynous males engage in intense



competition for reproduction, establishing dominance, underwater territory and attracting females
through these calls (Sjare and Stirling, 1996; Kovacs, 2015; COSEWIC, 2017). Recent studies
using PAM have recorded knock calls outside of the breeding period and throughout the year
(Mouy et al., 2012; Hannay et al., 2013; Coppolaro et al., 2024; Panova et al., 2026), suggesting

that walruses are acoustically active year-round.

1.3.4 Knowledge Gaps
The International Union for Conservation of Nature (IUCN) classified the walrus as “Near

threatened” (Kovacs, 2016). Significant knowledge gaps remain regarding walrus ecology,
especially in acoustic behaviour, key areas for mating and foraging, and the potential impacts of
increasing anthropogenic noise. To date, most of the acoustic studies have focused on the Pacific
walrus (Fay, 1982, 1984, 1985; Verboom et al., 1995; Kastelein et al., 2002; Schusterman and
Reichmuth, 2008; Mouy et al., 2012; Rideout et al., 2013; Chou et al., 2020; Reichmuth et al.,
2020; Larsen and Reichmuth, 2021). Detailed descriptions of walrus vocal repertoire have relied
on captive individuals (Charrier et al., 2011; Denes, 2014; McCord et al., 2016). Although PAM
has been used in several recent studies of Atlantic walruses in the Canadian Arctic (Marcoux et
al., 2017; Chou et al., 2020; Coppolaro et al., 2024; Folz, 2024), most of the studies have reviewed
the vocal behaviour during the breeding season (Fay et al., 1984, Stirling et al., 1987; Sjare and
Stirling, 1996; Sjare et al., 2003). Acoustic datasets outside of this period remain scarce, limiting
our understanding of year-round vocal behaviour and habitat use. While the effects of shipping
noise on walruses have been investigated using telemetry approaches (Taylor et al., 2023), only
one study, to our knowledge, has examined these impacts using acoustic methods (Coppolaro et
al., 2025). As a result, the influence of increasing vessel traffic on walrus communication and

behaviour remains poorly understood.



1.4 Study area: Northern Foxe Basin

1.4.1 Overview
Foxe Basin is a shallow oceanic basin bordered by Baffin Island, the Melville Peninsula,

and Southampton Island, Nunavut. It connects northward to the Arctic Ocean via the Gulf of
Boothia and Fury and Hecla Strait, and southward to the Labrador Sea through Foxe Channel and
Hudson Strait (Drinkwater, 1986). Sea ice dominates Foxe Basin from November to June. Freeze-
up typically begins in mid- to late October, while break-up occurs in July or August (Babb et al.,

2026; Hochheim & Barber, 2014).

The northwest portion of the basin contains persistent and seasonal polynyas that enhance
local productivity and provide critical habitat for a diverse marine mammal community (Ford et al.,
2009; Gough, 2025). The area is a year-round habitat for walrus, bearded seals, and ringed seals,
which rely on the productive benthic and sympagic communities of the region. It also serves as a
seasonal habitat and nursing ground for bowhead whales and falls within the seasonal range of

beluga whales (Paulic et al., 2014).

1.4.2 Significance for Indigenous Communities

Along the shores of Foxe Basin, the communities of Igloolik (Iglulik, A* ") and Sanirajak

(\oG7*) have long relied on the marine environment for subsistence and cultural continuity. The

rich diversity of marine mammals and fishes allows Inuit to harvest bowhead whales, belugas,
narwhals, walruses, bearded and ringed seals, and Arctic char (Ford et al., 2009). The marine
environment and its wildlife remain to this day fundamental to these coastal communities, through
the consumption of traditional foods such as maktaaq and iqunaq. Among these species, the
Atlantic walrus holds a specific cultural and historical significance. Archaeological evidence
indicates that walruses have been harvested since the Thule culture (ca. AD 1200 to 1500 in the
Foxe Basin region), the direct ancestor of modern Inuit (Bennett and Rowley, 2004; Desjardins,

2013). Foxe Basin was a major walrus hunting area, but overexploitation by European sealers and



whalers increasingly targeted walruses as bowhead whale populations declined (Bennett and
Rowley, 2004; Martini and Morrison, 2014; Garde and Hansen, 2021). This shift led to substantial
population declines, with an estimated 41,300 walruses harvested over 200 years in the eastern
Canadian Arctic (Stewart et al., 2014). Consequently, commercial walrus hunting was banned in
Canada in 1928 by the Walrus Protection Regulations, restricting hunting to Inuit communities
(Born et al., 1995; Wiig et al., 2014). Today, walrus harvesting remains an important cultural,
nutritional, and economic activity for Inuit across Nunavut, with walruses harvested by 21

communities. Limited sport hunting also occurs, mainly in Coral Harbour (Sallig, N=c*). In Igloolik,

sport hunting and walrus tourism activity were suspended temporarily between 2008 and 2010,
following observations of disturbance and displacement of walruses associated with these
activities (Higdon et al., 2022). Sanirajak and Igloolik had the highest harvest rates (sport and
traditional hunts combined) across Nunavut from 1997 to 2017, with an average of 69 and 83
catches per year, respectively, of which the majority were subsistence harvests (Matthews et al.,
2018). Despite a decline in country food consumption, walrus products (like igunaq) remain
culturally significant for many (Martinez-Levasseur et al., 2020). Climate change and increasing
anthropogenic activities may directly or indirectly impact walrus populations, hunting success, and
food security (Krupnik and Ray, 2007). Understanding walrus ecology and behaviour near the
communities of Igloolik and Sanirajak is essential for supporting Indigenous livelihoods and

sustaining culturally important practices.

1.4.3 Industrial development
Although vessel traffic in Foxe Basin is currently limited, industrial development in the

eastern Canadian Arctic is expected to increase shipping activity in the region. The Mary River
iron ore mine, operated by Baffinland Iron Mines Corporation (“Baffinland”), currently exports
approximately 4.5 million tonnes (MT) of iron ore annually from Milne Inlet during the July-October

shipping season (Baffinland, 2026). The proposed expansion of the mine (“Mary River Project”)



would increase exports to up to 18 MT of iron ore per year. This expansion would involve the
construction of a railway leading to a new port at Steensby Inlet, resulting in year-round vessel
traffic and icebreaking activities over a planned operational period of approximately 21 years
(BIMC, NIRB, 2012; Martini and Morrison, 2014). The environmental assessment was accepted
by the federal government in 2012 (BIMC, 2012). Potential effects include soil and air quality
degradation, habitat disturbance, and cumulative impacts on both terrestrial and marine wildlife
(DFO, 2012). Particular concerns have been raised regarding the effects of increased vessel traffic
on marine mammals. As one elder expressed: “| am mostly concerned about the marine mammal.
They are going to be greatly disturbed from the sound, from the noise, because I'm talking,
speaking from my own knowledge, what | have seen” (NIRB, 2012a, p. 1926). These concerns
have gained further support as a study has documented changes in narwhal surface movement
and dive behaviour in response to vessel encounters in Eclipse Sound following the onset of
Baffinland operations (Golder Associates Ltd., 2020). Changes in narwhal acoustic presence in
response to vessel activity have also been reported in Eclipse Sound (Ewing et al., 2025). The
proposed expansion has intensified concerns and controversy among communities regarding
potential environmental and social impacts, particularly on the marine environment and the wildlife
that supports Inuit livelihoods (Bernauer, 2025; Rodon & Bouchard, 2024). The Mary River Project
illustrates a global trend of industrial expansion across the Arctic. Documenting the effects of
vessel traffic on species such as the walrus has direct implications for the communities that

depend on them for traditional harvesting, food security, and Inuit knowledge transmission.

1.5 Thesis objectives and structure

The overall objective of this thesis is to improve the understanding of marine mammal
ecology and habitat use in Foxe Basin, especially for walrus, using passive acoustic monitoring.
This research aims to (1) characterize the year-round acoustic presence and seasonal patterns of
five marine mammals in Foxe Basin, (2) examine how environmental variables influence their

acoustic presence, (3) compare walrus vocal activity before and during the shipping season, and
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(4) assess whether vessel characteristics (e.g., vessel type, speed, and distance) influence walrus

vocal activity.

This thesis is organized into two data chapter. The first one (Chapter 2) is a year-round
acoustic monitoring dataset of Foxe Basin. This chapter documents the acoustic presence and
seasonal patterns of five marine mammal species: walrus, bowhead whale, beluga, bearded and
ringed seals. It also investigates how environmental variables, including sea ice concentration,
sea surface temperature, and wind speed, influence the acoustic presence of these species.
Walrus and bearded seal vocalizations dominated the acoustic recordings, with peak vocal
presence during the breeding season, whereas bowhead and beluga whale vocalizations were
seasonal, reflecting summer migration and winter occurrence. Ringed seal vocalizations were
sporadic. Sea ice concentration emerged as the dominant environmental driver for multiple

species, with contrasting effects reflecting each species' ecological dependence on ice.

The following data chapter (Chapter 3) focuses on the potential influence of vessel traffic
on walrus vocal behaviour in northwest Foxe Basin. The chapter quantifies vessel activity within
a key walrus habitat and assesses whether vessel exposure and vessel characteristics (e.g.,
vessel type, size, speed, and proximity) can influence walrus vocal activity. By examining the
relationship between shipping and walrus vocal behaviour, this chapter provides new insights into
how increasing vessel traffic may influence walrus acoustic behaviour in the region. Walrus vocal
activity was significantly reduced during the shipping season compared to the period preceding
the first vessel arrival. During the shipping season, lower vocal activity was associated with higher
vessel speeds and closer vessel proximity to the hydrophone, while the presence of multiple

vessels was associated with increased vocal activity.

These findings address knowledge gaps by documenting the acoustic diversity of Foxe
Basin and demonstrating the effects of vessel activity on walrus acoustic behaviour. Furthermore,

this study contributes valuable knowledge to inform the conservation of species that are both
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important to the ecosystem and Inuit communities. The thesis also supports the development of
proactive conservation measures for Atlantic walruses, including shipping regulations and
mitigation strategies that allow Inuit to balance their conservation and development priorities, as

vessel activity increases in Foxe Basin.
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Chapter 2 Year-round passive acoustic monitoring reveals
seasonal occurrence, migration timing, and environmental
drivers of five Arctic marine mammal species in Foxe Basin,
Nunavut.

2.1 Abstract

Foxe Basin (FB) is a key migration corridor and year-round habitat for multiple Arctic marine
mammals, including the Atlantic walrus (Odobenus rosmarus rosmarus), bowhead whale (Balaena
mysticetus), beluga whale (Delphinapterus leucas), bearded seal (Erignathus barbatus), and
ringed seal (Pusa hispida). Two hydrophones were deployed for a full year in northern FB during
2023-2024. Based on manual analysis of recordings, the daily vocal presence was assessed for
each species. The influence of environmental covariates (sea ice concentration, wind speed, and
sea surface temperature) and site location on each species occurrence was then evaluated.
Walrus vocalizations were the most detected species at both sites year-round (40.8% of
recordings), with detections peaking during the breeding season and associated with higher sea
ice concentration (p < 0.001). Bearded seal vocalizations were the second most detected (36.2%),
with vocal presence peaking during the breeding season and declining under stronger wind
conditions (p = 0.038). Bowhead whale vocalizations were detected during their summer migration
to Foxe Basin and declined following freeze-up. Vocal detections had a strong negative
relationship with sea ice concentration (p < 0.001) and were concentrated at one site (17.5% vs.
1.1% of recordings, p < 0.001). Beluga vocalizations were detected primarily during winter,
indicating the presence of individuals outside typical migration periods, with vocal presence
increasing under colder sea surface temperatures (p = 0.004) and varying between sites (p =
0.016). Ringed seal vocalizations were the least detected (4.1%), with sporadic vocal presence at
both sites during the breeding season. Sea ice concentration emerged as the dominant
environmental driver for multiple species, with contrasting effects reflecting each species'
ecological dependence on ice. Year-round acoustic monitoring provides an essential window into
when and where marine mammal species occur in Foxe Basin and how the environment shapes

their vocal presence, complementing the local knowledge in the region.
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2.2 Introduction

The Arctic marine ecosystem is highly dynamic and strongly influenced by seasonal
environmental conditions. Sea ice cover, wind regimes, and sea surface temperature regulate key
biological processes, such as primary productivity, directly shaping trophic dynamics and the
seasonal distribution of Arctic marine mammals (Matthes et al., 2021; Miksis-Olds et al., 2013;
Sakshaug, 2004). Among these drivers, sea ice plays a structuring role in Arctic marine food webs
by determining the duration of productive open-water seasons and shaping habitat availability
throughout the year (Kovacs et al., 2011; Laidre & Regehr, 2016; Popova et al., 2010; Sakshaug,
2004). Wind modulates nutrient mixing and underwater ambient noise conditions (Dahl et al.,
2007; Nishino et al., 2015; Shajahan et al., 2024). Sea surface temperature influences prey
distribution and the energetic costs of thermoregulation (Hind & Gurney, 1997; Popova et al.,
2010). These dynamics are particularly pronounced in regions such as Foxe Basin, in the central
Canadian Arctic, which has experienced trends toward earlier break-up and later freeze-up
consistent with broader changes observed across the eastern Canadian Arctic (Laidler et al., 2008;

Tivy et al., 2011; Hochheim and Barber, 2014; Parkinson, 2014; Andrews et al., 2018).

The behaviour and distribution of some Arctic marine mammals are tightly coupled to variation
in environmental conditions, influencing habitat use, vocal activity, and migration (Hauser et al.,
2017b; Kovacs et al., 2011; Laidre et al., 2015; Laidre & Regehr, 2016; Moore & Huntington, 2008).
Migratory cetaceans such as the bowhead whale (Balaena mysticetus) and the beluga whale
(Delphinapterus leucas) follow seasonal ice dynamics and prey availability between wintering and
summering grounds (Ferguson et al., 2010; Heide-Jgrgensen et al., 2010; Heide-Jargensen,
2003; Citta et al., 2012; Barber et al., 2001; Hauser et al., 2017b; Hornby et al., 2017; Richard &
Stewart, 2008). Ice-associated pinnipeds, including the Atlantic walrus (Odobenus rosmarus
rosmarus), bearded seal (Erignathus barbatus), and ringed seal (Pusa hispida), depend on sea

ice as a platform for hauling out, resting, nursing, and moulting, as well as for access to prey
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(Breed et al., 2018; Harwood et al., 2015; Kastelein, 2009; Kingsley & Stirling, 1991; Lydersen,

2011; Sjare & Stirling, 1996; Stirling, 1983).

Passive acoustic monitoring (PAM) provides an effective and non-invasive approach for
studying vocal activity of soniferous species in remote Arctic environments, where direct
observations remain logistically challenging. Many Arctic species produce predictable
vocalizations linked to different behaviours, allowing acoustic detections to serve as a proxy for
presence in a region (Llobet et al., 2023). Walrus knocks and bell sounds are typically produced
during the breeding season for mate attraction and male competition (Sjare, 1993; Sjare & Stirling,
1996). Bowhead whales produce calls throughout the year, including moans, whereas they
produce songs only seasonally, which are believed to be associated with breeding displays
(Stafford & et al., 2012; Stafford & Clark, 2021). Beluga whistles and pulsed calls are linked to
social behaviour, including group cohesion and mother-calf communication, while echolocation
clicks are associated with navigating and foraging behaviour (Cotillard et al., 2024; Garland et al.,
2015). Bearded seal trills, moans and sweeps are produced during the breeding season to defend
territories and for courtship (Cleator et al., 2011; Van Parijs et al., 2001), while ringed seal barks
and yelps are described as breeding behaviour and male-male competition during the pupping
and mating season (Mizuguchi et al., 2016; Stirling, 1973). PAM has been widely applied in the
Canadian Arctic, where these typical vocalizations provide information on species presence,
migration timing, and behaviour across seasons (Van Opzeeland et al., 2010; Van Parijs et al.,

2003; Moore et al., 2011; Marcoux et al., 2017).

This study used year-round PAM to examine the occurrence of five marine mammal species
in northern Foxe Basin: walrus, bowhead whale, beluga, bearded seal, and ringed seal. The
objectives were to (1) characterize seasonal patterns of acoustic occurrence and (2) examine the
influence of sea ice concentration, wind speed, and sea surface temperature on species presence.

