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Abstract 

Beluga whales (Delphinapterus leucas) are considered social whales, but like any other 

cetaceans, the study of social behaviour is challenging to conduct. Due to the wide distribution of 

the Eastern Beaufort Sea beluga whale population across its summering grounds, little is known 

about the large-scale grouping behaviour and spatial distribution of groups. The aim of this 

research is to explore the grouping characteristics and organization of beluga groups, as well as 

the habitat preference of different social groups in summer. First, we used aerial photographs 

captured in July 2019 to describe group size, age composition, inter-individual distance, and 

swimming direction of beluga groups. We compared characteristics between two key summer 

habitats: the extended offshore of the Beaufort Sea shelf and the inshore of the Mackenzie 

Estuary. Results showed that group size and inter-individual distance were similar in both 

habitats. The average distance in a group varied with age composition and the swimming 

direction varied between the offshore and inshore. Second, we used GPS locations of beluga 

sightings recorded by visual observers during aerial surveys conducted in July and August 2019. 

We investigated the distribution of three beluga social group types (individual belugas, groups of 

adults, and groups with calf) using hierarchical generalized additive models. The sea surface 

temperature, bathymetry, and slope described best the summer distribution. Areas of high 

preference were often associated with prey distribution, suggesting foraging as the main driver of 

habitat preference. We also hypothesized that body size energy requirements contributed to the 

variation between the group types. This study revealed for the first-time observations of grouping 

behaviour in the summer habitat of the Eastern Beaufort Sea beluga whales. Although the results 

do not reflect the extent and complexity of beluga social behaviour, this study now provides an 

information baseline for this beluga population. We also encourage multidisciplinary research as 

an opportunity to further collect data and explore other elements of beluga whale sociality.  
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Chapter 1. General Introduction 

 

1.1 Background 

Evolution of group-living animals 

Across taxonomic groups, animals are observed living in different patterns of aggregations, with 

widely varying social structures and organizations (Wilson, 2000; Rubenstein and Abbot, 2017). 

Animal sociality evolves in response to selective pressures when they provide a fitness advantage 

in life-history events such as mating, feeding, parental care, and predation (Acevedo-Gutiérrez, 

2018). Living in groups is, however, a trade-off between benefits (e.g., increased access to food 

and mating opportunities, reduced risk of predation and calf mortality) and costs (e.g., increased 

resource and mating competition, greater visibility to predators, exposure to diseases and parasites) 

(Connor et al., 1998; Mann et al., 2000; Silk, 2007; McHugh, 2019). As sociality shapes 

evolutionary patterns, ecology, and biology of a species or population, the study of animal 

grouping behaviour has become increasingly relevant to understanding the full range of social 

strategies and how they vary among or within species (Whitehead, 1997; Kutsukake, 2009; Ward 

and Webster, 2016, McHugh, 2019). 

Methods to study sociality in marine mammals 

Long-term studies of terrestrial animal socialities, particularly primates, but also marsupials 

(kangaroos, wallabies), ungulates (elephants, bovids), and carnivores (wolves, lions), have led to 

a better understanding of concepts and hypotheses on social behaviour (Mann, 2000; Smith et al., 

2017). Knowledge on behavioural ecology of marine mammals, such as cetaceans, is lagging 

behind that of terrestrial animals due to research challenges arising from environmental 

characteristics: access to habitat, underwater behaviour, difficulty in handling or marking, etc 

(Connor et al., 1998; Whitehead et al., 2000). Cetacean spatial scales can extend over thousands 

of kilometres and temporal scales over several decades (Whitehead et al., 2000). Arctic species are 

even more difficult to observe because of their remote distribution and fieldwork conditions (sea-

ice cover, access to areas, weather, costs, etc.) Under these circumstances, inference has become 

particularly prevalent in this field of study (Whitehead et al., 2000). Any type of data available, 
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even from strandings and by-catch, has been used to try to characterize the social structure of 

species (Whitehead et al., 2000).  

Today, many tools and methods have been developed to obtain a more detailed and accurate 

representation of social behaviour, structure, and organization of marine species, with their own 

advantages. Some techniques focus on one individual or one group for a long period of time (e.g., 

telemetry, focal follow), while others cover several individuals or groups over a short period (e.g., 

surveys, scan sampling) (Mann, 2000). Information on specific behaviours can be collected (e.g., 

diving, movement, vocalizations) and individual identification (e.g., photographic identification, 

genetics) can help describe conspecific associations and networks (Whitehead et al., 2000; 

Whitehead and Van Parijs, 2010). After data collection, social structures are analyzed depending 

on the approach (ecological or psychological), the unit of organization observed (community or 

individual), and the level (interaction, relationship, or structure) (Scott, 1956; Hinde, 1976; 

Whitehead, 1997).  

Group size, composition, and cohesion 

Describing group size, composition, and degree of cohesiveness is part of the early steps and is 

key when investigating social behaviour (Aureli et al., 2008; Reiczigel et al., 2008; Gowans, 2019). 

The definition of “group” must be established prior to data sampling and is usually based on the 

animals spatial and temporal proximity (usually a specific body length) as well as participation in 

a coordinated activity (Mann, 2000; Whitehead, 2008). Looking at group size can help determine 

the basic social unit, which then facilitates the quantification of interactions and associations 

within a group, necessary to build more complex social networks (Whitehead and Van Parijs, 

2010). Group size can also provide insight into the distribution and possible range of aggregations 

(Reiczigel et al., 2008). Group composition and inter-individual distance can be used to reveal 

patterns of group cohesion. Indeed, the spatial organization can determine threshold distances of 

attraction versus repulsion to other individuals or groups, as well as optimal distances to benefit 

from group protection and facilitate information transmission, without being hindered in 

movements (Aureli et al., 2012; Ward and Webster, 2016).  
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Species distribution and habitat modelling 

Other elements of ecology related to the benefits and costs of grouping are relevant to explore, 

such as conspecific interactions, foraging, mortality risk, mating, ontogeny, habitat selection, and 

energetics (Ward and Webster, 2016; Bräger and Bräger, 2019). Understanding the relationship 

between an animal distribution or movement with its environment can be a complex task, but 

achievable with species distribution and habitat models. Habitat selection analyses are a highly 

simplified process that captures the selection and use of habitat, within an available habitat 

(Northrup et al., 2022). Many types of models can be used to address different objectives, but they 

usually require occurrence or movement data from one or many animals, as well as discrete or 

continuous environmental covariates relevant to the habitat (McCabe et al., 2021; Northrup et al., 

2022). The data is fit to a modelling algorithm (e.g., generalized linear model, resource selection 

functions, MaxEnt, etc.), evaluated, validated, and then the results can be mapped (Elith and 

Leathwick, 2009; Northrup et al., 2022). When exploring population sociality, habitat models can 

be used to assess the distribution and/or resource selection of different social group types (e.g., 

Lindsay et al. 2016; Pace et al. 2018). Although they have inherent uncertainties and limitations, 

models can help establish conservation and resource management strategies (Robinson et al., 

2017). 

Sociality of odontocetes 

Odontocetes, or toothed whales, are frequently studied for their social behaviour, as most have 

complex and rich social lives (Connor et al., 1998). Sociality of odontocetes can be described in 

two types: matrilineal or fission-fusion (Vaughn-Hirshorn, 2019). Killer whales (Orcinus orca) 

are one of the best examples of matrilineal societies, where pods are formed of matriarchal 

hierarchical social structures, stable for decades (Bigg et al., 1990; Baird and Whitehead, 2000; 

Parsons et al., 2009). Similarly, sperm whales (Physeter macrocephalus) maintain strong bonds 

between units of females and calves, even when associated with other units (Best, 1979; Lyrholm 

et al., 1999; Konrad et al., 2018). On the other hand, fission-fusion socialities are dynamic 

associations of individuals, which vary in group size, composition, and cohesion over time (Aureli 

et al., 2008). Dolphin populations are good examples of fission-fusion societies, with aggregations 

of up to hundreds of individuals (Shane et al., 1986; Bearzi et al., 1997; Gygax, 2002; Karczmarski 

et al., 2005; Stockin et al., 2009; Lunardi and Ferreira, 2014; Gerrodette et al., 2019). 
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Beluga whales 

Beluga whales (Delphinapterus leucas) are distinctive odontocetes, with white skin and melon 

head, and members of the Monodontidae family along with the narwhal (Monodon monoceros) 

(O’Corry-Crowe, 2018). In Canada, eight designatable units (i.e., populations) are recognized by 

the Committee on the Status of Endangered Wildlife in Canada (COSEWIC), named after their 

summering habitat (COSEWIC, 2016). Distributed across the circumpolar Arctic and in some sub-

Arctic regions, belugas are well adapted to cold environments (Reeves et al., 2014). Studies on 

different beluga populations have shown the influence of many environmental conditions on 

habitat use, such as bathymetric features, sea surface temperature, distance to shore, tides, currents, 

and sea ice (Loseto et al., 2006; Goetz et al., 2007; Hauser et al., 2017; Hornby et al., 2017; Ouellet 

et al., 2021).  