Vocal activity was predicted to peak during breeding periods for walrus, bearded seal, and ringed
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seal, and during seasonal presence for bowhead and beluga whales. Sea ice concentration, wind
speed, and sea surface temperature were expected to shape acoustic presence through species-
specific habitat needs. Sea ice was predicted to positively influence pinniped and beluga
presence, given their reliance on ice, but negatively influence bowhead whales, which migrate in
association with ice retreat (Asselin et al., 2011; Boveng et al., 2025; Fay, 1982; Citta et al., 2015).
Wind speed was expected to reduce call detection across all species through acoustic masking
(Halliday et al., 2020; Insley et al., 2017; Shajahan et al., 2024). Sea surface temperature was
expected to negatively influence ice-dependent species through reduced habitat availability
(Laidre et al., 2008;Chambault et al., 2018; Bailleul et al., 2012). By providing a year-round multi-
species acoustic dataset, this study contributes to understanding how these five marine mammals

use northern Foxe Basin under varying environmental conditions.

2.3 Methods

2.3.1 Study area
Foxe Basin (FB), located in the central Canadian Arctic, is connected to Fury and Hecla

Strait to the northwest and Hudson Strait to the southeast. Coastal Inuit communities along the
basin include Igloolik (Iglulik, A*>c*) and Sanirajak (h\o-G%*). The basin is characterized by a full
seasonal sea ice cycle, with freeze-up typically occurring in November and break-up in July or
August (Hochheim & Barber, 2014; Kowal et al., 2024). Pack ice dominates the basin most of the
year, although persistent polynyas provide areas of low sea ice to open waters throughout the
year (Babb et al., 2026). Polynyas are characteristic of the northwest basin and along Sanirajak.
The formation of polynyas depends on sea ice and wind dynamics (Martini & Morrison, 2014).
Waters remain relatively cold year-round, influenced by currents entering through Fury and Hecla

Strait and northerly winds (Martini & Morrison, 2014).
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2.3.2 Acoustic data collection
Underwater acoustic data were collected using two autonomous hydrophones (Soundtrap

ST600HF; Oceans Instruments, NZ) from June 2023 to June 2024 (Table 2.1). Both were
deployed in the northern part of FB, 46 km apart (Figure 2.1). FB-IGL1-23 was deployed north of
Igloolik, at 6.6km from the nearest coast and at a depth of 59 m. FB-IGL2-23 was located 8.8 km
from Tangle Island (Figure S2. 1), at a depth of 26 m, and closer to polynyas. Deployment sites
were selected collaboratively with Inuit researchers from Igloolik and Sanirajak, based on local
knowledge of areas used by resident and seasonal marine mammal species. Specifically, Inuit
researchers identified areas of interest and potential hydrophone deployment locations on a map.
The deployment and retrieval of hydrophone moorings were conducted collaboratively with Inuit

researchers.

Each mooring consisted of an anchor, acoustic release (Vemco VR2AR, INNOVASEA),
the hydrophone, and a buoy connected by a rope (Figure S2.2). The buoy was submerged at least
10 m below the surface, with the hydrophone 4 m below that, the acoustic release an additional
meter below the hydrophone, and the anchor another 10 m below. FB-IGL1-23 and FB-IGL2-23
were retrieved using a deck box receiver (VR100-300, INNOVASEA) and a transponding
hydrophone after approximately one year of recording. Hydrophones recorded continually with no
set gain at a sample rate of 192 kHz, capturing sounds up to 96 kHz. This high sampling rate
preserves the vocalization structure with higher frequency resolution in spectrograms, allowing for
more detailed recordings. A duty cycle of 6 minutes on and 54 minutes off was set for each

hydrophone to reduce power consumption and allow for year-long deployments.
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Figure 2.1 Map of Foxe Basin and the coastal communities of Igloolik and Sanirajak, with
the two hydrophone locations (FB-IGL1-23 and FB-IGL2-23) deployed during 2023-2024
in the northern part of the basin.
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Table 2.1. Deployment names, coordinates, recording duration, and depths of two hydrophone
moorings deployed in Foxe Basin from 2023 to 2024.

Deployment Latitude Longitude Start End Recording Numbers Water
name (°N) (°W) date date duration of depth (m)

(YYYY- (YYYY- (days) recordings
MM- MM-
DD) DD)

FB-IGL1-23 69.51913 81.36013  2023-  2024-06- 366 8808 59
06-27 21

FB-IGL2-23 69.31363 80.33806  2023- 2024-06- 364 8760 26
06-27 25

2.3.3 Acoustic data analysis
One recording per day was manually inspected to detect calls of walrus, bowhead whale,

beluga, and bearded and ringed seal. To ensure even temporal coverage and minimize potential
bias related to the time of day, the hour of the analyzed recording was shifted by one hour each
day (e.g., 00:00 on Day 1, 01:00 on Day 2, and so on). In total, 731 files were manually analyzed

from the two locations (4% of the total files).

For each recording (.wav format), a spectrogram was generated using the sound analysis
software Raven Pro, version 1.6.5 (Raven Pro, 2024), with a Hanning window of 2,048 points and
50% overlap, and a frequency range of 0-30 kHz. Each spectrogram was systematically inspected
visually and aurally for species-typical vocalizations: walrus knocks and bell sounds, bowhead
whale moans and songs, beluga whistles, pulsed calls, and clicks, bearded seal trills, moans, and
sweeps, and ringed seal barks and yelps (Figure 2.2), according to parameters based on

previously published literature (Table 2.2).

A vocalization was retained only if (1) its start and end points were clearly distinguishable
on the spectrogram and (2) its signal contour was well-defined. When these criteria were met, a

presence (1) was assigned to the corresponding species. Absence (0) was assigned when no
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vocalization was detected or when a signal could not be confidently attributed to a species due to
poor signal quality or ambiguity. This resulted in a binary presence/absence (1/0) dataset for each

species across all analyzed recordings.
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Figure 2.2 Spectrograms showing different species’ vocalizations from FB-IGL1-23 and FB-IGL2-
23. (A) walrus knocks, (B) bowhead moans, (C) beluga whistles, (D,1) bearded trills, (D,2) ringed
seal barks and yelps. Animal illustrations from NOAA Fisheries; available at
https://www.fisheries.noaa.gov/find-species
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Table 2.2 Summary of species-typical call types for five species. Parameters based on previously
published literature.

Species Call type Duration Frequency References
range
Atlantic walrus Knocks, ~10/s 200 Hzto 8  Stirling et al., 1987; Sjare and
(Odobenus taps, and kHz Stirling, 1996; Sjare et al.,
rosmarus bell 2003
rosmarus) sounds
Bowhead Moans 0.5-5s <500 Hz Stafford and Clark, 2021;
whale (Balaena Stafford, 2022
mysticetus)
Beluga Whistles,  From 0.25 to 1.95 0.1-12 kHz; Sjare and Smith, 1986;
(Delphinapterus pulsed s >60kHz O’Neill, 2015; Zahn et al.,
leucas) calls, and 2021
clicks
Bearded seal Trills, From 2 s to 3 min 130 Hz Cleator et al., 2011;
(Erignathus moans, to 6 Heimrich et al., 2021
barbatus) ascents, kHz
and
sweeps
Ringed seal Bark and  Short duration (<0.5 400 Hz Stirling, 1973, 1983;
(Pusa hispida) yelps s) to2 Jones et al., 2014
kHz

2.3.4 Environmental covariates
Daily SIC was retrieved from the Near-Real-Time DMSP SSMIS Daily Polar Gridded Sea

Ice Concentrations (NRTSI; Meier et al., 2021; https://nsidc.org/data/nsidc-0081/versions/2),

generated using the NASA Team algorithm. Data (NetCDF files) from the F18 sensor were
obtained at a spatial resolution of 25 x 25 km. For each hydrophone location, the nearest grid cell
to the deployment location was identified. Daily SIC was computed as the mean of nine cells (a 3

x 3 window, approximately 75 x 75 km) centered on the identified cell.
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Daily wind speed and sea surface temperature were obtained from the NetCDF files of the
ERAS5 post-processed daily statistics on single levels (Copernicus Climate Change Service;

Hersbach et al., 2023; https://cds.climate.copernicus.eu/datasets/derived-era5-single-levels-

daily-statistics). Daily means were extracted with the maximum temporal frequency (computed
from 6-hourly samples) and at a spatial resolution of 0.25° x 0.25° (approximately 28 x 11 km at

69°N).

The 10-m wind speed was derived from the instantaneous zonal (u) and meridional (v)

wind components at 10 m height using the equation:

Wind speed = \/m

SST was converted from Kelvin (K) to Celsius (°C) by subtracting 273.15 from the values.
2.3.5 Statistical analysis

Generalized Linear Models (GLMs) with a binomial error distribution and logit link function
were used to model species presence-absence. Species presence was coded as a daily binary
variable (1 = presence, 0 = absence). Four candidate predictors were considered: sea ice
concentration (proportion), wind speed (m-s™), sea surface temperature (°C), and site as a fixed
categorical effect (FB-IGL1-23; FB-IGL2-23). All continuous predictors were standardized before
model fitting. Candidate models were evaluated using the dredge function from the MuMin
package, and the best model was selected based on AICc (Table S2.1). Model fit was assessed
using residual diagnostics implemented in the DHARMa package. All final models passed
uniformity and dispersion tests (p > 0.05). Potential multicollinearity was assessed using the

variance inflation factor (VIF).

To assess whether temporal autocorrelation required explicit modelling, preliminary GLMs
including all candidate predictors were fitted for each species. Autocorrelation function (ACF) and

partial autocorrelation function (PACF) plots of the Pearson residuals were inspected for each
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species. Walrus and bearded seal showed significant lag-1 autocorrelation with gradual ACF
decay, consistent with a first-order autoregressive (AR(1)) process. For the two species, models
were therefore fitted using the gimmTMB package with an AR(1) correlation structure specified as
ar1(day _index + 0 | site), where day _index is the day number of the recording period, modelling
temporal autocorrelation independently within each site. Post-hoc ACF and PACF plots of AR(1)
model residuals were inspected, confirming that temporal autocorrelation was adequately
removed for walrus and bearded seal. The AR(1) correlation structure was held fixed across all
candidate models for walrus and bearded seal. For ringed seal, bowhead whale, and beluga
whale, residuals showed no significant autocorrelation, and standard binomial GLMs were fitted

using g/m(). All analyses were conducted in R (v. 4.3.0; R Core Team 2023).

2.4 Results

2.41 Study area
FB-IGL1-23 and FB-IGL2-23 showed similar ice regimes, with slight differences in the timing

of freeze-up and break up (Figures 2.3 and 2.4). Open-water conditions (<25% SIC) occurred from
late July until freeze-up in November at both locations. Consolidated ice persisted until early June
at FB-IGL1-23, while ice concentrations decreased slightly earlier at FB-IGL2-23 during break-up.
Across both sites, wind speeds ranged from 0.34 to 14.79 m s™", with high-wind events (>10 m-s™)
occurring more frequently during autumn and winter. SST followed a seasonal pattern associated
with sea ice dynamics, ranging from -1.69 to 3.92°C. Spring warming began in May, with higher
temperatures observed at FB-IGL2-23 relative to FB-IGL1-23, consistent with a lower SIC in July

at the second site (Figures 2.3 and 2.4).

2.4.2 Overall vocal detections across sites
Across both sites, walrus vocalizations were the most frequently detected, recorded on

298 of 730 monitoring days (40.8%), followed by bearded seals (264 days; 36.2%), bowhead
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whales (68 days; 9.3%), beluga whales (31 days; 4.2%), and ringed seals (30 days; 4.1%) (Table

2.3).

Table 2.3 Number of days with detected vocal presence and associated percentages (%) per
species at each site and at both sites combined (i.e. total).

Species FB-IGL1-23 (days, %) FB-IGL2-23 (days, %) Total (days, %)
Walrus 179 (48.9%) 119 (32.7%) 298 (40.8%)
Bowhead whale 64 (17.5%) 4 (1.1%) 68 (9.3%)
Beluga whale 22 (6.0%) 9 (2.5%) 31 (4.2%)
Bearded seal 161 (44.0%) 103 (28.4%) 264 (36.2%)
Ringed seal 17 (4.6%) 13 (3.6%) 30 (4.1%)

At FB-IGL1-23, walrus detections were almost daily from December 2023 to June 2024,
with earlier peaks from July to October 2023 and no vocal detections from October to December
2023 (Figure 2.3). At FB-IGL2-23, detections were more evenly distributed throughout the year,
with a peak from January to June 2024 (Figure 2.4). Bowhead whale detections were recorded
from July 2023 to January 2024, with peak vocal activity in late July at FB-IGL1-23. At FB-IGL2-
23, detections were sporadic, occurring only in September, October, and December 2023, and
February 2024 (Figure 2.4). Beluga calls were detected at FB-IGL1-23 from October 2023 to
March 2024, and at FB-IGL2-23 from December 2023 to March 2024, with fewer vocal detections
at the latter site (9 days; 2.5%) (Table 2.3). Bearded seal vocal presence was seasonal. At FB-
IGL1-23, vocal activity was restricted to December 2023 through July 2024, gradually increasing
from December to a consistent detection from late March onward (Figure 2.3). A similar pattern
was observed at FB-IGL2-23, where vocal activity increased gradually. Occasional detections
occurred in September and October 2023 (Figure 2.4). At both sites, walrus and bearded seals

co-occurred from January to May 2024. Ringed seal vocal detections were the least frequent
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overall. Presence was recorded at FB-IGL1 -23 from March to July 2024, and at FB-IGL2-23 from
September 2023 to February 2024 (Figures 2.3 and 2.4). Vocal detections peaked in June 2024
at FB-IGL1-23, coinciding with bearded seal presence. At FB-IGL1-23, December 2023 was the
only month in which walrus, bearded seal, and bowhead whale vocalizations were detected

concurrently.
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Figure 2.3. Daily acoustic presence of walrus, bowhead whale, beluga, bearded seal, and ringed seal at FB-IGL1-23, with sea ice
concentration (blue shading), wind speed (blue line), and sea surface temperature (SST).
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Figure 2.4. Daily acoustic presence of walrus, bowhead whale, beluga, bearded seal, and ringed seal at FB-IGL2-23, with sea ice
concentration (blue shading), wind speed (blue line), and sea surface temperature (SST).
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2.4.3 Influence of environmental parameters on vocal presence
All results are summarized in Table 2.4 and represented in Figure 2.5 and Figure S2.3.

Multicollinearity among predictors was assessed using the variance inflation factor (VIF). All VIF

values were below the threshold of 4, and no predictors were removed before model selection.

The best-supported model (AlICc = 621.8) for the detection of walrus calls retained SIC as the
sole predictor. SIC had a significant positive effect (B = 2.096, p < 0.001), with the probability of
vocal presence showing a sharp increase when SIC ranged between 50% and 100% (Figure
S2.3). The AR(1) parameter (¢ = 0.92) indicated strong temporal persistence from one day to

another.

The best-supported model (AlICc = 355.8) for the detection of bowhead whale calls retained
three predictors. First, SIC had a significant negative effect (3 = -0.780, p < 0.001), with a
probability of vocal presence reaching 50% under open water conditions, consistent with summer
vocal detections (Figure S2.3). Site had a strong negative effect (§ =-3.104, p < 0.001), with higher
vocal presence at FB-IGL1-23 compared to FB-IGL2-23 (Figure S2.3). Wind speed was retained

in the model but did not have a significant effect (8 = -0.223, p = 0.118).

The best-supported model (AICc = 243.7) for the detection of beluga whale calls retained two
predictors. SST had a significant negative effect (B = -1.441, p = 0.004), with predicted vocal
presence increasing under colder temperatures, consistent with their winter occurrence in the
study area (Figure S2.3). Site had a significant negative effect (B = -0.969, p = 0.016), with lower

vocal presence at FB-IGL2-23 than at FB-IGL1-23 (2.5% versus 6.0% of monitoring days).

The best-supported model (AlCc = 382.4) for the detection of bearded seal calls retained wind
speed as the sole predictor (f =-0.391, p = 0.038), indicating reduced detection probability under
stronger wind conditions, although uncertainty around the predicted relationship remained high
(Figure S2.3). The AR(1) parameter (¢ = 0.99) indicated a strong temporal autocorrelation

accounting for most of the explained variance.
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The best-supported model (AlCc = 249.8) for the detection of ringed seal calls retained

SST (B =-0.447, p = 0.069) and wind speed (B = -0.355, p = 0.090). Although neither predictor

reached significance, both showed negative trends, suggesting reduced vocal presence under

warmer SST and stronger winds.

Table 2.4. Parameter estimates from the best-supported model for each species. AR1 refers to
the first-order autoregressive correlation structure; ¢ = AR1 correlation parameter. SE = standard
error, z = Wald z-statistic. Bold p-values indicate statistical significance of the predictor (p < 0.05).