Beluga whales exhibit sexual size dimorphism, i.e., males are larger than females (Heide-

Jørgensen and Teilmann, 1994; Stewart, 1994), which result in variation in the diet and diving 

capacity (Martin and Smith, 1999; Marcoux et al., 2012; Choy et al., 2020). However, belugas do 

not have other obvious morphological sexual differences, which poses a challenge when 

identifying whales in the wild. Size and colour are generally the physical characteristics used to 

visually estimate the age of a beluga (Smith et al., 1994; Michaud, 2014; McGuire et al., 2020). 

Indeed, other than size growth, newborns have dark grey skin that lightens as they grow, turning 

completely white by the time they become subadults (Sergeant, 1973).  

Females lactate for a period of 20 to 24 months, resulting in calves closely following their mother 

for two to three migrations cycles (Brodie, 1971; Sergeant, 1973; Colbeck et al., 2013; Matthews 

and Ferguson, 2015). The nursing period is thought to also facilitate cultural migratory learning 

for calves (Brodie, 1969; O’Corry-Crowe et al., 2018). During this period, calves spend time in 

proximity to kin and non-kin (Krasnova et al., 2006; Krasnova et al., 2009; Colbeck et al., 2013; 

O’Corry-Crowe et al., 2020). Allomaternal behaviour has been observed, where non-mother cares 

for the calf (Krasnova et al., 2009; Aubin et al., 2021). This gregarious behaviour suggests that 

belugas have complex social interactions. 

Belugas forms groups, sometimes large herds, and use an extensive range of vocalizations 

associated with distinct behaviours (Sjare and Smith, 1986a; Sjare and Smith, 1986b; Belikov and 

Bel'kovich, 2003; Panova et al., 2012; O’Corry-Crowe, 2018; Vergara and Mikus, 2019; O’Corry-
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Crowe et al., 2020). As with any other cetaceans, research on social behaviour of wild belugas is 

difficult to conduct, especially for Arctic populations. Captive belugas in human care have 

facilitated the observations of interactive behaviours in small groups, leading to synergistic efforts 

to understand beluga behaviour in both settings (see review by Hill et al. 2021). Still, studies on 

wild beluga populations have been able to identify common patterns of group composition. 

Females are generally observed in groups with calf and juveniles, not necessarily excluding males 

(Colbeck et al., 2013; Krasnova et al., 2014; McGuire et al., 2020; O’Corry-Crowe et al., 2020). 

As juveniles become more independent, they swim further away from the maternal group 

(Halteman and Ryan, 2019; McGuire et al., 2020). Younger males can form their own group with 

other belugas of their size (Smith et al., 1994; Andrianov et al., 2009; Suydam, 2009; Colbeck et 

al., 2013; Michaud, 2014; McGuire et al., 2020; O’Corry-Crowe et al., 2020). Beluga observed 

alone are most likely large, older males (Krasnova et al., 2006; Colbeck et al., 2013; O’Corry-

Crowe et al., 2020). Group size and composition remain overall flexible and dynamic within a 

population, where groups can join and leave other groups, suggesting that beluga whales are in a 

fission-fusion type of sociality (Bel'kovich and Sh'ekotov, 1993; Krasnova et al., 2012; Alekseeva 

et al., 2013; Michaud, 2014; O’Corry-Crowe et al., 2020). 

Eastern Beaufort Sea beluga population 

The Eastern Beaufort Sea (EBS) beluga population is one of the eight Canadian beluga populations 

and one of the most abundant (COSEWIC, 2016). Abundance assessments have estimated the 

population at ∼32 500 whales and COSEWIC has assigned it a status of “not at risk” (COSEWIC, 

2004; Muto et al., 2021). EBS belugas migrate from the Bering Sea in spring following the ice 

retreat, to their summering range in the Beaufort Sea and surrounding areas (Richard et al., 2001; 

Hornby et al., 2016). From mid to late July, belugas show high fidelity to the bays in the Mackenzie 

Estuary, forming large aggregations (∼2 000 whales) (Harwood et al., 1996; Harwood et al., 2014). 

It is suggested that the contrasting environmental conditions of the estuary (i.e., warm, shallow 

waters and freshwater input) compared to the offshore attract belugas for calving and moulting (St. 

Aubin et al., 1990; Scharffenberg et al., 2019). Telemetry studies have also shown offshore 

movements in the Amundsen Gulf, M'Clure Strait, and Viscount Melville Sound throughout the 

summer (Richard et al., 2001; Storrie et al., 2022). EBS belugas feed primarily on Arctic cod 

(Boreogadus saida) and capelin (Mallotus villosus), which are considered one of the main drivers 
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of their summer distribution (Loseto et al., 2009; Hauser et al., 2017; Hornby et al., 2017; Choy et 

al., 2020).  

Inuvialuit and beluga research 

Every summer, communities of the Inuvialuit Settlement Region (ISR) in Northwest Territories, 

Canada, hunt qilalugaq (belugas) from the EBS stock, as a traditional and cultural subsistence 

harvest (Harwood and Smith, 2002; Usher, 2002). While the delta communities of Aklavik, Inuvik, 

and Tuktoyaktuk hunt in the shallow, turbid bays of the Mackenzie Estuary, the other three 

communities, Paulatuk, Sachs Harbour and Ulukhaktok, harvest more opportunistically offshore 

(Harwood et al., 2015). Paulatuk is the community that harvest the most outside of the Mackenzie 

Delta, mainly in the clear waters of Darnley Bay (Harwood et al., 2015). Interest in protecting EBS 

belugas and the rights of Inuvialuit hunters has led to conservation and sustainable harvest 

regulations, as well as collaborative monitoring and research programs between federal institutions 

and Inuvialuit organizations (Loseto et al., 2018b; Breton-Honeyman et al., 2021). Traditional and 

ecological knowledge (TEK) about EBS belugas has previously been gathered from local 

knowledge holders and experts (Byers and Robert, 1995; Inuuvik Community Corporation et al., 

2006; Hartwig, 2009; KAVIK-AXYS Inc, 2012). Those reports document information on beluga 

distribution, seasonal migrations, physical characteristics, and some behavioural activity in 

harvesting sites or areas of high ecological significance. More recently, projects involving 

Inuvialuit and scientists have co-produced knowledge on beluga health and climate change impacts 

(Loseto et al., 2018a; Loseto et al., 2018b; Ostertag et al., 2018; Waugh et al., 2018), but both sides 

still acknowledge the need to obtain more information on beluga behaviour and to improve 

meaningful involvement of community members in scientific research (e.g., FJMC Research 

Priorities Summary 2020-2021). Bridging Western science and TEK is increasingly recognized as 

a significant tool in research, conservation, and management (Huntington, 2000; Thornton and 

Scheer, 2012), but also as an approach to decolonize scientific research and value Indigenous ways 

of knowing (Held, 2019). 
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1.2 Thesis Structure and Objectives 

This research aims to improve knowledge on the grouping behaviour of the Eastern Beaufort Sea 

beluga whale population in summer. Elements of sociality are explored with data collected during 

aerial surveys conducted in 2019. Following the general introduction on sociality and methods for 

studying social behaviour in marine mammals (Chapter 1), this thesis addresses two specific 

objectives. Using aerial photographs captured during the survey, the first objective is to compare 

group characteristics and spatial organization of beluga whales in two key summer habitats, the 

Beaufort Sea offshore shelf and the shallow waters of the Mackenzie Estuary (Chapter 2). The 

second objective is to investigate the habitat preference of three types of beluga social groups in 

the extended offshore areas of the Beaufort Sea, in July and August (Chapter 3). The concluding 

chapter summarises the objectives, discusses the contributions of this research, and highlights 

potential future work (Chapter 4). 