Species Model Predictor Estimate SE z p
Walrus GLMM +AR1, ¢ =0.92 SIC 2.096 0.527 3.977 <0.001
Bowhead whale GLM SIC -0.780 0.140 -5559 <0.001
Site (IGL2 vs IGL1) -3.104 0.527 -5.894 <0.001
Wind speed -0.223 0.143 -1.562 0.118
Beluga GLM Site (IGL2 vs IGL1) -0.969 0.404 -2.400 0.016
SST -1.441 0.502 -2.870 0.004
Bearded seal GLMM +AR1, ¢ =0.99 Wind speed -0.391 0.188 -2.077 0.038
Ringed seal GLM SST -0.447 0.245 -1.822 0.069
Wind speed -0.355 0.209 -1.697 0.090
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Figure 2.5. For each species, estimates from each best-supported model of acoustic presence
with the retained predictors. Points represent model coefficients and horizontal lines indicate
95% confidence intervals. Open circles = non-significant effects (p > 0.05); filled circles =
significant effects (p < 0.05). SIC: sea ice concentration; SST: sea surface temperature; Site:
hydrophone site (FB-IGL2-23 vs. FB-IGL1-23).
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2.5 Discussion

2.5.1 Year-round temporal and spatial acoustic occurrence of five marine
mammal species

Walrus

Walrus vocalizations were the most frequently detected among all species, consistent with
the high abundance of Atlantic walruses in FB (Hammill et al., 2016). Walruses are present year-
round in the region and are typically associated with polynyas and coastal areas (Higdon et al.,
2022). Seasonal movements occur within FB, generally oriented southward in winter and
northward in summer, following sea ice dynamics and access to benthic foraging grounds (Fay,
1982; Freitas et al., 2009). Continuous vocal presence was recorded throughout the year at both
recording locations. Telemetry data collected from walruses tagged in Igloolik and Sanirajak
across multiple years (2021-2025) indicate that seasonal movements can remain relatively
localized within northern and central FB (DFO, unpublished data), which also supports the
acoustic results of a year-round presence. The persistent detections observed at both sites are
likely supported by high benthic productivity and, therefore, prey availability in the region. As
exclusive benthic feeders, walruses are strongly associated with shallow, productive habitats that
support abundant bivalve communities (Born et al., 2003; Fay, 1982; Fisher, 1989; Fisher &
Stewart, 1997; Freitas et al., 2009). Walruses forage typically at a depth of less than 80 m (Fay,
1982), which corresponds to both depths of 59 m at FB-IGL1-23 and 26 m at FB-IGL2-23. Adult
males can consume between 23 and 50 kg of biomass daily, making prey availability an important
driver of habitat selection, particularly during summer (Born et al., 2003; Garde et al., 2018;
Gebruk et al., 2021; Skern-Mauritzen et al., 2022). The high temporal autocorrelation observed in
the model (AR(1): @ = 0.86) further suggests repeated use of these habitats throughout the year.

Walrus presence was inferred using knocks, taps, and bell-sounds, which are calls typically
associated with breeding behaviour (Larsen & Reichmuth, 2021; Sjare, 1993; Sjare & Stirling,

1996). At FB-IGL2-23, detections were distributed throughout the year, with a peak from January
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to June 2024, which overlaps with the breeding season. From February to April, male walruses
vocalize almost continuously underwater to establish dominance among males and advertise their
reproductive fitness to females (Larsen & Reichmuth, 2021; Nowicki et al., 1997; Sjare et al., 2003;
Sjare, 1993; Sjare & Stirling, 1996; Stirling et al., 1987). Daily detections during this period were
consistent across both sites. Although the broader December to June window of intense vocal
activity, associated with earlier vocal detection in the year, suggests it is not limited to breeding
behaviour alone and may serve broader social or ecological functions. Mouy et al. (2012)
suggested that knocks could be emitted in association with travelling behaviour or with foraging
behaviour, such as exploration of the seafloor for prey. Panova et al. (2026) suggested that knocks
outside of the breeding season may represent vocal practice by young males in preparation for
future mating seasons. Males compete intensively for feeding and resting grounds (Solovyova et
al., 2024), and might engage in aggressive underwater interactions (Kastelein, 2009). The
ecological significance of knocks outside of the reproductive context remains poorly understood

and needs further investigation.

Walruses rely heavily on sea ice for resting, moulting, nursing, accessing foraging grounds
and avoiding predation (Fay, 1982; Kastelein, 2009; Moore & Huntington, 2008), which is
consistent with SIC being the sole predictor and with the strong positive relationship between this
variable and vocal presence. Seasonal movements of walrus are triggered by sea ice availability
(Mansfield, 1958), where summering areas are known to be around the islands in the northern
part of FB and wintering areas around the floe edge close to Rowley Island (Orr et al., 1986;
Stewart, 2008; Figure S2.1). Lower number of detections between July and October 2023 may
reflect reduced sea ice availability during this period, which could trigger walruses to haul out on
terrestrial sites (Freitas et al., 2009; Mikkelsen et al., 2024; Solovyova et al., 2024) farther from
FB-IGL1-23, reducing the vocal presence near that site. Based on the Atlantic walrus haul-out site

database published by Cubaynes et al. (2026), the closest terrestrial haul-out to FB-IGL2-23 is on
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Tangle Island (69.397°N, 80.198°W; Figure S2.1), approximately 11 km away, whereas the closest
haul-out site to FB-IGL1-23 is on Tern Island (69.551°N, 80.843°W; Figure S2.1), approximately
26 km away. This difference in proximity to terrestrial haul-out habitat may explain the more even
temporal distribution of detections observed at FB-IGL2-23 relative to FB-IGL1-23, given that
walrus vocalizations can propagate up to 10 km underwater (Sjare et al., 2003; Sjare & Stirling,
1996). High vocal detections at FB-IGL1-23 and FB-IGL2-23 during winter could indicate the use
of the area during this period for some individuals, with summer migrations towards terrestrial haul

outs closer to FB-IGL2-23.

Bowhead whale

Bowhead whale acoustic detections at FB-IGL1-23 followed a seasonal pattern consistent
with the migratory cycle of the Eastern Canada-West Greenland Arctic (EC-WG) population
(Biddlecombe et al., 2023; Cosens & Blouw, 2003; Ferguson et al., 2010). During their summer
aggregation in northern Foxe Basin, bowheads feed extensively (Cosens & Blouw, 2003; Diogou
et al., 2023; Ferguson et al., 2010; George et al., 2015) to accumulate enough energy reserves
required for their migration toward northern Hudson Bay and Hudson Strait (Fortune, 2018). The
presence of polynyas north of Igloolik and the shallow productive waters at FB-IGL1-23 (Babb et
al., 2026), likely create favourable foraging conditions for the EC-WG bowhead whale population.
The peak in vocal activity observed at FB-IGL1-23 during summer aligns with this productive
period in northern FB. The area has also been identified as a nursery ground (Hay et al., 2000;
Heide-Jorgensen et al., 2010) with juveniles and calves representing 79-97% of individuals
observed during aerial surveys (Cosens & Blouw, 2003). Nursing females communicate with
calves through underwater vocalizations that maintain cohesion and coordination within groups
(Wursig & Clark, 1993), which may contribute to the elevated detections observed during this
period. Detections after freeze-up at FB-IGL1-23 may reflect delayed fall migration toward

wintering areas. This could result from favourable prey availability or predator avoidance,
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particularly from killer whales, as shallow waters may provide refuge from predation (Moore et al.,
2021). The absence of detections after late December likely marks the departure southwards of

bowheads from the area.

Bowhead whales are known to track the floe edge, moving northward as sea ice retreats
in summer and southward with advancing pack ice in autumn (Ferguson et al., 2010). This aligns
with the negative relationship between SIC and vocal presence observed in this study and
previously reported in Amundsen Gulf (Diogou et al., 2023). Although SIC was a significant
predictor of bowhead whale vocal presence, both locations experienced similar SIC conditions
during summer (i.e., the ice-free period). Therefore, the higher vocal presence of bowhead whales
at FB-IGL1-23 may instead reflect habitat preferences between sites. The spatial differences may
be driven by factors not considered in the study, such as prey availability associated with
differences in depth. Habitat features may also play an important role by providing suitable calving
areas and reducing exposure to predators such as killer whales (Ferguson et al., 2010, 2012;

Moore et al., 2000)

Beluga

Beluga call detections indicated vocal presence throughout the winter period. This
contrasts with our initial hypothesis that detections would peak during migration periods, as beluga
vocal activity was recorded outside the main migration periods typically described for the region.
FB lies within the seasonal extent of the Eastern High Arctic-Baffin Bay population, when belugas
migrate from their summering areas in Somerset Islands towards North Water or West Greenland
(COSEWIC, 2020; Ferguson & Hansen, 2018). In FB, sightings of belugas are typically during
summer and early fall before freeze-up (Paulic et al., 2014). The acoustic detections from October
to March suggest that some individuals may continue to use northern Foxe Basin after freeze-up

and throughout the winter period.

43



As belugas feed on ice-associated prey like Arctic cod, foraging behaviour could be
facilitated by lower SST. Although vocalizations were not quantified by call type in this study, the
presence of whistles, pulsed calls, and echolocation clicks at both sites suggests that belugas
were not only transiting through the area but were also engaging in social and foraging behaviours
(O’Neill, 2015; Sjare & Smith, 1986; Zahn et al., 2021). Local knowledge has also reported beluga
engaging in feeding behaviour in the area (Stewart et al., 1995). The difference in vocal detections
between sites may therefore reflect spatial variation in prey availability or proximity to productive
areas such as polynyas. Additionally, sex segregation in winter habitat use may also contribute to
the observed pattern. Females generally prefer coastal and estuarine habitats with lighter ice
conditions, whereas males are more commonly associated with heavier pack ice (Barber et al.,
2001; Hauser et al., 2017b). Therefore, winter vocal detections in FB may reflect male individuals,

when SIC was approximately 75% or higher during this period.
Bearded seal

Bearded seal is a year-round resident species, present in high densities in northern FB
(Fuirst et al., 2023), although limited information is available. Daily detections during April to July
coincided with the breeding season, a period with increased vocal activity of males, in which trills
are used to advertise reproductive fitness to females, and to defend territories (Cleator et al., 2011;
Frouin-Mouy et al., 2016; Heimrich et al., 2021; Jones et al., 2014; Risch et al., 2007; Van Parijs
et al., 2003). AImost no detections were recorded for FB-IGL1-23 between June and December.
Similar seasonal declines in bearded seal vocal activity during open-water periods have been
documented in other regions (Chou et al., 2020; Folz, 2024; Marcoux et al., 2017) and could be
associated with transiting behaviour for juveniles (Breed et al., 2018), or may reflect seasonal

migrations towards other areas (Melnikov, 2017).

Bearded seal trills are long-range vocalizations that can propagate over distances of 30-

45 km under calm conditions (Cleator et al., 2011; Stirling, Calvert, & Cleator, 1983). Elevated
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wind speeds could mask the vocalizations through an increase in underwater ambient noise (Dahl
et al., 2007). However, wind speed may also reflect broader sea state conditions, as strong wind
events are often associated with storm activity that could motivate bearded seals to seek refuge
in sheltered areas or reduce vocal activity due to lower detectability (Llobet et al., 2023). The
negative relationship between wind speed and vocal presence may reflect acoustic masking or
behavioural response to harsh sea conditions, though these mechanisms cannot be distinguished

using only passive acoustic monitoring.

Bearded seal vocal activity was highly seasonal at both sites, with detections occurring
from December through July, and progressively increasing after the freeze-up to late March.
Increases in vocal activity following freeze-up are consistent with previous studies showing that
bearded seal vocalizations intensify as pack ice forms in winter (Breed et al., 2018; MacIntyre et
al., 2013, 2015; Van Parijs et al., 2001). Stable sea ice conditions are essential for pupping,
nursing, and moulting, especially over shallow waters close to benthic foraging areas (Kovacs,
2018). SIC has been identified as a strong predictor of ribbon and bearded seal vocal activity in
the Bering Sea (Miksis-Olds & Madden, 2014), and bearded seal sightings were associated with
75-85% SIC in the Hudson Bay (Chambellant et al., 2012; Lunn et al., 2011). However, SIC did

not explain enough variance in the dataset and was not retained as the best-supported model.

Habitat selection in bearded seals may also be driven by parameters not analyzed in this
study, such as benthic prey availability (Gryba et al., 2019; Hamilton et al., 2018; Hjelset et al.,
1999), as bearded seals have been found to spend 70% of their time foraging on benthos
(McClintock et al., 2017). The high temporal autocorrelation in the model (AR(1): ¢ = 0.99)
indicates repeated use of both sites throughout the year, and both deployment sites appear to be
suitable habitats for bearded seals in northern FB. Whether the bearded seal seasonal vocal

pattern reflects annual site fidelity, as documented for breeding males returning to the same
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grounds every year (Van Parijs et al., 2001; Van Parijs & Clark, 2006), would require multi-year

acoustic monitoring.

Ringed seal

Ringed seals are found along the northwestern coastline in FB (NCRI, 2008), although
they occur at lower densities compared to other areas (Paulic et al., 2014). Ringed seals also
showed the lowest vocal detections among the five species, despite their wide circumpolar
distribution (Smith, 1987), which may reflect habitat preferences or prey availability. Ringed seals
also have a low call amplitude (Stirling, 1973), which likely reduces their detectability by PAM.
Despite overall low detections, seasonal differences in occurrence were observed between sites.
At FB-IGL2-23, ringed seals were detected from September to February, corresponding to freeze-
up and early ice formation. In contrast, detections at FB-IGL1-23 occurred from March to July, with
a peak in June. This complementary temporal pattern may indicate seasonal redistribution
between sites. At freeze-up, ringed seals typically establish territories in landfast or pack ice,
where stable ice is needed for breeding (Cleator et al., 2011; Kelly, 2022; Lydersen & Ryg, 1991;
Smith & Hammill, 2011). Ringed seals breed from March to May (Lydersen & Ryg, 1991; Smith &
Hammill, 2011), with increased vocal activity documented during this period (Mizuguchi et al.,
2016; Stirling et al., 1983; Young et al., 2025). The peak in June at FB-IGL1-23 could reflect a later
local breeding season, although further PAM effort would be needed to determine whether

northern FB is used as a breeding ground.

Sea ice conditions are essential for ringed seals for moulting, reproduction, and pup-
rearing, as they provide stable platforms and access to breathing holes (Reeves, 1998; Smith,
1987; Smith & Hammill, 2011). However, in this study, ringed seal vocal presence was best
explained by SST and wind speed, while sea ice concentration was not retained as a predictor in
the final model. These patterns may reflect the association of ringed seals with colder, more stable

environmental conditions. During summer, as temperatures increase, ringed seals become less
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vocal and more widely distributed, reducing their acoustic presence (Gjertz et al., 2000; Martinez-
Bakker et al., 2013). However, the lack of significant environmental predictors suggests that other

factors not examined in this study may also influence ringed seal vocal presence.

Ongoing environmental change may affect Arctic marine mammals differently in FB. Walrus
and bearded seals are strongly dependent on sea ice for breeding, resting, and access to foraging
habitat (Kovacs et al., 2011; Moore & Huntington, 2008), and shorter ice-covered seasons are
expected to reduce the availability and duration of suitable habitat for these species. Whereas
bowhead whales may benefit from increased open-water productivity and longer foraging seasons
associated with sea ice decline (George et al., 2015), though increased killer whale access may
offset these gains. Ringed seals and belugas have already shown shifts in distribution, migration
timing, or habitat use in response to changing ice conditions elsewhere in the Arctic (Breed et al.,
2018; Ferguson et al., 2005, 2017; Hauser et al., 2017a; Kovacs et al., 2011; O’Corry-Crowe et
al., 2016; Reimer et al., 2019; Young & Ferguson, 2014).

2.5.2 Potential interspecific interactions

FB-IGL1-23 had more days with detected vocal presence for all species compared with
FB-IGL2-23, indicating greater overall vocal activity at this site throughout the year. The co-
occurrence of multiple species in northern FB and the overlap of vocal activity provide an
opportunity to explore potential interactions between species. Walruses and bearded seals were
both detected between January and May at both sites. Walruses can occasionally prey on seals,
including bearded seals (COSEWIC, 2017; Fay et al., 1990; Lowry & Fay, 1984), which may
influence bearded seal spatial behaviour in the study area. However, the absence of a significant
site effect and the consistent detections of both species across locations suggest that predation
pressure did not result in detectable acoustic displacement of bearded seals in northern FB. High
acoustic detections of walrus may also be associated with reduced ringed seal occurrence, as

walrus presence has been linked to local displacement of ringed seals in some regions, potentially
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due to predation pressure (Reeves, 1998). Such predator-prey interactions may become
increasingly important as declining Arctic sea ice is facilitating the northward expansion of killer
whale range (Ferguson et al., 2025; Higdon & Ferguson, 2009; Kimber et al., 2025). Predation
events on bowhead whales have increased with sea ice loss, particularly during calving season
(Kimber et al., 2025; Willoughby et al., 2020), and belugas and bowheads may shift habitat use in
response to killer whale presence (Ferguson et al.,, 2012, 2025; Higdon & Ferguson, 2009;
Matthews et al., 2025). Although killer whale vocalizations were not assessed here, continued
passive acoustic monitoring will be important for tracking future shifts in marine mammal

occurrence.

Beyond predation, the co-occurrence of walruses and bearded seals also raises the
possibility of resource competition. Both species are associated with shallow and productive
benthic habitats and share several benthic prey resources, including bivalves (Dehn et al., 2006;
Hjelset et al., 1999; Lowry et al., 1980). However, bearded seals also consume demersal and
pelagic fishes, indicating a broader dietary niche compared to walruses, which rely predominantly
on benthic bivalves (Finley & Evans, 1983). This partial overlap in diet implies some degree of
resource partitioning, which may reduce direct competition and facilitate co-occurrence in northern
FB. If benthic prey availability decreases in the future, interspecific competition could
disproportionately affect walruses due to their restricted diet (Lowry et al., 1980). Further
investigations, including compound-specific stable isotope analyses, could provide additional
insight into prey partitioning and trophic interactions between both species in northern FB, as
demonstrated in previous studies from the Bering Sea (Oxtoby et al., 2017). Interspecific
interactions can also shape the underwater soundscape; ecoacoustics describes how species
partition acoustic space through time and frequency within ecological communities (Sueur &
Farina, 2015). Periods of high bowhead whale acoustic activity were associated with lower walrus

detections, suggesting a potential temporal partitioning of the soundscape between the two

48



species. Similar patterns have previously been reported by Llobet et al. (2023), where walrus vocal
activity decreased during periods of intense bowhead singing. Although this pattern could also

reflect reduced walrus presence or acoustic masking.

2.5.3 Limitations
Passive acoustic monitoring presents inherent limitations that should be considered when

interpreting the results of this study. Acoustic detections represent presence rather than
abundance, and acoustic absence does not necessarily indicate true absence, as species may be

present but not vocalizing.

Species detectability may vary according to vocal behaviour, ambient noise, and
hydrophone location. Furthermore, the hydrophones operated on a duty cycle with a 54-minute off
period, potentially missing vocalization detections. This limitation likely affected species differently
depending on their vocal behaviour: species that vocalize for extended periods, such as walrus,
bowhead whales, and bearded seals during peak activity, were less likely to be missed. In contrast,
species that produce brief calls, such as ringed seals, may be more difficult to detect under this
duty cycle, which could explain their low vocal presence at both sites (Michel et al., 2025; Rand et
al., 2022). The analyses were also based on a single year of passive acoustic monitoring, limiting
the ability to assess interannual variability in species occurrence and identify environmental

drivers.

The systematic selection of recording hours for analysis was not aligned with the tidal cycle
and therefore did not account for potential effects of tides on animal behaviour or acoustic
detectability. Tides are predictable events that can influence underwater sound propagation
through tidal currents, tidal phases, and turbidity (Mawer et al., 2026). However, tidal amplitudes
in northwestern Foxe Basin are relatively small (1-4 m; Campbell & Collin, 2011), which may limit

their influence. Future studies should consider including tidal phase or tidal current as a covariate.
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2.6 Conclusion

This study demonstrates that Foxe Basin supports a diverse and seasonally dynamic
marine mammal community throughout the year. Passive acoustic monitoring documented the
presence of walrus, bowhead whale, beluga, bearded seal, and ringed seal, with species
occurrence strongly influenced by seasonal environmental conditions, particularly sea ice
dynamics. Sea ice concentration emerged as the primary environmental driver for several species,
although the contrasting effects reflect how sea ice plays different ecological roles for each animal.
Differences in detection patterns between species and recording sites highlight the ecological
importance of northern Foxe Basin. Particular attention for management and conservation will be

needed around FB-IGL1-23, as it supported a greater overall vocal activity.

Although this study could not resolve abundance, movement, or behavioural interactions,
it provides valuable information on the seasonal and year-round use of Foxe Basin by five marine
mammals. As sea ice declines and vessel traffic increases across the Arctic, multi-year passive
acoustic monitoring will be essential for informing conservation in Foxe Basin. While extensive
marine mammal research has been conducted in Hudson Bay, Foxe Basin remains comparatively

understudied, and the results of this study underscore the need for further research in the region.
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2.8 Supplementary materials

Table S2.1. Model selection results for five species based on AlCc. For each species, the five
best-supported models are listed. SIC = sea ice concentration; Wind = wind speed; SST = sea
surface temperature; x = predictor retained; AAICc = difference in AICc from best-supported
model; w = Akaike weight. Walrus and bearded seal models include a fixed AR(1) autocorrelation
structure across all models tested

Predictors Model fit
SIC Wind SST Site df AlCc AAICc Log w
Likelihood

Walrus
1 X 4 621.87 0.00 -306.91 0.209
2 x x 5 622.53 0.67 -306.22 0.150
3 x x 5 622.67 0.80 -306.29 0.140
4 X x 5 622.67 0.81 -306.30 0.140
5 x x x 6 623.15 1.29 -305.52 0.110
Bowhead Whale
1 x x x 4 355.80 0.00 -173.87 0.409
2 x x 3 356.30 0.50 -175.14 0.319
3 x x x x 5 357.80 2.00 -173.86 0.151
4 x x x 4 358.28 2.48 -175.11 0.118
5 x x 3 366.69 10.89 -180.33 0.002
Beluga Whale
1 x x 3 243.76 0.00 -118.86 0.204
2 X X X 4 243.85 0.08 -117.90 0.196
3 X x X 4 244,14 0.38 -118.04 0.169
4 X X X X 5 244,92 1.16 -117.42 0.114
5 x x 3 245.11 1.35 -119.54 0.104
Bearded Seal
1 x 4 382.43 0.00 -187.19 0.211
2 x x 5 383.01 0.58 -186.46 0.158
3 x x 5 383.76 1.33 -186.84 0.108
4 x x 5 384.37 1.94 -187.14 0.080
5 x 4 384.51 2.08 -188.23 0.074
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Figure S2.1 Map of the documented haul-outs (purple square) in Northern Foxe Basin, with the
hydrophone location FB-IGL1-23 (blue star), and the communities of Igloolik and Sanirajak. In
Inuktitut: Tangle Island is Nuvuklit and Tern Island is Siurag. Haul-out coordinates were available
on CAFF - Arctic Biodiversity Data Service (ABDS):
https://geo.abds.is/geonetwork/srv/eng/catalog.search#/metadata/fcdc5e58-3318-4a02-a484-

8ecb7cfb66e2.
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Figure $2.2 Diagram of a mooring equipped with a buoy, a hydrophone Soundtrap ST600HF, an
acoustic release VEMCO VR2AR, and an anchor. Deployed at FB-IGL1-23 and FB-IGL2-23
between 2023-2024. Drawn on Procreate, version 5.3, Savage Interactive Pty Ltd.
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Figure S2.3 For each species, the probability of presence in relation to significant environmental
predictors. Grey points = individual observations. Lines represent fitted probabilities from the best-
supported logistic regression model with 95% confidence intervals (shaded). For species with a
significant interaction between two predictors, the curves correspond to low (mean - 1 SD) and
high (mean + 1 SD) values of the variable, calculated from the dataset.
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Chapter 3 Impact of vessel traffic and proximity on walrus
vocal behaviour in northwest Foxe Basin

3.1 Abstract

Shipping corridors increasingly overlap with marine mammal habitats, exposing species to vessel
noise that often falls within their hearing ranges and can disrupt navigation, breeding, foraging,
and social interactions. This study investigated the impacts of vessel traffic on Atlantic walrus
(Odobenus rosmarus rosmarus) vocal activity in northern Foxe Basin, Nunavut, a region expected
to see substantial increases in shipping in the coming years. Walrus vocal activity was monitored
using a single hydrophone during the shipping season from August to October 2023. Automatic
Identification System (AIS) data were used to extract ship ID, type, speed, and position within a
100 km buffer zone around the hydrophone for the same period. Walruses vocalized throughout
the monitoring period, but hourly knock counts were 50% lower during the shipping season than
before the first vessel arrival. During the shipping season, a decrease in walrus vocal activity was
associated with higher vessel speeds and closer vessel proximity to the hydrophone. This decline
may reflect acoustic masking by vessel noise, active reductions in vocal activity, or displacement
from the area. The presence of two or more vessels in the area was associated with increased
vocal activity, possibly reflecting a Lombard effect in walruses when faced with elevated ambient
noise levels. No effect of vessel type was detected. Although the present study could not
determine the exact cause of these responses to vessel disturbance, the results indicate that
vessel traffic alters walrus acoustic behaviour, even at relatively low levels of shipping activity.
Further research is needed to characterize walrus responses to vessel disturbance and determine
whether specific thresholds of vessel activity, proximity, or noise levels exist. In the meantime,
proactive conservation and management measures are needed before sustained increases in

vessel traffic occur in the Foxe Basin region.
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3.2 Introduction

Anthropogenic activities in the Arctic, including shipping, oil and mineral exploration,
commercial fisheries, military operations, and tourism, are expected to intensify in the coming
decades, as sea ice continues to decline (Erbe et al., 2019; Jaramillo et al., 2022). The sixth
assessment report of the Intergovernmental Panel on Climate Change (IPCC) reports a 25%
increase in the number of vessels entering Arctic waters and a 75% increase in total distance
travelled between 2013 and 2019 (Jaramillo et al., 2022). Shipping activity introduces many
threats to Arctic ecosystems, including oil spills, ship strikes, habitat alteration, the introduction of
exotic species, and underwater noise (Richardson et al., 1995; Erbe et al., 2018). In the Arctic,
sea ice has historically limited vessel access and kept the underwater soundscape among the
quietest globally. However, noise levels have doubled between 2013 and 2019 in some regions,
with shipping noise increasingly dominating lower frequencies (Khopkar et al., 2026; Ladegaard

et al., 2021; PAME, 2021).

Marine mammals rely fundamentally on sound for navigation, communication, foraging,
and predator avoidance (Tyack, 2008). Consequently, shipping noise has become a major
environmental concern because it overlaps with the acoustic frequencies used by marine
mammals (PAME, 2021). Vessel noise, which typically occurs between 10 Hz and 1 kHz (PAME,
2021), can mask biologically important sounds by interfering with the detection, recognition, and
discrimination of acoustic signals (Moore et al., 2012; Gomez et al., 2016). Acoustic masking can
impair communication between signalers and receivers, interfere with echolocation, and reduce
the ability to detect predators or environmental cues (Erbe, 2012). Such disruptions may reduce
communication efficiency, affecting reproduction or foraging success (Erbe et al., 2018; Khopkar
et al., 2026). Beyond acoustic masking, vessel noise can elicit a range of behavioural responses,
including displacement, interruption of ongoing activities, and changes in movement and diving
behaviour (Richardson et al., 1995; Moore et al., 2012; Gomez et al., 2016; Erbe et al., 2019). It

may also alter vocal behaviour by reducing communication range or inducing changes in calling
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rate, vocal intensity, and signal structure, as documented in several cetacean and pinniped
species (Duarte et al., 2021; Hauser et al., 2018). However, responses to vessel noise are
species- and context-dependent. For example, belugas have been reported to increase call rates
in the presence of vessels, whereas narwhals reduced both vocal activity and movement (Finley
et al., 1990). Repeated or prolonged disturbance can reduce individual fithess through disrupted

behaviours, increased energetic costs, and physiological stress (Erbe et al., 2018)

Walruses spend up to 83% of their time in the water (Born et al., 1995; Gjertz et al., 2001)
and their hearing sensitivity (0.1-15 kHz; Kastelein et al., 2002) overlaps directly with vessel noise
frequencies (Khopkar et al., 2026). In Arctic waters, vessel noise can propagate over large
distances, with modelling studies suggesting audibility beyond 100 km under quiet conditions
(Halliday et al., 2017). Walruses rely on acoustic communication for social and reproductive
behaviours, including male breeding displays and mother-calf interactions (Charrier et al., 2010;
Sjare et al., 2003; Sjare, 1993; Sjare & Stirling, 1996). In water, they produce low-frequency calls,
including knocks, bell sounds, whistles, and grunts (Larsen & Reichmuth, 2021; Sjare, 1993; Sjare
& Stirling, 1996; Stirling et al., 1987; Verboom, 2023). Knocks, which can propagate over several
kilometers, are the most frequently recorded underwater walrus calls and are commonly used as
a proxy for their presence (Larsen & Reichmuth, 2021; Miksis-Olds et al., 2016; Ray and Watkins,
1975; Sjare et al., 2003; Sjare & Stirling, 1996). Because these calls are essential for
communication, underwater noise may disrupt their transmission or detection, with potential

consequences for breeding and mother-calf interactions(Stewart, 2012).

Walruses are considered among the Arctic marine mammals most vulnerable to vessel
disturbance (Hauser et al., 2018). At haul-out sites, walruses respond to auditory, visual, and
olfactory cues from vessels or aircraft by increasing vigilance, initiating escape responses, and
stampedes, which can result in injury or mortality (Born et al., 1995; Fay et al., 1984; Higdon et

al., 2022). In Chukchi Sea, vessel presence altered walrus diving behaviour and travel speed,
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which may increase energetic costs (McFarland & Aerts, 2015). The intensity of these responses
varies with factors such as previous exposure, age, sex, and health status (Erbe, 2012), with
mothers and individuals accompanied by calves potentially being more sensitive to disturbance
(Miller, 1982; Sallter, 1979). Prolonged disturbances may also cause animals to abandon haul-out
sites (Kovacs, 2016), or abandonment of dependent young, while stampede provoked by
anthropogenic disturbance could lead to stress-induced abortions and trampling of young (Fay et
al., 1984). However, most studies of walrus disturbance have focused on responses at haul-out
sites, leaving underwater acoustic responses comparatively understudied. While telemetry has
been used to investigate shipping effects on walruses (Taylor et al., 2023), Coppolaro et al. (2025)
documented decreased vocalization rates during vessel encounters in northern Hudson Bay,
providing, to our knowledge, the only prior acoustic evidence of walrus vocal response to shipping
noise. Since walruses heavily depend on the marine environment, PAM offers a critical window
into walrus underwater behaviour that direct observation cannot provide, addressing significant
gaps in the understanding of noise impacts on this species. Although limited knowledge is
available, it is believed that disturbance in vocalizations may lead to impacts on foraging, breeding,

and ultimately survival (Erbe, 2012).

These concerns are particularly relevant in Foxe Basin, Nunavut, which hosts one of
Canada's largest Atlantic walrus aggregations (DFO, 2019). Although vessel traffic in Foxe Basin
is currently limited (Dawson et al., 2017), industrial development is expected to increase shipping
in the region, raising ocean noise levels and exposure for marine wildlife (Stewart et al., 2020;
Winship & Jones, 2023). Current regulations may not fully protect walruses from disturbance
associated with vessel traffic. The Canadian Marine Mammal Regulations prohibit approaches
closer than 100 m in water, 200 m on ice, and 300 m on shore for anchored ships (Marine
Mammals Regulations. Fisheries Act. SOR/93-56, 2018). Vessel-generated underwater noise

varies with ship size, load, speed, propulsion type, angle of approach, engine power, and the
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number of ships present (Erbe et al., 2018; McKenna et al., 2013; Ross, 1976; Trevorrow et al.,
2008). These characteristics shape the marine soundscape experienced by marine mammals and
may therefore influence their acoustic behaviour differently. Improving our understanding of how
walruses respond to the presence of vessels in the water is therefore essential for informing

shipping regulations and conservation in this region.