We were not able to go back to the communities in the Inuvialuit Settlement Region to engage 

with knowledge holders and share insights on social behaviour as planned due to COVID-19 travel 

restrictions in the Canadian Arctic. However, there was still an opportunity throughout this thesis 

to acknowledge Indigenous knowledge, discuss the importance of Inuit inclusion in Arctic 

research, and recommend potential avenues for integrative projects on beluga social behaviour. 
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Chapter 2. Group Characteristics and Spatial Organization of the 

Eastern Beaufort Sea Beluga Whale (Delphinapterus leucas) 

Population Using Aerial Photographs  

 

2.1 Abstract 

While it is known that beluga whales (Delphinapterus leucas (Pallas, 1776)) are social animals, 

sociality within populations remains complex and poorly understood. Using aerial photographs 

taken in mid-July and early August 2019, we examined group characteristics and spatial 

organization of the Eastern Beaufort Sea beluga population in two distinct summering areas: (1) 

the continental shelf and offshore region of the southeast Beaufort Sea, and (2) the inshore of the 

Mackenzie Estuary. Observations revealed that the average group size was similar in both 

environments. A piecewise regression analysis showed that belugas were found to be most 

frequently within 24.6 m of another beluga in the offshore, and within 22.0 m in the inshore. The 

average inter-individual distance of groups composed of subadults and/or adults was greater than 

that of groups including younger whales in both environments. Also, the swimming direction of 

individuals in a group differed less in the offshore than in the inshore. We suggest that habitat 

shapes the types of activity conducted and that spatial cohesion within groups persists across 

environmental conditions but changes with age composition. By identifying elements of social 

structure and important areas for Eastern Beaufort Sea belugas, our results highlight the value of 

habitat conservation. 

 

2.2 Introduction 

Group living occurs when the benefits of life events, such as reproduction, foraging, parental care, 

and protection from predators, outweigh the costs of social aggregation (e.g., higher exposure to 

predators, food competition, risk of disease transmission) (Krause and Ruxton, 2002; Silk, 2007). 

Investigating group size is an early step in exploring social behaviour of animals, providing insight 

into the possible extent of aggregation and can reveal the optimal group size, which represents the 
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best trade-off between benefits and costs of social grouping in a given environment (Giraldeau, 

1988; Ward and Webster, 2016). Other measures like the inter-individual distance (IID) provide 

information on the spatial arrangement within a group that would favour protection, 

communication, and cultural transmission, without hindering movement (Warburton and Lazarus, 

1991; Ward and Webster, 2016) and can be used to identify subgroups and threshold distances of 

attraction versus repulsion to another individual or group (Aureli et al., 2012).  

Most cetaceans are social animals and understanding such sociality is challenging compared to 

terrestrial animals (e.g., hard to access environment, underwater behaviour, large home range, 

lifespan of several decades, etc.) (Connor et al., 1998; Mann et al., 2000). The sociality of studied 

odontocete species varies from small and highly stable units of kin to temporary aggregations of 

thousands of individuals (Mann et al., 2000; Würsig, 2019). One distinct odontocete of the Arctic 

and sub-Arctic regions is the beluga whale, Delphinapterus leucas (Pallas, 1776) (O’Corry-Crowe, 

2018). Studies conducted on small groups of captive belugas in aquarium settings have recorded 

interactive social behaviours (Recchia, 1994; Hill and Campbell, 2014; Hill et al., 2016; Halteman 

and Ryan, 2019). Research on wild beluga populations has also reported a variety of observations, 

such as herding and group dynamic (Smith et al., 1994; Krasnova et al., 2012; Anderson et al., 

2017), high acoustic activity and contact calls (Panova et al., 2012; Vergara and Mikus, 2019), and 

allomaternal care (Aubin et al., 2021), which suggests rich and complex social lives (O’Corry-

Crowe et al., 2020). However, similar to other cetaceans, much is still unknown about the social 

organization of beluga whales in their natural habitat. 

The Eastern Beaufort Sea (EBS) beluga whale population is one of the largest beluga populations 

in Canada, estimated at approximately 32 500 whales (Harwood and Norton, 1996; Muto et al., 

2021). Each year, EBS belugas migrate to the Beaufort Sea, following the retreat of sea ice in the 

spring (Asselin et al., 2011; Hornby et al., 2014) and spend the summer travelling between the 

Mackenzie Estuary, Amundsen Gulf and M’Clure Strait (Richard et al., 2001; Storrie et al., 2022). 

From early to late July, EBS belugas show high fidelity to the Mackenzie Estuary (Brown Gladden 

et al., 1997; Harwood et al., 2014), where large aggregations of nearly 2 000 whales have been 

recorded (Harwood and Norton, 1996). In contrast to the offshore, the Mackenzie Estuary contains 

many shallow and warm bays, that receive large inputs of freshwater, especially in the spring 

(Carmack et al., 2004). The freshwater environment of the Mackenzie Estuary triggers moulting, 
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i.e., shedding caused by the growth and replacement of the epidermis, and provides thermal 

advantage for calving (St. Aubin et al., 1990; Scharffenberg et al., 2019). It is also during the 

summer that Inuvialuit, Inuit of the western Canadian Arctic, engage in a subsistence harvest of 

beluga whales in the Mackenzie Estuary, as well as opportunistic hunts in coastal areas outside of 

the Mackenzie Estuary (Usher, 2002; Waugh et al., 2018). 

Using aerial photos from a large-scale survey conducted by Fisheries and Oceans Canada in 2019, 

this study aims to describe the group characteristics and spatial organization of the EBS belugas 

in two key summer habitats, the open water of the Beaufort Sea shelf and extensive offshore areas 

(offshore), and the shallow waters of the Mackenzie Estuary (inshore). Previous tagging studies 

have demonstrated sexual segregation in the summer distribution of EBS belugas, with males 

selecting deep offshore areas for energy-rich food, while females with calves select open water 

habitat near the coast for protection and moulting (Loseto et al., 2006; Hauser et al., 2017), 

suggesting that habitat preference differs according to social factors such as sex and age. Based on 

our current knowledge of cost and benefits of grouping, are there differences in the characteristics 

of groups found in different habitats? 

 

2.3 Methods 

Research approach 

This study is part of a larger research program focused on Arctic marine ecosystem health using 

beluga whale health, diet, and movement ecology in the Beaufort Sea (Breton-Honeyman et al., 

2021). Within this region and co-management context, government researchers and Inuvialuit 

routinely work together to identify research priorities and to design and conduct studies (e.g. 

(Loseto et al., 2018a; Loseto et al., 2018b; Ostertag et al., 2018). Prior to conducting the aerial 

survey, all six communities in the Inuvialuit Settlement Region were visited in 2018 and in-person 

consultations were held with co-management boards and community members (local Hunters and 

Trappers Committees (HTC)) to develop the research questions and co-design the aerial survey. 

After confirming local support, study protocols were approved by the Inuvialuit Game Council 

and the Fisheries Joint Management Committee in 2019. 
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Initially, this project intended to bring the aerial survey photos back to knowledge holders in the 

community of Paulatuk, located on Darnley Bay on the coast of the Beaufort Sea (69.35°N; 

124.07°W), with the goal to improve interpretation of the aerial photograph data (Table S2.1, 

Figure S2.1). As Inuvialuit from Paulatuk harvest beluga whales in clear water, residents in this 

area possess substantial knowledge of beluga group characteristics and social organization which 

would help contextualize our analysis. Unfortunately, due to COVID-19 travel restrictions, we 

were not able to proceed with formal data co-interpretation workshops, however, we were able to 

meet with the Paulatuk HTC remotely to share and discuss the findings of our quantitative analysis. 

During this meeting, HTC members shared insightful perspectives and proposed using small 

drones to investigate beluga movement and social behaviour further. This community-led project, 

which evolved partially from this discussion with the HTC, is now underway and being shaped by 

the research priorities and interests of the community.  

Study area 

From mid-July to early August 2019, Fisheries and Oceans Canada conducted an aerial survey to 

update the abundance estimate for the EBS beluga population. Two major strata were covered: the 

offshore region, including the southeast Beaufort Sea, Amundsen Gulf, and Prince of Wales Strait 

(Longitude = -141°W to -115°W; Latitude = 69°N to 73°N) (Figure 2.1A), and the inshore region 

of the Mackenzie Delta including Shallow Bay, Mackenzie Bay, and Kugmallit Bay (Longitude = 

-137.72°W to -133.05°W; Latitude = 68.90°N to 69.61°N) (Figure 2.1B). The offshore eastern 

Beaufort Sea consists of a continental shelf that extends 50 to 150 km north of the coast, before a 

deep drop into the Canadian Basin at the ~80 m isobath (Hill et al., 1991; Carmack et al., 2004). 