This chapter investigates the potential disturbance of vessel traffic on walrus vocal behaviour
in Foxe Basin. Specifically, it examines how walrus vocal activity varies with vessel presence and
characteristics to assess potential responses to increasing maritime activity in the region. The
present study aims to (1) compare walrus vocal activity before and during the shipping season
and (2) assess whether vessel characteristics (e.g., vessel type, speed, and distance) influence
walrus vocal activity. Although most documented responses to disturbance have occurred at haul-
outs and over short distances, walruses have often shown escape responses, with reaction
magnitude varying by prior exposure and disturbance intensity (Born et al., 1995; COSEWIC,
2017; Fay, 1984; Salter, 1979). Given their limited prior exposure to anthropogenic noise, walrus
vocal activity was predicted to decline during the shipping season, particularly in response to
icebreakers, higher vessel speed, and closer proximity, which are associated with elevated noise
levels (Roth et al., 2013). Such decreases may result from acoustic masking by vessel noise,
active reductions in vocal activity, or displacement from the area. This study addresses a
significant gap in our understanding of walrus acoustic responses to vessel disturbance, with
findings intended to inform shipping guidelines and conservation measures for the species in this

region.
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3.3 Methods

3.3.1 Study area
Foxe Basin, located in the central Canadian Arctic, is connected to Fury and Hecla Strait

to the northwest and Hudson Strait to the southeast. Coastal Inuit communities along the basin
include Igloolik (Iglulik, A*>c*) and Sanirajak (ha-G%*) (Figure 3.1). The basin is characterized by

a full seasonal sea ice cycle, with freeze-up typically occurring in November and break-up in June
(Hochheim & Barber, 2014; Kowal et al., 2024). Most vessel traffic enters the area via Hudson
Strait or Fury and Hecla Strait, primarily for the resupply of communities and icebreaker operations
for navigation through seasonal ice (Andrews et al., 2018). Walrus summer in northern FB typically
around islands and on pack ice before moving at the floe edge during winter, mainly around
Rowley Island (COSEWIC, 2006; Stewart, 2008; Figure S3.1). If ice is not available, walrus will
move towards terrestrial haul-outs. Walrus haul-outs (uglit) in northern FB are at Tern Island, Jens
Munk Island, and Tangle Island, according to the database (accessible at:

https://geo.abds.is/geonetwork/srv/eng/catalog.search#/map; Cubaynes et al., 2026).
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Figure 3.1 Map of Foxe Basin and the coastal communities, with the hydrophone mooring
FB-IGL1-23 location.
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A total of 26 transits by 21 vessels transited within the 100 km monitoring radius around the
hydrophone FB-IGL1-23 between August and October 2023 (Table S3.1; Figure S3.2), comprising
ten General Cargo Ships, five Icebreakers, three vessels of Unknown type, two Chemical Tankers,
and one Other Activities vessel (Figure 3.2). Vessel presence totalled 507h over three months.
Vessel traffic was concentrated in September, which recorded the greatest number of vessels (n
= 10) and transits (n = 11), and accounted for most of ship-presence hours, followed by October
(9 vessels) and August (3 vessels). Most vessels followed a main shipping corridor running from
southern FB through Fury and Hecla Strait toward the Gulf of Boothia. Several vessels made stops
at the communities of Igloolik and Sanirajak, and one vessel classified as Other Activities transited

to Steensby Inlet.

\’i
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Vessel type
General Cargo Ship
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Leaflet | © OpenStreetMap contributors © CARTO

Figure 3.2. Ship tracks by vessel type (general cargo ship, chemical tanker, icebreaker, other
activities, unknown), from August to October 2023 within a 100 km radius from the hydrophone
FB-IGL1-23.
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3.3.2 Acoustic data collection
Underwater acoustic data were collected using an autonomous hydrophone (Soundtrap

ST600HF; Oceans Instruments, NZ) deployed in the north of Igloolik (69.51913°N, 81.36013°W;
Figure 3.1). The mooring was deployed at 6.6 km from the coast and at a depth of 59 m and
consisted of an anchor, acoustic release (Vemco VR2AR, INNOVASEA), the hydrophone, and a
buoy connected by a rope (Figure S3.3). The deployment site was selected in collaboration with
Inuit researchers from Igloolik and Sanirajak, based on local knowledge of critical walrus habitats,
especially foraging areas, and the proximity to the shipping corridor. Specifically, Inuit researchers
identified areas of interest and potential hydrophone deployment locations on a map. This
approach was guided by concerns raised by the communities regarding future increases in

shipping activity and the need to document walrus behaviour in response to vessels.

The hydrophone recorded from 27 June 2023 to 21 June 2024, with a duty cycle set to 6
minutes on and 54 minutes off, yielding 8,808 recordings (.wav format) in total, of which 2,208
(August to October 2023, corresponding to the main shipping period) were used for this chapter.
The hydrophone recorded with no set gain at a sample rate of 192 kHz and a Nyquist frequency
of 96 kHz. This high sampling rate allows for more detailed recordings, preserving the vocalization
structure with higher frequency resolution in spectrograms.

3.3.3 Acoustic data analysis

For each 6 min recording, a spectrogram was generated using the sound analysis software
Raven Pro (version 1.6.5; Raven Pro, 2024; Figure 3.3). Recordings were analyzed manually and
aurally. For each recording, the number of knocks was manually counted. Visual and aural
assessment of knocks was based on the literature description of a knock (Sjare et al., 2003; Sjare
& Stirling, 1996; Stirling et al., 1987). A knock count was validated if (1) its start and end points

were clearly distinguishable on the spectrogram, and (2) its signal contour was well-defined.
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Figure 3.3. Spectrogram of walrus knock from recordings at FB-IGL1-23.

3.3.4 AIS data analysis
AlS data collection

Vessel location data for the Canadian Arctic were extracted from the Automatic
Identification System (AIS) via the Arctic Ship Traffic Data (ASTD) System, with an access level
2, maintained by the Protection of the Arctic Marine Environment (PAME). AIS data were filtered
from August to October 2023, corresponding to the shipping season. A 100 km radius around the
hydrophone deployment location was created and overlaid with AIS data points, as large vessel
noise has been reported to propagate over 100 km in the Canadian Arctic (Halliday et al., 2017).
This buffer zone is referred to as the study area hereafter. Motorboats could not be included in the
AIS data set as they do not carry AIS transceivers. For each AIS point, ship characteristics such
as ship identification number (ship ID), ship type, and coordinates were extracted where the data
were available. Ship ID is a unique identifier assigned by ASTD for each ship and is renewed

monthly. All analyses were performed in R version 4.4.3.
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AlS data processing

The data were cleaned to remove erroneous AlS positions, including duplicate vessel
tracks, positions falling on land, and isolated points that were not associated with any vessel track.
Vessel speed and distance to the hydrophone were computed from the latitude and longitude
coordinates of each point. Vessels in port, moored or moving <1 knot, were retained as the study
aims to understand the general effect of vessel presence in the area. For each hour, vessel
direction relative to the hydrophone was classified as approaching (decreasing distance) or

departing (increasing distance).

Missing AIS points can occur during a transit, due to data loss while navigating, producing
temporal gaps in a ship track. Each gap was identified by its duration (hours), the coordinates of
the last observed position before the gap (po) and the first observed position after the gap (p1),
and the vessel speed at poand p4. For each gap between p, at time t, and p; at time t;, one
position was interpolated per missing hour until the next p; was reached. This approach assumes
constant linear movement between consecutive observed positions (Figure S3.4). Only the gaps
lasting less than or equal to 24 hours within the same transit were used for the interpolation. A
total of 117 positions were interpolated across 11 vessels to fill 40 gaps (Table S3.2). For each

month, ship tracks were generated for each vessel (identified by ship transit) (Figure S3.5).

Terrestrial features (e.g., islands, coastal topography) can obstruct the sound propagation
between the vessel and the hydrophone. A binary land barrier variable was assigned for each AlS
point. A line was drawn between each vessel position and the hydrophone location. If the line was

intersected by land, the position was flagged land_barrier = yes.

To match the hour of the recordings, AlS data points were rounded down to the hour (using
the floor_date function). Of 2,208 hourly recordings, 507 were successfully matched to AlS vessel
data. For each hour, only the closest vessel to the hydrophone was retained from all vessels

present within the study area, selecting it as the primary predictor of acoustic exposure. In addition,

78



the number of vessels present during that hour was recorded and categorized as 1 vessel or 2+
vessels to account for the vessel traffic context.

3.3.5 Statistical analysis
Effect of vessel exposure on walrus vocal activity

Hourly knock counts were compared between two categories of vessel exposure: “prior
shipping season”, from August 15 to 23 2023, before the first vessel arrival within the study area,
and “shipping season”, from August 24" to October 31%!, 2023, corresponding to the active
shipping season in a 100km buffer zone. Vessel exposure (prior shipping season vs shipping
season) on walrus vocal activity was tested with a Generalized Linear Mixed Model (GLMM), using
the gimmTMB package in R. Hourly knock counts were modelled with a negative binomial
distribution with a linear mean-variance relationship (nb17), used for the overdispersion in the
counts. Vessel exposure (prior shipping season vs shipping season) was included as a fixed effect,
and a random intercept for day (7|day) was included to account for the non-independence of hours
recorded on the same day. The effect of shipping season was expressed as a rate ratio, and model
significance was assessed using the Wald z statistic and a likelihood-ratio test (Bolker et al., 2009;

Burnham & Anderson, 2002) comparing the full model with an intercept-only model.

Effect of vessel characteristics on walrus vocal activity

To examine whether vessel characteristics were associated with walrus knock counts, only
hours with vessel presence (n = 507) were analyzed for this part. A negative binomial GLMM, with
a linear mean-variance relationship (nb7), was fitted using the gimmTMB package. The response
variable was the hourly walrus knock count. Candidate terms tested included vessel category (1
vessel, 2+ vessels), vessel type (General Cargo, Icebreaker, Chemical Tanker, Unknown, Other
Activities), land barrier (yes/no), direction (approaching/leaving), vessel speed (knots), and
distance to hydrophone (km). All two-way interactions between candidate predictors were included
in the candidate model set. Continuous predictors were scaled. Random effect was (1|day), for
the non-independence of hours recorded on the same day. Candidate models were evaluated
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using the dredge function from the MuMIn package, and the best model was selected based on

AICc. Model fit was assessed using residual diagnostics implemented in the DHARMa package.

3.4 Results

3.4.1 Walrus vocal activity in the study area
A total of 2,208 hourly recordings from August to October 2023 were analyzed for walrus

knock detections. Walrus acoustic presence was detected in 929 recordings (42.1% of files), with
hourly walrus knock counts ranging from 0 to 314, with an overall mean of 8.9 knocks per recording

(Figure 3.4).
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Figure 3.4 Hourly walrus knock detections and vessel presence at hydrophone FB-IGL1-23
deployed in Foxe Basin from August to October 2023. Each cell represents one hour; colour
reflects knock count (yellow = low, dark red = high; grey = no detection). Black outlines indicate
hours during which at least one vessel was present within 100 km around the hydrophone. Across
all three months, outlined cells occurred at all hours of the day with no clear diel preference.
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3.4.2 Effect of vessel exposure on walrus vocal activity
Mean hourly knock counts were significantly higher before any vessels were present in the

area than during the shipping season (Figure 3.5). The negative binomial GLMM revealed a
significant negative effect of the shipping season on hourly knock count (Wald z =-2.84, p = 0.004).
A likelihood-ratio test confirmed that the inclusion of the shipping season significantly improved
model fit over the null model (x* = 7.79, df = 1, p = 0.005). Hourly walrus knock counts were
reduced by 50% during the shipping season compared with the period prior to vessel arrival (rate

ratio = 0.50, 95% CI: 0.31-0.81).
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Figure 3.5 Mean knock detections per recording prior shipping season (August 1st to August
23rd, 2023) and during shipping season (August 24th to October 31st, 2023) with 95% Cls from
the GLMM. Exposure periods compared with a negative binomial GLMM (p = 0.004).
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3.4.3 Effect of vessel characteristics on walrus vocal activity

Of the 507 hours with vessel presence, 23 transits from 20 unique vessels were retained for
the vessel characteristics analysis (Table 3.1). The nearest vessel to the hydrophone ranged from
4 to 98 km, and vessel speeds from 0 to 20.6 knots. Model selection identified considerable
support among multiple candidate models, with the ten highest-ranked models having AAICc < 2
(Table S3.3). The highest-ranked negative binomial GLMM included vessel category, vessel
speed, distance to the hydrophone, and a distance to hydrophone x vessel speed interaction term.
These predictors appeared frequently among the best-supported models, occurring in 10, 10, 8,
and 6 of the ten top-ranked models, respectively. Candidate predictors land barrier, vessel type,
and vessel direction were excluded from the best-supported model.

The best-supported model retained the following predictors: distance to hydrophone,
vessel speed, vessel category, and the interaction between distance and vessel speed (Table 3.2;
Figure 3.6). Knock counts increased with increasing distance between the vessel and the
hydrophone (B = 0.291, p = 0.031; Figure S3.6A). Predicted knock counts increased from
approximately 2.9 knocks per recording when vessels were 10 km from the hydrophone to 7.5
knocks per recording when vessels were 100 km away. Vessel speed was negatively associated
with walrus knock counts (B = -0.273, p = 0.008; Figure S3.6B), with predicted knock counts
decreasing from approximately 5.3 knocks per recording with slow-moving vessels to 2.3 knocks

per recording at 15 knots.

Recordings where multiple vessels were present within the study area were associated
with higher knock counts than those with a single vessel (B = 0.537, p = 0.011; Figure S3.6C).
Predicted knock counts increased from approximately 4.2 knocks per recording during single-
vessel exposure to 7.1 knocks per recording when two or more vessels were present. Although
the distance to hydrophone x vessel speed interaction was retained in the best-supported model,

it was not statistically significant (8 = -0.176, p = 0.123; Figure S3.6D). Predicted relationships
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suggested that the decrease in knock counts with increasing vessel speed was more pronounced
at greater distances from the hydrophone. In contrast, predicted knock counts changed little with
vessel speed when vessels were closer to the hydrophone. However, confidence intervals

overlapped substantially across the range of predicted values.
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Figure 3.6 Coefficient estimates from the best-supported model and the retained predictors for
walrus knock counts. Points represent coefficient estimates on the log scale with 95% confidence
intervals. Filled circles = p < 0.05; empty circles = p = 0.05.
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Table 3.1. Summary of vessel transits retained as the closest vessel to the hydrophone FB-IGL1-
23 per hour, August-October 2023.

Number Min Max Min Max
Ship ID Transit Vesseltype Month of AIS speed speed distance distance
points  (knots) (knots) (km) (km)

368149789 1 General October 12 7.72 12.16 6.8 97.3
368266998 1 General September 9 3.51 15.23 1.1 84.3
369975789 1 General October 9 6.98 14.30 4.5 91.6
370321789 1 General October 11 2.60 17.89 9.0 96.9
370368789 1 General September 10 4.72 12.85 6.0 91.4
439458164 1 Other October 9 6.28 11.28 67.0 98.0
439460579 1 General September 5 10.23 16.22 8.7 56.8
439460769 1 Chemical September 60 0.00 14.25 231 53.7
439469789 1 Icebreaker September 78 0.08 13.19 44 96.8

2 October 16 0.00 12.46 4.0 91.0
439471922 1 General September 3 10.21 15.15 8.8 36.4
439471929 1 General August 29 0.00 14.91 22.7 954
439472040 1 General September 20 0.00 15.65 23.4 89.3
439476797 1 Unknown September 23 0.01 3.02 21.6 82.2
439489053 1 Unknown September 26 0.01 3.27 23.4 82.1
439494162 1 Chemical October 3 7.26 16.04 7.3 40.6
439496821 1 Unknown August 65 0.01 2.29 23.3 81.4
439506789 1 Icebreaker October 22 0.16 14.78 6.7 95.8
439527789 1 Icebreaker September 12 0.66 12.33 54.8 95.3

2 September 47 0.01 13.76 5.7 93.7
439528789 1 lcebreaker October 8 7.39 16.61 5.4 86.3
439621789 1 Icebreaker August 23 0.00 11.93 10.8 76.7

2 October 7 9.33 20.57 9.0 84.5
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Table 3.2. Parameter estimates from the final negative binomial GLMM for walrus knock counts.
SE = standard error, z = Wald z statistic.