The estuary is a highly turbid mixing zone, located at the mouth of the Mackenzie River with a 

depth of less than 20 m (Macdonald and Yu, 2006).  
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Figure 2.1 Sightings of individual beluga whales captured on photo during the 2019 Eastern Beaufort Sea 

beluga aerial survey. A) Offshore transect lines surveyed by plane. B) Enlarged area of the inshore 

transect lines surveyed by plane and by the remotely piloted aircraft system (RPAS).  
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Aerial survey and photo collection 

The aerial survey was designed based on the last population abundance assessment in 1992, recent 

beluga tagging projects in the Canadian Beaufort Sea, and consultation with Inuvialuit 

representatives (Harwood and Norton, 1996; Storrie et al., 2022). Different survey protocols were 

applied between offshore and inshore areas based on the primary objective of assessing population 

abundance (e.g., Watt et al. 2021). Two Twin Otter aircraft were used and equipped with an optical 

glass-covered camera hatch at the rear underbelly of the plane. Position, altitude, speed, and 

heading of the aircraft were logged every second with a Bad Elf GPS Pro+ unit (Bad Elf, West 

Hartford, Connecticut, USA). For the offshore transects, aircraft were flown at a target altitude of 

1 000 ft. (305 m) and a target speed of 100-110 knots (185-204 km/h). Flights were only flown in 

ideal conditions i.e., no rain, no risk of icing, ceilings of 1 000 ft or higher, no fog over the water 

and Beaufort Sea State of less than 3 (Environment and Climate Change Canada, 2017).  

Each aircraft was equipped with two Nikon D850 cameras, one with a 25 mm lens (shooting RAW) 

and the other with a 50 mm lens (shooting JPEG), as a backup. Cameras were mounted in the 

covered camera hatch at the rear of the plane, facing straight down, with the longest side 

perpendicular to the track line. Photographic survey coverage for the offshore transects was 

approximately 127 604 m2/photograph (437 m x 292 m) for the 25 mm lens. Cameras were 

connected to a laptop computer and remotely controlled by the Nikon Camera Control Pro 2 

software to adjust settings such as shutter speed, aperture, and capture interval, throughout the 

flight. On offshore transects, photos were taken at a continuous interval of 3 sec to achieve a ~20% 

overlap for the offshore strata. Every photograph was geotagged via Bluetooth GPS receiver uplink 

(Bald Elf GSP Pro+ linked to Unleashed D200+ Bluetooth Module (Foolography, Berlin, 

Germany)).  

The inshore stratum was surveyed by the Twin Otter aircraft at a target altitude of 2 000 ft (610 

m) and a target speed of 100-110 knots (185-204 km/h) as well as by a remotely piloted aircraft 

system (RPAS), called the SeaHunter based out of the University of Fairbanks, Alaska 

(https://acuasi.alaska.edu/systems/seahunter). The RPAS surveyed Shallow Bay and Mackenzie 

Delta with the same camera system as the plane (i.e., Nikon D850 with a 25 mm lens). Photos of 

the inshore transects were captured at a continuous interval of 7 sec, with a photographic survey 

coverage for the inshore transects of approximately 510 125 m2/photograph (875 m x 583 m).  

https://acuasi.alaska.edu/systems/seahunter
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Imagery analysis 

Aerial photos were georeferenced and imported in ArcMap version 10.6.1 (ESRI, 2019). All 

photos with whales were detected manually. Some photos with beluga were taken in transition 

between transects and were kept in the analysis to increase the sample size. Next, a body length 

vector was created from the middle of the tail to the forehead and the geographic coordinates of 

the start, middle, and end of the vector were extracted for each whale. The vectors were not used 

for precise measurements of the body length since they were not standardized with the altitude and 

principal axes (roll, pitch, and yaw) of the plane. Duplicate whales in overlapping photo areas were 

identified but removed from the analysis.  

Based on the 10 metres chain rule previously used with belugas and narwhals (Monodon 

monoceros) (Cosens and Dueck, 1991; Mann et al., 2000; Lemieux Lefebvre et al., 2018), a 

“group” was defined as individuals that are within one to two body lengths (limit of 10 m) from at 

least one individual in the group. The age of individuals was classified based on the size and 

position relative to the closest individual, and the skin colour (Caron and Smith, 1990; Krasnova 

et al., 2006; Michaud, 2014; Charry et al., 2018; Lemieux Lefebvre et al., 2018) (Table 2.1, Figure 

2.2). Two different group types were identified: groups including at least one young whale 

(newborn, calf, or young juvenile) and groups composed of subadults and/or adults only. 

Unfortunately, the resolution of the photos did not make it possible to distinguish more precise 

classes, however, we considered subadults to behave more like adults than like young whales 

(Aubin et al., 2021). Whales that were either too deep underwater to properly detect or had partially 

visible bodies, were identified as unknown. 

 

Table 2.1 Characteristics used for the age classification of beluga whales (Delphinapterus leucas) 

captured in aerial photographs. 

Age  Body size Position relative to adult Colour 

Newborn, calf and 

young juvenile  

0.9 – 3 m 

(1/3 to 2/3 of adult size) 

Close to adult, positioned at side, 

tail, above, ahead, below, or 

behind 

Dark grey, light 

grey 

Subadult and adult 3 – 4.5 m 

(>2/3 of adult size) 

Usually keep a more apparent 

distance to other belugas 

Light grey, 

white 
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Figure 2.2 Examples of aerial photographs from the 2019 Eastern Beaufort Sea beluga aerial survey. Photos 

have been enlarged and cropped to focus on the beluga groups. A) Group of four adult belugas offshore, B) 

Adult-young pair offshore, C) Group of six belugas offshore including five subadults/adults and one young, 

and D) Group of six subadults/adults inshore 

 

Data processing 

The spatial analyses for the swimming angle and the IID were achieved using the package 

“geosphere” (Hijmans et al., 2019) in R version 3.6.3 (R Core Team, 2020). The swimming 

direction was obtained by calculating the bearing from the North (0°) from the start and end 

coordinates of the body length vector. A matrix of IID was calculated using the geodesic distance 

between the middle coordinates of each beluga whale in a two-dimension aerial plan. Assuming 

the flying height was constant, the aerial photographic coverage was 437 m wide at sea, so only 

distances of 437 m or less were considered. The empirical cumulative distribution function was 

computed from the density function of the histogram of all distances (44 bins of 10 m) and a 
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piecewise regression model was performed with the R package “segmented” (Muggeo, 2020), to 

find the breakpoint value of two segments, following equation (1): 

(1) yi = {
β0 + β1xi + 𝑒i, for xi ≤ α

  β0 + β1xi + β2(xi − α) + 𝑒i, for xi > α
 

where y is the cumulative density, x is the distance between individuals, α is the breakpoint 

between the two segments, and e is the error (Toms and Lesperance, 2003). In this case, the 

breakpoint would detect a discontinuity in the frequency of inter-individual distances (a weak slope 

of the cumulative density indicates a low frequency of distance values, while a sharp slope 

indicates a high frequency). The value of the breakpoint thus identifies the threshold between the 

most and least common distances to other whales. A two-sided Mann-Whitney test was performed 

to compare the distributions of the distances between offshore and inshore. 

The circular mean (μ), which indicate the average direction (angle), and the mean resultant length 

(ρ), which is a measure of spread, were both calculated for groups of three and more belugas using 

the package “circular” (Agostinelli and Lund, 2017). 

 

2.4 Results 

The photographs taken on the transects covered a total offshore area of 1 673 km2 and a total 

inshore area of 2 096 km2 (Table 2.2). The survey was completed in seven days and a total of 64 

625 photos (55 411 offshore and 9 214 inshore) were taken, including additional photos taken in 

transition between transects. From these, a total of 716 belugas were identified. 
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Table 2.2 Details of the 2019 aerial survey strata flown by the Twin Otter aircraft and the remotely 

piloted aircraft system (RPAS), including strata flown, number of transects, distance flown (km) and total 

areas covered by photographs (km2). 

Strata 
Number of 

transects 
Orientation 

Distance 

flown (km) 

Area covered by 

camera (km2) 

Twin Otter     

Beaufort Sea offshore 22 N-S 3 144 1 231 

Amundsen Gulf 5 N-S 674 294 

Prince of Wales Strait 8 W-E 338 148 

Shallow Bay 10 NW-SE 642 571 

Mackenzie Delta 19 NW-SE 522 468 

Kugmallit Bay 10 N-S 291 260 

RPAS     

Shallow Bay 12 NW-SE 537 320 

Mackenzie Delta 11 NW-SE 359 477 

Total 97  6 507 3 769 

 

Offshore area 

A total of 203 whales (166 adults; 34 young; 3 unknown) were identified in the offshore area. A 

total of 45 groups were identified (n = 104 whales), representing 51.2% of the whales offshore, 

and ranging from one to eight individuals (Table 2.3). The average composition of groups was 

71.4% subadults or adults, 28.3% young (newborn, calf, or juveniles) and 0.3% unknown. The 

average group size was 1.41 (± 0.90) belugas, and the average IID within a group was 4.34 (± 

3.44) m. The average IID for groups that include at least one young whale was 2.88 (± 3.10) m 

and 6.54 (± 2.70) m for groups composed of subadults and/or adults only. The piecewise regression 

of the empirical cumulative density function (n = 385) computed a breaking point value of 24.6 m 

(SE: 0.5 m; R2 = 0.991) (Figure 2.3). The slope before the knot was 1.46e-02 (SE: 3.70e-04) and 
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1.72e-03 (SE: 1.63e-05) after the knot. The average swimming direction was compared between 

groups. The mean resultant length (ρ) is a measure of spread with a value between 0 and 1, where 

0 indicates a large spread between angles and 1 indicates the same value of angles (Cremers and 

Klugkist, 2018). For groups of three or more belugas based on the 10 m distance limit (n = 4), the 

ρ were all 0.99 (Table S2.2). 