Predictor Estimate SE z p-value
Intercept 1.423 0.266 5.352 < 0.001
Distance to 0.291 0.135 2.151 0.031
hydrophone

Vessel speed -0.273 0.102 -2.669 0.008
Vessel category 0.537 0.21 2.541 0.011
Distance x speed -0.176 0.114 -1.541 0.123

3.5 Discussion
PAM offers a critical window into disturbance responses that observations at haul-out sites

cannot capture. Walrus reactions to vessel noise vary depending on their previous experiences
(Born et al., 1995). Despite limited vessel traffic compared to other Arctic regions, hourly walrus
knock counts were almost 50% lower during the shipping season than during the period preceding
the first vessel arrival. A previous study in northern Hudson Bay has found an important decline in
walrus vocal rate during and after vessel encounters within a 10 km area (Coppolaro et al., 2025).
Similar effects have been documented in other species, with reduced beluga call rates (Halliday
et al., 2019), reduced buzzing rates in narwhals (Tervo et al., 2021), and decreased in harp seal
vocalizations (Terhune et al., 1979) in the presence of vessels. Although the present results
indicated reduced vocal activity in response to shipping season, whether it was attributed to
acoustic masking, active decrease in vocalization, or physical displacement could not be

determined.
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Effect of vessel proximity and speed

Walrus vocal activity declined with closer vessel distance and higher vessel speed,
suggesting that both factors influenced the level of disturbance on walruses. These variables likely
affected received vessel noise, as closer vessels generate higher sound levels at the receiver
(McKenna et al., 2012), while faster vessels produce greater propeller cavitation noise (Ross,
1976; Wittekind, 2014). Increased underwater noise can interfere with marine mammal
communication by reducing the ability of individuals to detect and recognize conspecific signals,
particularly when vessel noise overlaps with the frequency range of animal vocalizations (Clark et
al., 2009; Erbe et al., 2019). As vessels approach a receiver, vessel noise can extend into higher
frequencies (McKenna et al., 2012), potentially increasing overlap with walrus vocalizations. Such
masking effects may also reduce the communication space (Clark et al., 2009). For example,
vessel noise from small vessels travelling at 5 knots reduced communication space by 26% in
bottlenose dolphins and 58% in pilot whales (Jensen et al., 2009). Similarly, transiting commercial
vessels reduced communication space by 63-87.4% for Bryde’s whales (Hatch et al., 2012;
Putland et al., 2017). Walruses may also actively reduce their vocal activity when exposed to
vessel noise. Similar reductions in calling rates have been documented in several marine mammal
species, including narwhals exposed to an ore carrier (Finley et al., 1990), beaked whales exposed
to sonar (Tyack et al., 2011), and harp seals when exposed to shipping (Terhune et al., 1979).
Remaining silent in response to unusual sounds may represent a behavioural strategy to noise
disturbance (Richardson et al., 1995).

Reduced vocal detections may also result from behavioural displacement, where
individuals leave the area or avoid vessels. Walruses have been documented to exhibit avoidance
responses to disturbance (COSEWIC, 2017; DFO, 2019), including entering the water when ships
approach (Born et al., 1995), and moving several kilometres away from vessels (Fay et al., 1984).
Such responses could reduce the number of vocal detections as individuals move away from the

source of disturbance. Displacement may also increase associated energetic costs or limit access
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to preferred foraging areas. In addition, vessel speed may represent a dual stressor as a physical
and acoustic disturbance. Higher speed can increase collision risk, and ship strikes have been
reported as a concern by communities (Higdon et al., 2022). It was not possible to determine the
exact mechanism explaining a reduction in walrus vocal activity. Acoustic masking, reduced vocal
activity, and potential displacement are not mutually exclusive explanations and may have
contributed simultaneously to the observed decline. For example, individuals may reduce their
vocal activity while actively leaving the area, while simultaneously experiencing masking of their
calls by vessel noise. Predicted increased vessel traffic and longer shipping seasons could
increase vessel noise exposure, with potential consequences for walrus communication and

energy budgets.

Although, the interaction between distance and vessel speed was retained in the best-
supported model, it was not statistically significant. The direction of the interaction suggests that
the negative effect of vessel speed on walrus vocal activity was greater when vessels were farther
away, while vocal activity changed little with speed at close range. Near the hydrophone, noise
levels may already be high enough to mask vocalizations regardless of speed (Chion et al., 2017).
Furthermore, distant vessels generally contribute less to local sound levels due to transmission
loss (Zakarauskas et al., 1990), which may explain the increase in walrus vocal activity at great
distance from a vessel. However, it does not imply that distant vessels have no impact. Hildebrand
(2009) suggested long-range propagation of ship noise, as cavitation noise can be detected even
when no ships are around. In Foxe Basin, acoustic modelling predicted that an ore carrier could
generate noise levels exceeding 100 dB over distances greater than 100 km (DFO, 2012), and
that marine mammals could detect the signal at 100 km (Halliday et al., 2017). Further acoustic

modelling would improve understanding of vessel noise propagation in the region.
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Effect of the presence of multiple vessels

Recordings during which two or more vessels were present within the study area were
associated with higher knock counts than recordings with a single vessel, contrary to our initial
expectation that increased vessel presence would reduce vocal activity. However, multiple vessels
may raise ambient noise levels beyond a threshold, which could potentially trigger compensatory
changes in vocal behaviour (Hotchkin & Parks, 2013). Potential vocal adjustment is the Lombard
effect, whereby individuals increase the amplitude or modify the frequency of their vocalizations
in response to elevated background noise. It increases the likelihood of being acoustically
detected in a noisy environment (Lombard, 1911). Denes (2014) found evidence that walruses
adjust their vocalizations in response to increased ambient noise levels by increasing call
amplitude, suggesting that walruses can modulate their vocalizations to maintain acoustic
communication. Similar responses have been reported across many marine species, including
belugas (Lesage et al., 1999), killer whales (Foote et al., 2004; Holt et al., 2011), manatees (Miksis-
Olds & Tyack, 2009), minke whales (Helble et al., 2020), and right whales (Parks et al., 2007,
2010). One possible explanation is that walrus responses may depend on the level of acoustic
disturbance experienced. The reduced vocal activity observed with closer and faster vessels may
reflect responses occurring below a disturbance threshold, which results in decreased calling. In
contrast, higher background noise levels generated by multiple vessels may exceed this threshold
and trigger compensatory vocal adjustments to maintain communication (Hotchkin & Parks, 2013).
Denser vessel traffic may also reduce walruses’ ability to avoid vessels and associated noise, as
individuals are more likely to encounter vessels repeatedly within their habitat. Under these
conditions, maintaining acoustic contact with conspecifics may become more important,
potentially triggering adjustments in vocal behaviour. Although no measures of frequency,
amplitude, and signal-to-noise ratio were done on walrus knocks in this study, the higher detection
count during periods with multiple vessels could be consistent with a compensatory response.

Further studies are needed to determine a potential Lombard effect with vessel presence.

89



Surprisingly, no effect of vessel type on walrus vocal activity was detected, despite
icebreakers actively breaking ice. Icebreakers generally have higher noise levels (Garlich-Miller
et al., 2011) due to repeated manoeuvres during icebreaking, frequent changes in speed and
direction, and increased propeller cavitation (Roth et al., 2013). Although underwater noise varies
among vessel types, the amount of noise reaching walruses also depends on how the vessel is
operating, not just on its type. Alternatively, walruses may respond once a relatively low
disturbance threshold is exceeded, regardless of vessel category. The contrasting responses
found in this study highlight the complexity of walrus responses to vessel noise. Walruses may
reduce their vocal activity under some disturbance while adjusting their vocal behaviour under
others. Although no mechanisms can be confirmed from this study alone, changes in vocal
behaviour may have consequences on communication efficiency between individuals and
potentially influence energetic costs associated with disturbance.

3.5.1 Limitations

Several methodological limitations can affect the interpretation of these results. AlS data
can provide an incomplete picture of vessel activity. Small vessels, including motorboats, do not
carry AlS transceivers and therefore could not be included in this analysis. Small vessels emit
noise at higher frequencies than larger vessels due to differences in propeller size and blade rate
(Erbe, 2012). Despite higher frequencies travelling less far than lower frequencies, Coppolaro et
al. (2025) still found that small vessels in northern Hudson Bay were impacting walrus vocal
activity. The lack of including small vessels in the study might affect the real representation of

vessel traffic and the impact on walrus behaviour.

Walruses undertake seasonal migrations during the open water season, moving toward
terrestrial haul-outs when sea ice is no longer available (Orr et al., 1986; Stewart, 2008) . Because
this study was conducted during the summer shipping season, the observed reduction in vocal

activity may reflect both seasonal movements and behavioural responses to vessel disturbance,
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which are not mutually exclusive. However, the year-round detection of walrus knocks at both sites
(Chapter 2) indicates that at least some individuals remained vocally active near the hydrophones
even during the open-water season. Telemetry studies could help determine the extent to which
the effects detected in this study are associated with seasonal movements, behavioural responses

to vessel disturbance, or a combination of both.

Finally, no calculations of ambient noise levels or received sound pressure levels were
made at the hydrophone location. Without these measurements, it is not possible to directly link
changes in knock counts to specific noise exposure thresholds, to assess masking potential, or to
compare conditions against established behavioural disturbance thresholds.

3.5.2 Conservation and management implications

The findings of this study have important implications for the conservation and
management of the Atlantic Walrus in Foxe Basin. The species is already considered vulnerable
to climate change due to its restricted diet and strong site fidelity to haul-outs and feeding grounds
(Born et al., 1995; Wickson, 2021). Concerns regarding disturbance from shipping and industrial
development in the region have been raised by local communities (Carter et al., 2019; DFO, 2012;
Qikigtani Inuit Association, 2014, 2019). To this day, Foxe Basin has had limited vessel traffic
compared to other Arctic regions (Dawson et al., 2017), which is an opportunity to implement
proactive conservation measures. Shipping regulations and mitigation measures will be most
effective when implemented in advance of high shipping activity rather than retrospectively

(Huntington, 2009), making Foxe Basin a strong candidate for this approach.

The results of this study suggest that existing regulatory measures may not adequately
address the full extent of shipping-related disturbance experienced by walruses. Current Canadian
Marine Mammal Regulations prohibit approaches within 100 m of walruses in water, 200 m on ice,
and 300 m on shore (Marine Mammals Regulations. Fisheries Act. SOR/93-56, 2018). However,

these regulations apply only to tourism and recreational vessel activity, not to vessels in transit,
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such as cargo ships. Although this study was not designed to determine specific buffer distances
or noise thresholds, the influence of vessel distance on walrus behaviour suggests that
disturbance effects extend to vessels in transit, well beyond the distances currently recognized

under Canadian regulations.

Several mitigation measures have been proposed in the literature. Speed reductions have
been shown to lower underwater radiated noise levels (Macgillivray et al., 2019; MacGillivray & Li,
2018; Pine et al., 2018; Trounce et al., 2019), though slower speeds also imply longer travel times,
increased fuel costs, and prolonged noise exposure (Chion et al., 2017; McKenna et al., 2013;
Megannety, 2011). Vessels can also improve their design through changes in the blade and wake
design of the propeller to reduce cavitation noise and, therefore, underwater noise (Spence &
Fischer, 2017). In 2019, Transport Canada launched the Quiet Vessel Initiative (QVI), a federal
funding program designed to reduce underwater vessel noise in Canada by supporting the
retrofitting of existing vessels and the development of quieter vessel technologies (Transport

Canada, 2021).

Finally, the development of low-impact shipping corridors by the Government of Canada
provides an opportunity to reduce overlap between vessel routes and sensitive marine mammal
habitats through seasonal or geographically targeted measures (Carter et al., 2019; Dawson et
al., 2020; Dawson & Song, 2023). However, these corridors remain voluntary, meaning
participation is not guaranteed. Industrial development and the growth of Arctic shipping are
increasing pressures in the region, and coastal communities in Foxe Basin will be among the first
to bear their impacts. Shipping regulations that slow or reroute vessels without considering Inuit
realities risk disrupting the marine resupply networks on which these communities depend for
essential food and health provisions. Any shipping policy must therefore be developed in close

collaboration with both industries and Inuit communities (Porta et al., 2017), integrating preferred
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corridors, areas to avoid, seasonal restrictions, and culturally sensitive areas identified through

Inuit traditional knowledge alongside Western science (Dawson & Song, 2023).

3.6 Conclusion

This study provides evidence that vessel traffic affects walrus vocal activity in Foxe Basin,
even under limited shipping. The decline in vocal activity during the shipping season and the
significant effects of vessel proximity and speed suggest that walruses are acoustically sensitive
to vessel presence at distances and speeds not currently addressed by Canadian marine mammal
regulations. Increased vocal activity in the presence of multiple vessels may indicate a potential
Lombard effect in response to elevated noise disturbance, although further investigation is
required. Foxe Basin represents a relatively rare opportunity to implement proactive conservation
measures. The approved Mary River Iron Mine Project and longer open water seasons are
expected to increase vessel traffic in the region, which could amplify the impacts documented
here. As industrial development in the Arctic continues, ensuring that conservation measures are
co-developed with the communities whose livelihoods depend on the marine environment will be

essential to achieving outcomes that are both ecologically sound and socially equitable.

93



3.7 Literature cited

Andrews, J., Babb, D., & Barber, D. G. (2018). Climate change and sea ice: Shipping in Hudson
Bay, Hudson Strait, and Foxe Basin (1980-2016), 6: 19. Elem Sci Anth, 6(19).

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., Stevens, M. H. H., &
White, J. S. S. (2009). Generalized linear mixed models: a practical guide for ecology and
evolution. Trends in Ecology and Evolution, 24(3), 127-135.
https://doi.org/10.1016/j.tree.2008.10.008

Born, E. W., Gjertz, I., & Reeves, R. R. (1995). Population assessment of Atlantic walrus
(Odobenus rosmarus rosmarus L.).

Burnham, K. P., & Anderson, D. R. (2002). Model Selection and Multimodel Inference. In Model
Selection and Multimodel Inference. Springer New York. https://doi.org/10.1007/B97636

Carter, N. A., Dawson, J., & Weber, M. (2019). Arctic Corridors and Northern Voices: Governing
marine transportation in the Canadian Arctic (Coral Harbour, Nunavut community report).
https://doi.org/10.20381/RUOR38505

Charrier, ., Aubin, T., & Mathevon, N. (2010). Mother-calf vocal communication in Atlantic walrus:
A wrst weld experimental study. Animal  Cognition, 13(3), 471-482.
https://doi.org/10.1007/s10071-009-0298-9

Chion, C., Lagrois, D., Dupras, J., Turgeon, S., McQuinn, I. H., Michaud, R., Ménard, N., & Parrott,
L. (2017). Underwater acoustic impacts of shipping management measures: Results from a
social-ecological model of boat and whale movements in the St. Lawrence River Estuary
(Canada). Ecological Modelling, 354, 72-87.
https://doi.org/10.1016/J. ECOLMODEL.2017.03.014

Clark, C. W., Ellison, W. T., Southall, B. L., Hatch, L., Van Parijs, S. M., Frankel, A., & Ponirakis,
D. (2009). Acoustic masking in marine ecosystems: intuitions, analysis, and implication.
Marine Ecology Progress Series, 395, 201-222. https://doi.org/10.3354/MEPS08402

Coppolaro, V. L. M., Ausen, E. L., Loseto, L. L., & Marcoux, M. (2025). Vessel traffic disrupts
walrus vocal behavior in a proposed marine protected area. Frontiers in Marine Science, 12.
https://doi.org/10.3389/fmars.2025.1658328

COSEWIC. (2006). COSEWIC assessment and update status report on the Atlantic walrus,
Odobenus rosmarus rosmarus, in Canada. Committee on the Status of Endangered Wildlife
in Canada.

COSEWIC. (2017). COSEWIC Assessment and Status Report Atlantic Walrus Odobenus
rosmarus rosmarus High Arctic population Central-Low Arctic population Nova Scotia-
Newfoundland-Gulf of St. Lawrence population in Canada High Arctic population-SPECIAL
CONCERN Central-Low Arctic population-SPECIAL CONCERN Nova Scotia-Newfoundland-
Gulf of St. Lawrence population-EXTINCT 2017. www.sararegistry.gc.ca/status/status_e.cfm

Cubaynes, H. C., Matthews, C. J. D., Garde, E., Gavrillo, M., Heide-Jgrgensen, M. P., Higdon, J.
W., Kovacs, K. M., Leskova, M., Lydersen, C., Solovyeyv, B., Vergara-Pena, A., & Fretwell, P.
T. (2026). A distribution-wide dataset of Atlantic walrus terrestrial haul-out sites. Scientific
Data 2026 13:1, 13(1), 808-. https://doi.org/10.1038/s41597-026-07210-6

94



Dawson, J., Carter, N., van Luijk, N., Parker, C., Weber, M., Cook, A., Grey, K., & Provencher, J.
(2020). Infusing Inuit and local knowledge into the Low Impact Shipping Corridors: An
adaptation to increased shipping activity and climate change in Arctic Canada. Environmental
Science & Policy, 105, 19—-36. https://doi.org/10.1016/J.ENVSCI.2019.11.013

Dawson, J., Mussels, O., Copland, L., & Carter, N. (2017). Shipping Trends in Nunavut from 1990-
2015: A report prepared for the Nunavut General Monitoring Program. www.espg.ca

Dawson, J., & Song, G. (2023). Governing Canadian Arctic Shipping through Low-impact Shipping
Corridors. In Shipping in Inuit Nunangat (pp. 351-374). https://bril.com/edcollchap-
0a/book/9789004508576/BP000027 .xml

Denes, S. L. (2014). Ocean environmental effects on walrus communication. The Pennsylvania
State University.