Inshore area 

For the inshore area, a total of 513 whales were identified by photographs (377 adults; 60 young; 

76 unknowns). Using the 10 m chain rule, we obtained 63 groups (n = 164 whales), which 

represented 32.0% of the total whales inshore (Table 2.3). Groups were composed on average of 

63.5% subadults or adults, 26.2% young and 10.3% unknown. The resolution of the inshore photos 

and the turbidity of water (i.e., brown colour) made it harder to distinguish the age if belugas were 

partially submerged, which explains the larger proportion of unknowns compared to the offshore. 

Because of their smaller size and darker skin, the number of young whales could have been 

underestimated. Group size ranged from one to six individuals with a mean of 1.25 (± 0.68). The 

average IID within a group was 4.78 (± 3.05) m, 3.47 (± 2.53) m for groups including at least one 

young whale, and 6.13 (± 2.99) m for groups of subadults and/or adults. The piecewise regression 

breakpoint of the empirical cumulative density function (n = 1 070) was calculated at 22.0 m (SE: 

0.4 m; R2 = 0.997) (Figure 2.3). The slope of the first segment was 9.43e-03 (SE: 2.10e-04) and 

the second slope was 1.88e-03 (SE: 4.30e-06). The Mann-Whitney test showed that the two 

distributions of distances (offshore and inshore) were significantly different (W = 247653; p > 

0.001). For groups of more than two belugas based on the 10 m distance limit (n = 24), the mean 

resultant length ρ ranges from 0.33 to 0.99 (Table S2.2). 
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Table 2.3 Characteristics of groups measured from aerial photographs in the offshore area (including 

Beaufort Sea, Amundsen Gulf and Prince of Wales Strait strata) and the inshore area (including 

Mackenzie Delta, Shallow Bay and Kugmallit Bay strata). Characteristics were measured with a 10 m 

distance limit chain rule to define groups.  

 

 

 

Group metrics 

Habitat 

Offshore Inshore 

Number of groups of more than one whale 45 (n = 104) 63 (n = 164) 

Percentage of whales observed in groups 51.2% 32.0% 

Range of group size 1 - 8 1 - 6 

Mean of group size (± SD) 1.41 (± 0.90) 1.25 (± 0.68) 

Median of group size 1 1 

Adult-young pairs (confirmed) 28 41 

Mean group size with young (± SD) 2.44 (± 1.48) 2.50 (± 0.98) 

Average proportion of age class in a group (± SD)   

Adult 0.714 (± 0.242) 0.635 (± 0.293) 

Young 0.283 (± 0.243) 0.262 (± 0.277) 

Unknown 0.003 (± 0.186) 0.103 (± 0.253) 

Average inter-individual distance in a group (± SD)   

All individuals of a group 4.34 (± 3.44) m 4.78 (± 3.05) m 

Groups including young 2.88 (± 3.10) m 3.47 (± 2.53) m 

Groups of subadults/adults only 6.54 (± 2.70) m 6.13 (± 2.99) m 

Piecewise regression breakpoint (± SE) 24.6 (± 0.5) m 22.0 (± 0.4) m 

Range of mean resultant from group swimming 

direction 
0.99 – 0.99 0.33 – 0.99 
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Figure 2.3 Piecewise regressions of the cumulative density of inter-individual distances offshore (R2 = 

0.991) and inshore (R2 = 0.997). The breakpoint (dashed line) was identified at 24.6 m offshore and at 22.0 

m inshore. The slope before the knot was 1.46e-02 (red) and 1.72e-03 after the knot (blue) offshore. The 

slope before the knot was 9.43e-03 (red) and 1.88e-03 (blue) after inshore. 
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2.5 Discussion 

The results of this study showed that group sizes were similar between the offshore strata (i.e., 

Beaufort Sea, Amundsen Gulf, and Prince of Wales Strait) and inshore strata (i.e., Mackenzie 

Delta, Shallow Bay, and Kugmallit Bay). Spatial organization of whales within a group, as 

expressed by the measure of IID was also similar in both environments but differed with group 

composition. The variance in swimming direction was different in the two environments.  

Group size and range 

Based on the common 10 metres chain rule for defining groups, analysis of photographs showed 

that belugas in the offshore area were more often alone or in small groups (eight whales or less). 

The distribution of group size followed the general rule observed in many group-living animals, 

where small groups are more frequent and large groups are rare (Reiczigel et al., 2008; Ward and 

Webster, 2016). Our results from aerial photos are not so different from those obtained by visual 

observers during the survey: average group size of 1.36 (± 0.83) and maximum group size of seven 

whales (Fisheries and Oceans Canada, unpublished data). When compared to the results of other 

Canadian aerial surveys conducted in the same area of the southeastern Beaufort Sea, the average 

group size in 2019 is smaller than in previous years (Table 2.4). However, the 1985 and 1992 

surveys also had small average group sizes (Harwood et al., 1996; Harwood and Kingsley, 2013). 

It should be noted that these previous surveys had similar protocols and were conducted at similar 

time periods in late July or August, however, they defined groups as belugas within five body 

lengths (Harwood et al., 1996; Harwood and Kingsley, 2013). 
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Table 2.4 Comparison of the average size (± SD) and range of beluga (Delphinapterus leucas) groups 

from previous offshore Canadian aerial surveys in the Beaufort Sea (1982a, 1984-1985a, 1992b and 2007-

09a) with the 2019 results of the aerial survey in the Beaufort Sea from aerial photo analysis and visual 

observers. 

 1982 1984 1985 1992 2007 2008 2009 2019 

Photos 

2019 

Observer 

Average 

group size 

(± SD) 

2.6 

(± 3.3) 

2.2 

(± 1.9) 

1.7 

(± 1.4) 

1.65 

(± 1.43) 

3.4 

(± 3.0) 

2.2 

(± 4.6) 

3.4 

(± 3.2) 

1.40 

(± 0.90) 

1.36 

(± 0.83) 

Range 1 - 15 1 - 10 1 - 6 1 - 12 1 - 13 1 - 60 1 - 18 1 - 8 1 - 7 

a data reported in Harwood and Kingsley (2013) 
b data reported in Harwood et al. (1996) 

 

For the inshore area, the results also showed that whales were alone or in small groups. The average 

group size, 1.23, was similar to that of the offshore, and there were no sightings of groups of more 

than six whales. However, it is possible that the number of belugas detected in the photos was 

underestimated due to the resolution of the photos taken at 2 000 ft, combined with the high 

turbidity of water in the estuary, making it challenging to see whales that were partially submerged. 

Aggregations of beluga whales in the estuary in late July are well known and this hotspot has led 

to the establishment of marine protected areas in the region as part of conservation efforts 

(Harwood et al., 2014). It is also not uncommon for Inuvialuit hunters to harvest whales from 

groups of 6-10 whales (Ostertag et al., 2019). According to Inuvialuit traditional ecological 

knowledge recorded in the Delta communities (Inuvik, Aklavik and Tuktoyaktuk, see Figure 2.1), 

harvesters highlight the importance of the estuary for social activity and calving (Byers and Robert, 

1995; Waugh et al., 2018), which should correlate with gregarious behaviour (Krasnova et al., 

2009; Smith et al., 2016). Although these behaviours were not evident during the 2019 aerial 

survey, other factors may have influenced beluga group size during the sampling period other than 

photograph resolution or water turbidity. 

Another explanation for the small group size observed in the inshore area could be related to the 

weather. Indeed, scientists and Inuvialuit have noticed that the Beaufort Sea is experiencing 
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increased storm activity in the last few years, including the summer of 2019 (Waugh et al., 2018; 

Lim et al., 2020; Scharffenberg et al., 2020). Belugas tend to leave the Mackenzie Estuary during 

storms to seek refuge offshore and can take up to five days to return (Scharffenberg et al., 2020). 

Storm events can be defined as winds exceeding 37 km/h for six consecutive hours (Solomon et 

al., 1994). During the night of 20-21 July, strong winds of up to 68 and 57 km/h have been recorded 

at Shingle Point (68.95°N; 137.22°W) and Tuktoyaktuk (69.43°N; 133.02°W) weather stations 

respectively (Environment and Climate Change Canada, 2020), two days prior to the inshore 

survey (23 July). Winds of speed exceeding 37 km/h were also recorded on 25, 27 and 31 July 

(Environment and Climate Change Canada, 2020), only a few days before the area was surveyed 

again (28 July and 2 August). High winds have been previously correlated with an increase in 

wave height and decrease in beluga detections from passive acoustic monitoring (Scharffenberg et 

al., 2019). The conditions in the estuary could have caused belugas to temporarily leave the estuary 

and disperse in the offshore at the time the photos were taken. 

Inter-individual distance 

To our knowledge, the analysis of IID with a piecewise regression from aerial photographs has not 

been done before for a cetacean population. Similar to our study, Aureli et al. (2012) used a 

piecewise regression to find thresholds in the IID and to identify subgroups in primates. Although 

no other studies have used this method with cetaceans to investigate IID, other ecological studies 

have used piecewise regression as a robust method to detect changes or discontinuity in a response 

variable in marine animals (Toms and Lesperance 2003, e.g., sea turtles: Lamont and Houser 2014, 

otters: Thometz et al. 2014, polar bears: Atwood et al. 2016). The piecewise regression showed 

that in the offshore of the Beaufort Sea, belugas were more frequently found within 24.6 m of 

another whale, while in the inshore area of the Mackenzie Estuary, whales were found within 22.0 

m. Our findings show that social cohesion, as assessed here by the IID, is constant across habitats 

but rather change with group composition.  

The breakpoints in both habitats suggest that individuals in a group remain within a certain 

swimming distance of each other and that this spatial organization persists despite habitat change.  

These results contradict previous suggestions that different behaviours are associated with 

environmental features (Loseto et al., 2006; Hauser et al., 2017) that would have caused variation 

in the IID (Ward and Webster, 2016). As an example, variation in spatial cohesion via distance 
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between hamadryas baboons (Papio hamadryas) was observed when food availability changed 

and when predators were heard (Schreier and Swedell, 2012). Similarly, groups of Japanese 

macaques (Macaca fuscata) also adjusted their spatial organization in response to activities, 

seasons, and food distribution, although the distances were extremely large in summer, leading 

larger groups to split into subgroups (Sugiura et al., 2011). In Guiana dolphins (Sotalia 

guianensis), groups were closer together when resting, travelling, and socializing (≤ 2 m), and 

further apart when foraging and milling (2 – 20 m), sometimes leading to group fission (Lunardi 

and Ferreira, 2014). Aureli et al. (2012) used the breakpoint of the piecewise regression from IID 

of spider monkeys (Ateles geoffroyi) to define this threshold distance caused by attraction for 

subgroup formation. Attraction can play a role in structuring and maintaining subgroups through 

social cohesion which may vary with environment, behaviour, group size, etc. (Warburton and 

Lazarus, 1991; Aureli et al., 2012; Ward and Webster, 2016). The distance of ~20-25 m revealed 

in both environments of this study, may reflect the ideal spacing between beluga subgroups, 

favourable for communication, information transmission, and protection, while not hindering 

movement (Ward and Webster, 2016). This spatial integrity is maintained across a range of 

environmental conditions, possibly driven by social factors influencing cohesion (e.g., kinship, 

group size, sex ratio). A similar pattern was observed in coyotes (Canis latrans), where the social 

cohesion, described by distance within the pack, did not vary with seasons or prey availability, 

implying that the level of sociality was stable despite changes in their biological needs and 

environment (Gifford et al., 2017). Although examples of terrestrial animal societies are relevant, 

the marine environment is different from the terrestrial environment and many factors need to be 

considered when investigating IID (e.g., 3D space, visibility, sound propagation, food 

distribution). Nevertheless, it is possible that social cohesion is a stronger driver of social 

behaviour than expected in beluga sociality of the EBS population in the summer.  

We found that group composition influenced spatial organization. In both environments, 

measurements of the average IID within a group revealed that individuals within subadult and/or 

adult-only groups swam at greater distances from each other than individuals within groups with 

young ones. The influence of group composition on distances between individuals has been 

documented in other species, like in patas monkeys (Erythrocebus patas) and gelada baboons 

(Theropithecus gelada), where female-female pairs stayed closer than male-male pairs (Kummer, 

1974). In various species of dolphins, groups including calves or juveniles were swimming closer 
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together than groups of adults only (Scott and Perryman, 1991; Lunardi and Ferreira, 2014). 

Proximity between wolves (Canis lupus signatus) in a pack was also used to examine social 

cohesion and was influenced by the strength of the social bond between individuals (Soriano et 

al., 2021). Although the resolution of the photos did not always allow for accurate characterization 

of age class or sex, our results are in line with those of studies on other species. We know that 

calves are more likely to swim alongside a female in their early years (Krasnova et al., 2006; 

Krasnova et al., 2009) and that the distance between mother and calf increases as the calf matures 

and becomes more independent (Halteman and Ryan, 2019; McGuire et al., 2020). Independence 

could cause groups of adult whales to swim at greater distances from each other (Lunardi and 

Ferreira, 2014). On the other hand, individuals in groups including calves could swim closer 

together to ensure better protection, parental and allomaternal care, as well as cultural learning 

(Krasnova et al., 2006; Krasnova et al., 2009; O’Corry-Crowe et al., 2018; Aubin et al., 2021).  

The results from the piecewise regression analysis showed that groups of belugas tend to stay 

within 24 and 22 m of another beluga, in the offshore and inshore environments respectively. 

Therefore, using four to five body lengths (~15-25 m) as a way to define beluga groups during 

observations or aerial surveys (Harwood et al., 1996; Harwood and Kingsley, 2013; O’Corry-

Crowe et al., 2020) is more in line with our findings than using one to two body-lengths (~5-10 

m) (Cosens and Dueck, 1991; Lemieux Lefebvre et al., 2018). Further research on inter-individual 

distance, particularly including movement, speed, large group size, and sex of the whales, is 

needed to better understand the social factors that drive the spatial organization and social cohesion 

of beluga whale groups. 

Swimming direction  

The variation in swimming direction between individuals in a group supports the idea that spatial 

organization is different in the two environments. In the offshore area, groups showed little 

variation in bearing compared to groups in the inshore area. However, this spatial organization 

could simply reflect the type of behaviour conducted in different environments, while maintaining 

similar group patterns (i.e., group size, composition, and distance between individuals). Lemieux 

Lefebvre et al. (2018) found that directional movements of belugas in the St. Lawrence Estuary 

were more associated with pelagic diving and travel while milling movements were associated 

with benthic diving, parental care, and socialization. Knowledge holders of Indigenous beluga 
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hunting communities around the Bering and Chukotka Seas also link similar swimming directions 

with travelling and different directions with feeding (Huntington et al., 1999; Mymrin et al., 1999). 

Recent examinations of the EBS beluga diet found Arctic cod (Boreogadus saida) and capelin 

(Mallotus villosus), mostly found on the Beaufort Sea shelf and in the Amundsen Gulf, to be the 

preferred prey species (Majewski et al., 2016; Majewski et al., 2017; Choy et al., 2020). In contrast, 

the environmental conditions of the Mackenzie Estuary further support the use of the estuary for 

moulting and thermal advantage (Scharffenberg et al., 2019). This supports the idea that the 

inshore is more conducive for social activity and the offshore is more favourable for travel and 

deep foraging dives. 

Sociality of beluga whales 

Our results regarding group size and distances within groups seem to be consistent with a fission-

fusion sociality, where groups join and leave other groups in a dynamic framework (Whitehead 

and Van Parijs, 2010). O’Corry-Crowe et al. (2020) recently provided genetic evidence of this 

framework which had been witnessed during a number of field studies of belugas (Bel'kovich and 

Sh'ekotov, 1993; Krasnova et al., 2012; Alekseeva et al., 2013; McGuire et al., 2014; Michaud, 

2014). Based on this concept, EBS belugas could remain in more small stable groups across 

summering grounds and then temporarily merge with other groups to form larger aggregations in 

particular areas, like the Mackenzie Estuary and other harvesting areas (KAVIK-AXYS Inc, 2012; 

Harwood et al., 2015). Considering the variety of their social behaviours and the use of their 

extensive vocalizations, belugas could maintain complex societies without having to be in large 

groups or in close proximity to other whales, creating dynamic societies over time and space 

(O’Corry-Crowe, 2018).  