DFO. (2012). Technical Review of Baffinland’s Mary River Project Draft Environmental Impact
Statement (EIS).

DFO. (2019). Mitigation Buffer Zones for Atlantic Walrus (Odobenus rosmarus rosmarus) in the
Nunavut Settlement Area.

Duarte, C. M., Chapuis, L., Collin, S. P,, Costa, D. P., Devassy, R. P., Eguiluz, V. M., Erbe, C.,
Gordon, T. A. C., Halpern, B. S., & Harding, H. R. (2021). The soundscape of the
Anthropocene ocean. Science, 371(6529), eaba4658.

Erbe, C. (2012). Effects of underwater noise on marine mammals. The Effects of Noise on Aquatic
Life, 17-22.

Erbe, C., Dunlop, R., & Dolman, S. (2018). Effects of Noise on Marine Mammals. 66, 277-309.
https://doi.org/10.1007/978-1-4939-8574-6_10

Erbe, C., Marley, S. A., Schoeman, R. P., Smith, J. N., Trigg, L. E., & Embling, C. B. (2019). The
Effects of Ship Noise on Marine Mammals—A Review. In Frontiers in Marine Science (Vol.
6). Frontiers Media S.A. https://doi.org/10.3389/fmars.2019.00606

Fay, F. H. , Kelly, B. P., Gehnrich, P. H. , & Hoover, A. A. (1984). Modern populations, migrations,
demography, trophics, and historical status ofthe Pacificwalrus. . https://
www.govinfo.gov/app/details/GOVPUB-I-e4afaac7a5139b5907a945b920ebc663

Finley, K. J. , Miller, G. W. , Davis, R. A., & Greene, C. R. (1990). Reactions of belugas,
Delphinapterus leucas and narwhals, Monodon monoceros, to ice-breaking ships in the
Canadian high Arctic. Canadian Bulletin of Fisheries and Aquatic Sciences, 224, 97-117.
https://eurekamag.com/research/021/640/021640975.php

Garlich-Miller, J., Maccracken, J. G., Snyder, J., Meehan, R., Myers, M., Wilder, J. M., Lance, E.,
& Matz, A. (2011). STATUS REVIEW OF THE PACIFIC WALRUS (Odobenus rosmarus
divergens) .

Gjertz, 1., Griffiths, D., Krafft, B. A., Lydersen, C., & Wiig. (2001). Diving and haul-out patterns of
walruses Odobenus rosmarus on Svalbard. Polar Biology, 24(5), 314-319.
https://doi.org/10.1007/s003000000211

95



Gomez, C., Lawson, J. W., Wright, A. J., Buren, A. D., Tollit, D., & Lesage, V. (2016). A systematic
review on the behavioural responses of wild marine mammals to noise: the disparity between
science and policy. Canadian Journal of Zoology, 94(12), 801-819.

Halliday, W. D., Insley, S. J., Hilliard, R. C., De Jong, T., & Pine, M. K. (2017). Potential impacts of
shipping noise on marine mammals in the western Canadian arctic. Marine Pollution Bulletin,
123(1-2), 73-82.

Halliday, W. D., Scharffenberg, K., Macphee, S., Hilliard, R. C., Mouy, X., Whalen, D., Loseto, L.
L., & Insley, S. J. (2019). Beluga vocalizations decrease in response to vessel traffic in the
Mackenzie River Estuary. Arctic, 72(4), 337-346. https://doi.org/10.14430/ARCTIC69294

Hatch, L. T., Clark, C. W., Van Parijs, S. M., Frankel, A. S., & Ponirakis, D. W. (2012). Quantifying
Loss of Acoustic Communication Space for Right Whales in and around a U.S. National
Marine Sanctuary. Conservation Biology, 26(6), 983—994. https://doi.org/10.1111/J.1523-
1739.2012.01908.X;REQUESTEDJOURNAL:JOURNAL:15231739;WGROUP:STRING:PU
BLICATION

Hauser, D. D. W., Laidre, K. L., & Stern, H. L. (2018). Vulnerability of arctic marine mammals to
vessel traffic in the increasingly ice-free northwest passage and Northern Sea Route.
Proceedings of the National Academy of Sciences of the United States of America, 115(29),
7617—-7622. https://doi.org/10.1073/pnas.1803543115

Helble, T. A., Guazzo, R. A., Martin, C. R., Durbach, I. N., Alongi, G. C., Martin, S. W., Boyle, J.
K., Henderson, ; E Elizabeth, & Henderson, E. E. (2020). Lombard effect: Minke whale boing
call source levels vary with natural variations in ocean noise. The Journal of the Acoustical
Society of America, 147(2), 698—712. https://doi.org/10.1121/10.0000596

Higdon, J. W., Stewart, D. B., & Stewart, R. E. A. (2022). Atlantic walrus (Odobenus rosmarus
rosmarus) in northern Hudson Bay-status, research needs, and monitoring opportunities
Prepared for Oceans North under contract to Higdon Wildlife Consulting (.

Hildebrand, J. A. (2009). Anthropogenic and natural sources of ambient noise in the ocean. Marine
Ecology Progress Series, 395, 5-20. https://doi.org/10.3354/MEPS08353

Hochheim, K., & Barber, D. (2014). An update on the ice climatology of the Hudson Bay system.
Arctic, Antarctic, and Alpine Research, 46(1), 66—83. https://doi.org/10.1657/1938-4246-
46.1.66

Holt, M. M., Noren, D. P., & Emmons, C. K. (2011). Effects of noise levels and call types on the
source levels of killer whale calls. The Journal of the Acoustical Society of America, 130(5),
3100-3106. https://doi.org/10.1121/1.3641446

Hotchkin, C., & Parks, S. (2013). The Lombard effect and other noise-induced vocal modifications:
Insight from mammalian communication systems. Biological Reviews, 88(4), 809-824.

Huntington, H. P. (2009). A preliminary assessment of threats to arctic marine mammals and their
conservation in the coming decades. Marine  Policy, 33(1), 77-82.
https://doi.org/10.1016/J.MARPOL.2008.04.003

Jaramillo, P., S. Kahn Ribeiro, P. Newman, O.E. Diemuodeke, T. Kajino, D.S. Lee, S.B. Nugroho,
X. Ou, A. Hammer Stremman, & J. Whitehead. (2022). Transport. In IPCC, 2022: Climate

96



Change 2022: Mitigation of Climate Change. Contribution of Working Group Il to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change. [P.R. Shukla, J.
Skea, R. Slade, A. Al Khourdajie, R. van Diemen, D. McCollum, M. Pathak, S. Some, P. Vyas,
R. Fradera, M. Belkacemi, A. Hasija, G. Lisboa, S. Luz, J. Malley, (eds.)].

Jensen, F. H., Bejder, L., Wahlberg, M., Soto, N. A., Johnson, M., & Madsen, P. T. (2009). Vessel
noise effects on delphinid communication. Marine Ecology Progress Series, 395, 161-175.
https://doi.org/10.3354/MEPS08204

Kastelein, R. A., Mosterd, P., van Santen, B., Hagedoorn, M., & de Haan, D. (2002). Underwater
audiogram of a Pacific walrus (Odobenus rosmarus divergens) measured with narrow-band

frequency-modulated signals . The Journal of the Acoustical Society of America, 112(5),
2173-2182. https://doi.org/10.1121/1.1508783

Khopkar, S., Yeo, M., Seo, H., & Sul La, H. (2026). Underwater Noise, Marine Mammal Impacts,
and Monitoring strategies in the Arctic ocean. Ocean Science Journal, 61:18, 16.

Kovacs, K. M. (2016). Odobenus rosmarus ssp. rosmarus. The IUCN red list of threatened species
2016.

Kowal, S., Gough, W. A., & Butler, K. (2024). Seasonal sea ice of Foxe Basin, Canada: Spatial
and temporal evolution, 1971- 2018. Elementa, 12(1).
https://doi.org/10.1525/elementa.2024.00033

Ladegaard, M., Macauley, J., Simon, M., Laidre, K. L., Mitseva, A., Videsen, S., Pedersen, M. B.,
Tougaard, J., & Madsen, P. T. (2021). Soundscape and ambient noise levels of the Arctic
waters around Greenland. Scientific Reports 2021 11:1, 11(1), 23360-.
https://doi.org/10.1038/s41598-021-02255-6

Larsen, O. N., & Reichmuth, C. (2021). Walruses produce intense impulse sounds by clap-induced
cavitation during breeding displays. Royal Society Open Science, 8(6).
https://doi.org/10.1098/rs0s.210197

Lesage, V., Barrette, C., Kingsley, M. C. S., & Sjare, B. (1999). The effect of vessel noise on the
vocal behavior of belugas in the St. Lawrence River estuary, Canada. Marine Mammal
Science, 15(1), 65-84. https://doi.org/10.1111/J.1748-
7692.1999.TB00782.X;PAGE:STRING:ARTICLE/CHAPTER

Lombard, E. (1911). Le signe de I'elevation de la voix. Annales Des Maladies de I'Oreille et Du
Larynx , 37, 101-119.

MacGillivray, A. O., & Li, Z. (2018). Reductions in underwater radiated noise from shipping during
the 2017 Haro Strait vessel slowdown trial. The Journal of the Acoustical Society of America,
144(3_Supplement), 1731-1731. https://doi.org/10.1121/1.5067678

Macgillivray, A. O., Li, Z., David, ;, Hannay, E., Trounce, K. B., Robinson, O. M., & Hannay, D. E.
(2019). Slowing deep-sea commercial vessels reduces underwater radiated noise. The
Journal of  the  Acoustical Society  of  America, 146(1), 340-351.
https://doi.org/10.1121/1.5116140

Marine Mammals Regulations. Fisheries Act. SOR/93-56 (2018). http://laws-lois.justice.gc.ca

97



McFarland, S. E., & Aerts, L. A. M. (2015). Assessing disturbance responses of Pacific Walrus
(Odobenus rosmarus divergens) to vessel presence in the Chukchi Sea (Abstract). .

McKenna, M. F., Ross, D., Wiggins, S. M., & Hildebrand, J. A. (2012). Underwater radiated noise
from modern commercial ships. The Journal of the Acoustical Society of America, 131(1),
92-103. https://doi.org/10.1121/1.3664100

McKenna, M. F., Wiggins, S. M., & Hildebrand, J. A. (2013). Relationship between container ship
underwater noise levels and ship design, operational and oceanographic conditions.
Scientific Reports 2013 3:1, 3(1), 1760-. https://doi.org/10.1038/srep01760

Megannety, M. (2011). A Review of the Planned Shipping Activity for the Baffinland Mary River
Project: Assessing the Hazards to Marine Mammals and Migratory Birds and Identifying Gaps
in Proposed Mitigation Measures.

Miksis-Olds, J. L., & Tyack, P. L. (2009). Manatee (Trichechus manatus) vocalization usage in
relation to environmental noise levels. The Journal of the Acoustical Society of America,
125(3), 1806—1815. https://doi.org/10.1121/1.3068455

Miksis-Olds, J. L., Van Opzeeland, I. C., Van Parijs, S. M., & Jones, J. (2016). Pinniped sounds in
the polar oceans. Listening in the Ocean, 257-308.

Miller, E. H. (1982). Herd organization and female threat behaviour in Atlantic walruses Odobenus
rosmarus rosmarus (L.). Mammalia, 46, 29-34.

Moore, S. E., Reeves, R. R., Southall, B. L., Ragen, T. J., Suydam, R. S., & Clark, C. W. (2012).
A New Framework for Assessing the Effects of Anthropogenic Sound on Marine Mammals in
a Rapidly Changing Arctic. BioScience, 62(3), 289-295.
https://doi.org/10.1525/bi0.2012.62.3.10

Orr, J. R., Renooy, B., & Dhalke, L. (1986). Information from hunts and surveys of walrus
(Odobenus rosmarus) in northern Foxe Basin, Northwest Territories, 1982-1984.

PAME. (2021). Protection of the Arctic Marine Environment Working Group - UNDERWATER
NOISE POLLUTION FROM SHIPPING IN THE ARCTIC.

Parks, S. E., Clark, C. W., & Tyack, P. L. (2007). Short- and long-term changes in right whale
calling behavior: The potential effects of noise on acoustic communication. The Journal of
the Acoustical Society of America, 122(6), 3725-3731. https://doi.org/10.1121/1.2799904

Parks, S. E., Johnson, M., Nowacek, D., & Tyack, P. L. (2010). Individual right whales call louder
in increased environmental noise. Biology Letters, 7(1), 33.
https://doi.org/10.1098/RSBL.2010.0451

Pine, M. K., Hannay, D. E., Insley, S. J., Halliday, W. D., & Juanes, F. (2018). Assessing vessel
slowdown for reducing auditory masking for marine mammals and fish of the western
Canadian Arctic. Marine Pollution Bulletin, 135, 290-302.
https://doi.org/10.1016/J.MARPOLBUL.2018.07.031

Porta, L., Abou-Abssi, E., Dawson, J., & Mussells, O. (2017). Shipping corridors as a framework
for advancing marine law and policy in the Canadian Arctic. Ocean and Coastal Law Journal,
22(1), 63.

98


https://doi.org/10.1525/bio.2012.62.3.10

Putland, R. L., Merchant, N. D., Farcas, A., & Radford, C. A. (2017). Vessel noise cuts down
communication space for vocalizing fish and marine mammals. Global Change Biology,
24(4), 1708-1721. https://doi.org/10.1111/GCB.13996

Qikigtani Inuit Association. (2014). Qikiqtani Inuit Association’s final written submission for
Baffinland Iron Mines Corporation, Mary River Project, Addendum to the Final Environmental
Impact Statement.

Qikigtani Inuit Association. (2019). UQAUSIRISIMAJAVUT: What we have said. The Inuit view of
how oil and gas development could impact our lives. https://www.qia.ca/wp-
content/uploads/2019/03/QIA-SEA-Summary.pdf

Ray and Watkins. (1975). Social function of underwater sounds in walrus. Rapp. P.-v. Réun. Cons.
Int. Explor. Mer, 169, 524-526.

Richardson, W. J., Greene Jr C. R., Malme, C. |., & Thomson, D. H. (1995). Marine mammals and
noise. Academic press.

Rojano-Donate, L., Lamoni, L., Tougaard, J., & Findlay, C. R. (2024). Effect of Vessel Noise on
Marine Mammals and Measures to Reduce Impact. The Effects of Noise on Aquatic Life:
Principles and Practical Considerations, 1755-1771. https://doi.org/10.1007/978-3-031-
50256-9 138/SAVE-RESEARCH

Ross, Donald. (1976). Mechanics of underwater noise (Pergamon Press). Pergamon.

Roth, E. H., Schmidt, V., Hildebrand, J. A., & Wiggins, S. M. (2013). Underwater radiated noise
levels of a research icebreaker in the central Arctic Ocean. The Journal of the Acoustical
Society of America, 133(4), 1971-1980. https://doi.org/10.1121/1.4790356

Salter, R. E. (1979). Site utilization, activity budgets, and disturbance responses of Atlantic
walruses during terrestrial haul-out. Can. J. Zool., 57(6), 1169-1180.

Sjare, B. L. (1993). Vocalizations and breeding behavior of Atlantic walruses in the Canadian High
Arctic.

Sjare, B., & Stirling, |. (1996). The breeding behavior of Atlantic walruses, Odobenus rosmarus
rosmarus, in the Canadian High Arctic. Canadian Journal of Zoology, 74(5), 897-911.
https://doi.org/10.1139/296-103

Sjare, B., Stirling, I., & Spencer, C. (2003). Structural variation in the songs of Atlantic walruses
breeding in the Canadian High Arctic. Aquatic Mammals, 29(2), 297—-318.

Spence, J. H., & Fischer, R. W. (2017). Requirements for Reducing Underwater Noise from Ships.
IEEE Journal of Oceanic Engineering, 42(2), 388-398.
https://doi.org/10.1109/JOE.2016.2578198

Stewart, D. B., Higdon, J. W., & Stewart, R. E. A. (2020). Threats and Effects Pathways of Shipping
Related to Non-renewable Resource Developments on Atlantic Walruses (Odobenus
Rosmarus Rosmarus) in Hudson Strait and Foxe Basin, Nunavut. Fisheries and Oceans
Canada= Péches et océans Canada.

Stewart, R. E. A. (2008). Redefining walrus stocks in Canada. Arctic, 61(3), 292—-308.

99



Stewart, R. E. A. (2012). Review of Atlantic Walrus (Odobenus rosmarus rosmarus) in Canada.
Research  Document.  https://oaresource.library.carleton.ca/wcl/2016/20160811/Fs70-5-
2002-091-eng.pdf

Stirling, 1., Calvert, W., & Spencer, C. (1987). Evidence of stereotyped underwater vocalizations
of male Atlantic walruses (Odobenus rosmarus rosmarus) . Canadian Journal of Zoology,
65(9), 2311-2321. https://doi.org/10.1139/z87-348

Taylor, R. L., Jay, C. V., Beatty, W. S., Fischbach, A. S., Quakenbush, L. T., & Crawford, J. A.
(2023). Exploring effects of vessels on walrus behaviors using telemetry, automatic
identification system data and matching. Ecosphere, 14(3).
https://doi.org/10.1002/ecs2.4433

Terhune, J. M., Stewart, R. E. A., & Ronald, K. (1979). Influence of vessel noises on underwater
vocal activity of harp seals. Hitps://Doi.Org/10.1139/279-170, 57(6), 1337-1338.
https://doi.org/10.1139/z79-170

Tervo, O. M., Blackwell, S. B., Ditlevsen, S., Conrad, A. S., Samson, A. L., Garde, E., Hansen, R.
G., & Mads Peter, H. J. (2021). Narwhals react to ship noise and airgun pulses embedded in
background noise. Biology Letters, 17(11). https://doi.org/10.1098/rsbl.2021.0220

Transport Canada. (2021). Quiet Vessel Initiative. https://tc.canada.ca/en/programs/quie t-vessel-
initiative. (Accessed 19 Juin 2026).

Trevorrow, M. V., Vasiliey, B., & Vagle, S. (2008). Directionality and maneuvering effects on a
surface ship underwater acoustic signature. The Journal of the Acoustical Society of America,
124(2), 767-778. https://doi.org/10.1121/1.2939128

Trounce, K., Robinson, O., MacGillivray, A., Hannay, D., Wood, J., Tollit, D., & Joy, R. (2019). The
effects of vessel slowdowns on foraging habitat of the southern resident killer whales.
Proceedings of Meetings on Acoustics, 37(1). https://doi.org/10.1121/2.0001230/982233

Tyack, P. L. (2008). Implications for marine mammals of large-scale changes in the marine
acoustic environment. Journal of Mammalogy, 89(3), 549-558.

Tyack, P. L., Zimmer, W. M. X., Moretti, D., Southall, B. L., Claridge, D. E., Durban, J. W., Clark,
C. W., D’Amico, A., DiMarzio, N., Jarvis, S., McCarthy, E., Morrissey, R., Ward, J., & Boyd, I.
L. (2011). Beaked Whales Respond to Simulated and Actual Navy Sonar. PLOS ONE, 6(3),
€17009. https://doi.org/10.1371/JOURNAL.PONE.0017009

Verboom, W. C. (2023). Analysis of Walrus (Odobenus rosmarus divergens) rutting whistles.

Wickson, F. (2021). Atlantic walrus management, regulation and conservation. In The Atlantic
Walrus: Multidisciplinary Insights info Human-Animal Interactions (pp. 251-262). Elsevier.
https://doi.org/10.1016/B978-0-12-817430-2.00005-4

Winship, K. A., & Jones, B. L. (2023). Acoustic Monitoring of Professionally Managed Marine
Mammals for Health and Welfare Insights. In Animals (Vol. 13, Number 13). Multidisciplinary
Digital Publishing Institute (MDPI). https://doi.org/10.3390/ani13132124

Wittekind, D. K. (2014). A simple model for the underwater noise source levels of ships. Journal
of Ship Production and Design, 30(1), 1-8.

100



Zakarauskas, P., Chapman, D. M. F., & Staal, P. R. (1990). Underwater acoustic ambient noise
levels on the eastern Canadian continental shelf. The Journal of the Acoustical Society of
America, 87(5), 2064—-2071. https://doi.org/10.1121/1.39933

101



3.8 Supplementary materials

Table $3.1 Summary of all ship IDs and transits recorded within the 100 km buffer zone around
the hydrophone FB-IGL1-23, Foxe Basin, August-October 2023.

Number of Min Max Min Max

Ship ID Transit Type Month AIS points speed speed dist dist

(knots) (knots) (km) (km)
368149789 1 General October 11 7.71 12.13 7.0 95.5
368266998 1 General September 9 3.50 15.19 11.3 84.5
369975789 1 General October 11 6.96 14.26 4.6 91.8
370321789 1 General October 11 2.59 17.84 9.1 971
370368789 1 General September 11 4.71 12.82 6.2 91.6
439458164 1 Other September 10 5.08 9.04 64.8 94.3
2 October 9 6.27 11.25 67.2 98.5
439460579 1 General September 8 10.21 16.17 8.9 85.6
439460769 1 Chemical September 108 0.00 16.98 23.0 100.0
439469789 1 Icebreaker September 81 0.08 13.15 4.5 97.2
2 October 19 0.00 12.44 4.2 91.1
439471922 1 General September 8 10.19 15.85 8.7 83.0
439471929 1 General August 117 0.00 14.87 22.6 95.5
439472040 1 General September 69 0.00 15.62 23.3 89.4
439476797 1 Unknown September 53 0.01 2.9 23.3 82.3
439481818 1 General September 7 9.64 18.29 6.7 83.7
439489053 1 Unknown September 53 0.02 3.15 23.3 82.4
439494162 1 Chemical October 10 7.24 16.00 7.4 90.2
439496821 1 Unknown August 110 0.00 3.22 23.2 81.9
439506789 1 lcebreaker  October 22 0.16 14.73 6.9 96.0
439527789 1 Icebreaker September 17 0.66 12.30 36.7 95.6
2 September 9 7.07 13.59 14.7 89.1
3 September 64 0.01 16.58 5.7 93.9
439528789 1 lcebreaker  October 9 7.37 16.57 5.6 86.7
439621789 1 Icebreaker August 61 0.00 11.90 10.8 97.4
2 October 7 4.66 20.51 9.1 84.7
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Table S3.2 AIS positions that were interpolated for vessels transiting within 100 km around FB-
IGL1-23 during August-October 2023. For each gap between p, at time t, and p, at time t;, one
position was interpolated per missing hour until the next p; was reached. This approach assumes
constant linear movement between consecutive observed positions. The number of AlS points is

the number of interpolated positions within the corresponding transit.

Number

Ship ID Transit Type Month of AIS

points
370321789 1 General Cargo October 1
439460769 1 Chemical Tanker September 4
439469789 1 Icebreaker September 3
2 October 1
439471929 1 General Cargo August 6
439472040 1 General Cargo September 5
439476797 1 Unknown September 22
439489053 1 Unknown September 20
439496821 1 Unknown August 48
439506789 1 Icebreaker October 1
439527789 1 Icebreaker September 1
439527789 2 September 2
439621789 1 Icebreaker August 2
439621789 2 October 1
370321789 1 GeneralCargo e 1

Ship
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Table S3.3 Model selection, ranked by AlCc, with the ten first best-supported models. + = predictor retained. All models include
(7|day) as a random effect.

. Dist Speed
Vessel Land Vessel Dist x x

Rank Intercept Direction Distance . Speed x df AlCc AAlCc logLik Weight

type barrier cat. vessel vessel

speed
cat. cat.

1 1.423 + + + + 7 22775 0.00 -1131.65 0.019
2 1.409 + + + 6 22778 0.26 -1132.81 0.017
3 1.426 + + 5 22783 0.74 -1134.07 0.013
4 1.412 + + + + 7 22788 132 -1132.31 0.010
5 1.354 + + + + + 8 2279.0 145 -1131.35 0.009
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Figure S3.1 Map of the documented haul-outs (purple square) in Northern Foxe Basin, with the
hydrophone location FB-IGL1-23 (blue star), and the communities of Igloolik and Sanirajak. In
Inuktitut: Tangle Island is Nuvuklit and Tern Island is Siurag. Haul-out coordinates were available
on CAFF - Arctic Biodiversity Data Service (ABDS):
https://geo.abds.is/geonetwork/srv/eng/catalog.search#/metadata/fcdc5e58-3318-4a02-a484-
8ecb7cfb66e2.
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Figure S3.2 Map of shipping tracks a 100km around the hydrophone FB-IGL1-23 in northern
Foxe Basin during August-October 2023. The different colors represent different ship ID.
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Figure $3.3 Diagram of a mooring equipped with a buoy, a hydrophone Soundtrap ST600HF, an
acoustic release VEMCO VR2AR, and an anchor. Deployed at FB-IGL1-23 between 2023 and
2024. Drawn on Procreate, version 5.3, Savage Interactive Pty Ltd.
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: FB-IGL1-23 @

Figure S3.4 Example of interpolated AIS positions (blue points) and three interpolated positions
(orange points) for transit 1 of the Icebreaker (ship ID: 439469789) in September 2023. The inset
(top right) shows a close-up of the two interpolated positions nearest the hydrophone FB-IGL1-23
(cyan point). The dashed circle represents the 100 km buffer zone used in the study.
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Figure S3.5 Map of shipping tracks, after cleaning the AIS data and interpolating the AIS points,
in northern Foxe Basin during (A) August, (B) September, and (C) October 2023. The different
colors represent different transit.

110



12.54

=]
=3
wm

IS

w

Predicted knock court (H')
o =

Predicted knock court (h ')

257

25 50 75 100 0 & 10 15

Distance to hydrophone (km) Vessel speed (knots)
Cc D
—_ 12
9

2 £
= t
= 3
[=] [=]
(5] E_ (&)
4 -
[%] (5]
o [e]

C C 6
3 — =
o pe)
z z
=3 =]
k=] k=1
o 3 o
o o

3

o
Single Multi 0 5 10 15
Vessel category Vessel speed (knots)
Distance to
hydrophone

13 km (mean - 1 SD)
42 km (mean)
""" 70 km (mean + 1 SD)

Figure $3.6 Predicted walrus knock counts with distance to hydrophone, vessel speed, and
vessel category, derived from the negative binomial GLMM. (A) Predicted knock count in relation
to distance between the vessel and the hydrophone (km). (B) Predicted knock count in relation to
vessel speed (knots). (C) Predicted knock count by vessel category (single vessel vs. multiple
vessels). (D) Predicted knock count in relation to vessel speed (knots) at three distances to the
hydrophone (13 km, 42 km, and 70 km), chosen to represent the mean and + one standard
deviation of observed vessel distances to show how the effect of speed on knock counts changes
with proximity to the hydrophone. Shaded areas and error bars represent 95% confidence
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Chapter 4 General Conclusion

4.1 Summary

This research was divided into two distinct data chapters, both based on the manual
analysis of acoustic recordings collected in Foxe Basin. Chapter 2 assessed temporal patterns of
daily vocal presence of the walrus, bowhead whale, beluga, bearded seal, and ringed seal at two
monitoring locations. Walrus vocalizations were the most frequently detected among all five
species, suggesting that northern Foxe Basin is a year-round habitat. Sea ice provides walrus with
a platform for important life functions (Fay, 1982; Richard & Campbell, 1988), which was consistent
with the relationship observed between walrus acoustic presence and sea ice concentration.
Bowhead whale detections at FB-IGL1-23 followed a seasonal pattern consistent with the
migratory cycle of the EC-WG population (Fortune et al., 2020; Heide-Jargensen, 2003), with peak
acoustic activity during summer and low sea ice concentration, when the area is used as a foraging
and nursery ground. Higher vocal detections at FB-IGL1-23 suggest differences in habitat use
between sites. Beluga vocalizations were detected during winter months, which lie outside of the
sighting periods typically described for Foxe Basin. Their association with colder sea surface
temperatures and differences between sites suggest that winter habitat use may be influenced by
local environmental conditions. Bearded seal vocal detections were highly seasonal, with a peak
during the breeding season and a decrease under higher wind speed, likely reflecting acoustic
masking. Ringed seal vocalizations were the least frequently detected among the five species,
and detections were concentrated during freeze-up. The co-occurrence of multiple species in
northern Foxe Basin and the seasonal overlap in their acoustic activity suggest potential

interactions and highlight the ecological importance and acoustic diversity of the area.

Chapter 3 investigated the effects of vessel traffic on walrus vocal activity in northern Foxe
Basin during the 2023 shipping season, representing, to our knowledge, only the second study to
document underwater vocal disturbance in Atlantic walrus (Coppolaro et al., 2025). Hourly knock

counts were approximately 50% lower during the shipping season than preceding the first vessel

112



arrival, and vessel proximity and speed were found to impact walrus vocal activity. Detections
declined as vessels approached the hydrophone and as speed increased. This could reflect
acoustic masking, reduced vocal behaviour, or physical displacement, though it could not be
distinguished in this study. Recordings with multiple vessels were associated with higher knock
counts. A potential Lombard effect in walruses could explain higher vocal detections. Individuals
modify their vocalizations, sometimes to higher frequencies, to maintain communication in
response to elevated ambient noise (Lombard, 1911). Current Canadian Marine Mammal
Regulations do not apply to vessels in transit (Marine Mammals Regulations. Fisheries Act.
SOR/93-56, 2018) and, given the present results, may not adequately protect walruses from
shipping disturbance. To face increasing vessel traffic, low-impact shipping corridors and quieter
vessels are encouraged. Together, these chapters demonstrate the value of passive acoustic
monitoring as a tool for both documenting species presence and detecting behavioural

disturbances in the underwater environment.

4.2 Limitations

Although passive acoustic monitoring is a valuable tool for documenting vocalizations, it is
subject to some limitations. The primary constraint of PAM is that an individual must vocalize for
its presence to be detected. Consequently, the absence of vocalizations cannot be interpreted as
the absence of the species per se. A lack of vocal presence can reflect acoustic masking, or
inactivity, or a departure from the area. The results may underestimate the actual presence of

each described species.

In Chapter 2, vocalizations were assessed for presence only, without classification by call
type. Incorporating call type could have provided valuable context for interpreting species
presence. For example, distinguishing whether belugas produced more echolocation clicks or
social whistles during their time in Foxe Basin would have helped understand how individuals use

the area. Environmental covariates were drawn from two data sources with different spatial
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resolutions, which may have introduced some inconsistency in their relationship with species vocal

presence, although the observed patterns remained ecologically consistent.

In Chapter 3, only knocks were used to infer walrus vocal presence around the
hydrophone. Some studies on Pacific and Atlantic walrus have documented additional underwater
vocalizations, including strums, grunts (Panova et al., 2026; Stirling et al., 1987a), barks (Charrier,
2021), whistles (Verboom, 2023), rasps, moans, and chuffs (Schevill et al., 1966; Schusterman &
Reichmuth, 2008). It is therefore possible that not including these call types led to an
underestimation of overall vocal activity, although knocks appear to be the primary and most
frequent call type. Furthermore, acoustic parameters such as frequency, amplitude, duration, inter-
knock intervals and signal-to-noise ratio were not measured for detected knocks. This limited the
evaluation of a potential Lombard effect, as it was not possible to determine whether call

characteristics changed in the presence of vessels.

4.3 Directions for future research
Future acoustic research in Foxe Basin should improve the spatial coverage of PAM for

important walrus habitats. Several haul-out sites have been identified (Cubaynes et al., 2026),
near the planned shipping routes associated with the Mary River Project, including Imiliq Island,
Ullit Island, Bushnan Rock, and Steensby Inlet. As vessel traffic would occur within approximately
50 km of these haul-outs, deploying additional hydrophones in these areas would allow the

monitoring of potential changes in walrus vocal behaviour as shipping activity increases.

Future research should also improve understanding of how walruses are exposed and
respond to shipping noise. Foxe Basin is characterized by shallow waters, complex island
topography, and seasonal sea ice, all of which can substantially influence sound propagation.
Dedicated propagation studies are therefore needed to characterize how vessel noise is

transmitted across the basin. At the same time, future studies should investigate whether
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disturbance responses vary between males and females, among mother-pup pairs, or during the

breeding season (Charrier, 2021).

Behavioural responses should be more clearly described to inform management decisions
better. The results of this study may suggest a Lombard effect in response to increased vessel
traffic, consistent with the findings of Denes (2014), which linked ambient noise to walrus call
amplitude. Additional work should investigate this response further, including whether vocal
compensation reaches a limit beyond which it is no longer effective, as observed in bearded seals
(Fournet et al., 2021). Furthermore, telemetry studies could help elucidate how walruses respond
to vessel disturbances and establish safe vessel distance and speed thresholds to minimize

disturbance.

Finally, continued engagement and participation in long-standing collaborative research
programs with Inuit communities around Foxe Basin should be maintained and expanded to the
development of conservation and management measures that reflect local priorities and

community realities.
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