Study limitations and research opportunities  

Studying remote marine mammals is challenging and it can often be difficult to collect data across 

multiple years. Although costly, aerial surveys are currently still the most useful method to assess 

beluga populations and cover large areas, such as the Beaufort Sea shelf and hundreds of 

kilometres off the coastline. Aerial photographs capture a snapshot of whales moving in a three-

dimensional environment and distributed over a large range. Belugas, especially young ones, could 

have been missed by being underwater at the time the plane was flying over and transects over 

turbid water could have led to undetected belugas or misclassification of the age. We acknowledge 
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that this study presents results that are only based on one season, and therefore we are unable to 

extrapolate population trends or draw conclusions beyond our year of data. However, this is an 

opportunity to compare results with different methods (drone footage, boat or platform 

observations, etc.) or time periods. Our discussion also highlighted the value of considering and 

recognizing different perspectives beyond western science. We believe that local and/or 

Indigenous knowledge should be more commonplace in social behaviour studies, as these bodies 

of knowledge provide information on baselines and changing conditions that can help identify 

more effective conservation strategies (Thornton and Scheer, 2012). Bringing together these two 

forms of knowledge, rooted in observations from different temporal and spatial scales, can be 

complementary in producing a broader picture of beluga social behaviour (Duerden and Kuhn, 

1998; Houde, 2007; Alexander et al., 2019). Although we included general traditional ecological 

knowledge observations here, the local expertise on beluga whales and the environment could be 

further considered through interviews and consultation, to situate the photos within a broader 

context of time and space and to help interpret group characteristics and spatial organization. The 

analysis of aerial photographs in this paper is one part of a multifaceted effort, and further research, 

particularly that which bridges or co-produces knowledge is needed to understand the complex 

social life of beluga whales. 

Conclusion 

This study used aerial photographs to describe group characteristics and spatial organization of 

EBS beluga groups in two summer habitats, the Beaufort Sea and surroundings (offshore) and the 

Mackenzie estuary (inshore). We found that group patterns did not differ in both environments and 

that the offshore is likely to be used more for travelling and foraging behaviours whereas the 

inshore is more conducive to socializing and milling behaviours. We conclude that environmental 

properties can shape beluga activities and behaviours (described here by swimming direction), but 

group patterns (described by group size and IID) are maintained and change mainly with group 

composition. Based on our IID results, we recommend using 15-25 meters (four to five body 

lengths) when describing beluga group composition. 

The relevance of behavioural research for conservation is increasingly recognized (Berger-Tal et 

al., 2016; Weiss et al., 2021). Despite the limitation of aerial photos, the use of proxy measures 

such as group composition and IID still allows us to explore different elements of social behaviour. 
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As our results have shown, the study of group behaviour can help to identify elements that define 

social structures and areas of social importance to belugas and point to the conservation value of 

the habitat. Thus, by integrating elements of social life with beluga biology and ecology, we are in 

a better position to study the impacts of anthropogenic threats (e.g., habitat loss, pollution, shipping 

activities, climate change, etc.) and to develop applied conservation and management guidelines 

(Whitehead, 1997; Berger-Tal et al., 2016; Brakes et al., 2021). 
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2.7 Supplementary Materials 

Table S2.1 Timeline of steps and communications undertaken for the co-interpretation project with the 

community of Paulatuk 

Date Communication 

November 5, 2019 Letter of proposal for the photo co-interpretation project sent to Paulatuk 

Hunter and Trappers Committee (PHTC). 

December 2-5, 2019 Poster presentation on the project proposal at ArcticNet Scientific Meeting in 

Halifax (NS). 

January 2020 Aerial survey and project presented in the AN MPA annual report. 

January 21, 2020 Presentation to the annual Fisheries Joint Management Committee (FJMC) 

meeting in Winnipeg (MB). 

February 22 to March 

10, 2020 

Inuvialuit Settlement Region community tour. 

February 28, 2020 Drop-in day in Paulatuk. 

March 2020 Implementation of COVID-19 lockdown and travel restrictions. 

March 16, 2020 New letter of support to PHTC with a review of the community tour. 

April 5, 2020 Letter to the AN MPA representative for PHTC. 

May 8, 2020 Letter to PHTC. 

October 5, 2020 Letter to PHTC. 

November 2, 2020 Letter to PHTC. 

November 17, 2020 Thesis committee meeting about re-designing the project objectives. 

December 10, 2020 Presentation to ArcticNet (virtual) on the aerial photo analysis. Discussion in 

break out room with members of the PHTC about the community interest in 

looking at behaviour. Mention of using drones in the summer.  

December 18, 2020 Thesis committee meeting about re-designing the project objectives. 

January 4, 2021 Letter of support received from PHTC for co-interpretation project and 

proposition of including drone footage. 

January 20, 2021 Full-day meeting with PHTC (virtual). Presentation of the results on the aerial 

photo analysis and discussion on the potential use of drones to observe social 

behaviour. 
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Figure S2.1 Letter of support from the Paulatuk Hunters and Trappers Committee.  
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Table S2.2 Mean angle of swimming direction and mean resultant length of each beluga group (group 

size > 2) in the offshore of the Beaufort Sea and inshore of the Mackenzie Estuary, using 10 m as the 

distance limit to define groups. 

Offshore 

Group ID (n = 4) Group size (10 m) Mean angle (μ) Mean resultant length (ρ) 

BE_66 3 329 ° 0.9993 

BE_07 4 251° 0.9998 

BE_84 7 291° 0.9947 

BE_97 8 342° 0.9993 

Inshore 

Group ID (n = 24)    

iBE_35 3 254° 0.9990 

iBE_64 3 78° 0.9922 

iBE_71 3 89° 0.8727 

iBE_74 3 158° 0.9875 

iBE_81 3 58° 0.9994 

iBE_89 3 18° 0.9434 

iBE_119 3 315° 0.6921 

iBE_122 3 308° 0.8755 

iBE_123 3 216 ° 0.9998 

iBE_145 3 201° 0.9939 

iBE_172 3 278° 0.9982 

iBE_173 3 177° 0.3333 

iBE_210 3 275° 0.9970 

iBE_212 3 331° 0.8094 

iBE_236 3 142° 0.9985 

iBE_29 3 106° 0.9986 

iBE_80 4 83° 0.9820 

iBE_127 4 256° 0.9856 

iBE_149 4 196° 0.9981 

iBE_201 4 97° 0.9505 

iBE_55 5 67° 0.6805 

iBE_66 5 74° 0.9987 

iBE_213 5 135° 0.3089 

iBE_171 6 198° 0.9270 
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Chapter 3. Summer Distribution and Habitat Preference of Beluga 

Whale Social Groups in the Eastern Beaufort Sea 

 

3.1 Abstract 

Habitat influences the distribution and behaviour of animals and when individual needs vary within 

a population, the different environmental conditions can lead to habitat segregation. The Eastern 

Beaufort Sea beluga (Delphinapterus leucas) population forms groups of various compositions 

and has a particularly extensive summering ground, covering multiple habitat types. The aim of 

this study is to compare the summer habitat preference of three beluga social group types: 

individual belugas, groups of adults, and groups with calf. Presence data was collected during two 

aerial surveys in July and August 2019. For both months, we used hierarchical generalized additive 

models to analyze the group type distribution with four environmental covariates: sea surface 

temperature, bathymetry, slope, and distance to the coastline. Models including sea surface 

temperature and bathymetric features best explained the distribution of belugas. Individual belugas 

had higher preferences for deeper and colder areas. In July, groups of adults preferred the 

continental shelf compared to groups with calf who preferred the continental slope. Groups of 

adults and groups with calf were mostly found in the Amundsen Gulf in August. The distribution 

of belugas often corresponded to that of their main prey, Arctic cod, suggesting that foraging 

opportunities and size-related energy requirements explain the habitat use. 

 

3.2 Introduction 

Forming groups has many benefits for animals, such as better protection from predators, access to 

food, cooperation, and communication (Krause and Ruxton, 2002; Silk, 2007). When distinct 

group types are formed from a specific composition of individuals (e.g., based on sex, age, or 

kinship) within a population, it refers to social segregation (Conradt, 2005; Ward and Webster, 

2016). If group types differ in their spatial distribution and thus in their use of the habitat, it is 

described as habitat segregation (Conradt, 2005). Hypotheses have been put forward to explain 



 

58 

 

why individuals or groups within a population select different habitats (Ruckstuhl and Neuhaus, 

2000; Conradt, 2005; Michaud, 2005). For example, the foraging selection hypothesis implies that 

individuals with higher energy requirements (e.g., lactating females, growing individuals, 

metabolic costs related to body size) select habitats with available high-quality food (e.g., Breed 

et al., 2006; Staniland and Robinson, 2008). Predation risk is another hypothesis where more 

vulnerable animals choose a habitat that offers better protection even if the food is of lower quality, 

or conversely, where less vulnerable animals choose a habitat with a higher risk of predation but 

better food quality (e.g., Grignolio et al., 2007; Hay et al., 2008).  

Social and habitat segregation is observed in many animal species (Ruckstuhl and Neuhaus, 2002; 

Wolf et al., 2005; Wearmouth and Sims, 2008; Kock et al., 2013; Cleasby et al., 2015), including 

in marine mammals (Michaud, 2005). Sperm whales (Physeter macrocephalus) are a great 

example of social segregation where distinct groups are observed: groups of females with calves 

and juveniles, groups of all males of similar size, and single large males (Best, 1979; Whitehead, 

2003; Whitehead, 2018). The distribution of each group class varies, sometimes creating extreme 

latitudinal segregation (Rice, 1989; Lyrholm et al., 1999; Mizroch and Rice, 2013). Humpback 

whales (Megaptera novaeangliae) exhibit habitat segregation, where females and groups with calf 

tend to stay in shallow areas closer to shore for better protection against predators, aggressive 

males, or turbulent oceanic conditions, while groups of adults select deeper and further off coast 

areas (Smultea, 1994; Guidino et al., 2014; Lindsay et al., 2016). In bowhead whales (Balaena 

mysticetus), as whales increase in body size, they select deeper waters (Koski and Miller, 2009). 

Beluga whales (Delphinapterus leucas) are social whales that aggregate into various group types. 

Groups typically range from 2 to 20 whales and the age composition can be described as mother-

calf dyads, juveniles only, adults only, or mixed-age group (O’Corry-Crowe et al., 2009; Krasnova 

et al., 2012; McGuire et al., 2020; O’Corry-Crowe et al., 2020). Large seasonal aggregations can 

also reach up to hundreds of belugas (Harwood and Norton, 1996; Krasnova et al., 2012). Many 

environmental conditions have been found to influence habitat use in different beluga populations, 

such as bathymetric features, sea surface temperature, distance to shore, tides, currents, and sea 

ice measures, but have rarely been assessed taking into account different social groups (Loseto et 

al., 2006; Goetz et al., 2007; Hauser et al., 2017; Hornby et al., 2017; Ouellet et al., 2021).  
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The Eastern Beaufort Sea (EBS) beluga whale population migrates seasonally to the Beaufort Sea 

and has an extensive range of habitat types within its summering grounds, including the open-

water continental shelf, the shallow estuary, and the heavy ice concentrated Arctic Archipelago 

(Richard et al., 2001; Harwood et al., 2014a; Storrie et al., 2022). Sexual and habitat segregation 

has been observed from tagged belugas, where females select open water habitats close to shore, 

while males select sea ice concentrated areas further from the mainland (Richard et al., 2001; 

Loseto et al., 2006; Hauser et al., 2017). It is hypothesized that male and female belugas select 

different habitats based on foraging opportunities or predation risk (Loseto et al., 2006; Hauser et 

al., 2017). If foraging and protection from predators affect grouping behaviour, then habitat use 

could differ between different types of beluga groups. 

The objective of this study is to model the habitat preference of EBS belugas in their summering 

grounds in July and August, accounting for the variability between social groups. In this study, 

following Beyer et al. (2010) definition, we refer to habitat preference as the habitat use relative 

to a sample of available environment described from statistical methods. Based on literature on 

habitat use and segregation in cetacean populations, we expect to see a difference in the habitat 

use between individuals and groups, and between groups of different age compositions. Groups of 

belugas, especially including young whales, would prefer environments closer to shore and in 

warmer waters to reduce predation risk. Solitary belugas would prefer habitat in deeper and colder 

waters to access higher quality food. Understanding the divergences in habitat use of distinct group 

types and their relationship to the environment can provide useful information for population 

management, conservation, and assessment of climate change impacts (Robinson et al., 2017). 

 

3.3 Methods 

Area of study 

Two aerial surveys were conducted in 2019 in the southeastern Beaufort Sea, primarily covering 

the Beaufort Sea shelf and Amundsen Gulf, but with additional transect lines in Prince of Wales 

Strait and west of Banks Island (Longitude = 115-140°W; Latitude = 68-73°N). The southeastern 

Beaufort Sea consists of a continental shelf that extends 50 to 150 km north of the Mackenzie 

Delta, with the Mackenzie Canyon to the west and the Amundsen Gulf to the east (Hill et al., 1991; 
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Carmack et al., 2004) (Figure 3.1). Around the isobaths 60 – 100 m, the slope changes rapidly (2-

6°) leading to the deep Canadian Basin (> 1 000 m) (Weber, 1989; Williams and Carmack, 2008; 

Osborne and Forest, 2016).  

 

 

Figure 3.1 Study area of the Beaufort Sea, western Canadian Arctic, with main locations. 

 

Aerial surveys 

July survey  

The first aerial survey was conducted by Fisheries and Oceans Canada (DFO) from 21 July to 2 

August 2019 (Figure 3.2). The survey was designed based on previous Canadian aerial surveys, 

recent tagging data, and consultation with Inuvialuit communities (Harwood and Norton, 1996; 

Hauser et al., 2014; Storrie et al., 2022). Two De Havilland Twin Otter aircraft (Kenn-Borek Air, 
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Ltd., Calgary, Canada) were used to fly the survey. Each aircraft was equipped with four bubble 

windows. Position, altitude, speed and heading of the aircraft were logged every second with a 

Global Positioning System unit (Bad Elf GPS Pro+, from Bad Elf, West Hartford, Connecticut, 

USA). Flights were only flown in ideal conditions i.e., no rain, no risk of icing, ceilings of 305 m 

(1 000 ft) or higher, no fog over the water and Beaufort Sea State equal or less than 3 (Environment 

and Climate Change Canada, 2017). Aircraft were flown at a target altitude of 305 m (1 000 ft) 

and a target speed of 185-204 km/h (100-110 knots). Given these conditions and the time available 

for the survey, the transect lines were surveyed in a discontinuous manner, depending on the 

weather conditions on the day of the flight. 

The survey was flown with a line-transect method and a double platform approach (Buckland, 

2001). The aircraft follow a series of straight lines and observers are looking down through bubble 

windows (Buckland, 2001). The two primary observers were at the front of the aircraft while the 

secondary observers were at the rear. Black curtains were hung up behind the front observer seats 

to visually isolate the observers from one another and ensure independent sightings. Bose A20 

aviation headsets (Bose Corporation, Framingham, Massachusetts, USA) were also used to 

acoustically isolate the observers while on the transect. Observers used Geometers V2 from Pi 

Technology (Pi Technology, Seltjarnarnes, Iceland http://geometer.pitemp.com/). This USB 

device measures the declination angle of visible targets more accurately than clinometers, while 

simultaneously recording GPS locations, time, and other measurements. Each observer had a 

geometer connected via USB to a Microsoft Surface Pro tablet, running the geometer Pi Attitude 

software (Hansen et al., 2020). Each tablet was also connected via Bluetooth to the observer’s 

headset (used to record voice) and the GPS Bad Elf+ to geo-reference each sighting. One sighting 

was defined as either a single beluga or a group of belugas (whales within 1-2 body lengths of each 

other) visible at the surface. When the sighting was abeam of the aircraft, the geometer recorded 

the location of the single whale or the middle of the group. 

August survey  

The second aerial survey was conducted in August by the National Oceanic and Atmospheric 

Administration (NOAA) and the Bureau of Ocean Energy Management (BOEM) from 8 August 

to 27 August 2019 over the entire Beaufort Sea shelf and the Amundsen Gulf. Only effort and 

sightings within the longitude of the Canadian area of the Beaufort Sea and Amundsen Gulf 

http://geometer.pitemp.com/
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(118°W-141°W) were used in this analysis (Figure 3.2). One Turbo Commander (Clearwater Air, 

Inc., Anchorage, Alaska, USA) aircraft and one De Havilland Twin Otter (Kenn-Borek Air, Ltd.) 

aircraft were used for the survey, each equipped with bubble windows. Transects were flown in 

ideal conditions i.e., good visibility, cloud ceiling of more than 335 m (1 100 ft), Beaufort Sea 

State of less than 5. Aircraft were flown at a target speed of 213 km/h (115 knots) and target 

altitude of 396 m (1 300 ft) but could fly as low as 305 m (1 000 ft) to avoid low ceilings.  

The survey was conducted using a line-transect method and a single platform approach, i.e., only 

primary observers. Sightings of belugas were recorded with a specialized software developed for 

the Aerial Surveys of Arctic Marine Mammals (ASAMM) project. A single beluga or a group of 

belugas (whales within 5 body lengths of each other) visible at the surface was counted as one 

sighting. Details of the aerial survey conducted by NOAA and BOEM can be found in Clarke et 

al. (2020). 
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Figure 3.2 Maps of the transects flown during the two aerial surveys conducted in the southeastern Beaufort 

Sea in 2019. Above: July survey conducted by DFO (Canada), from 21 July to 2 August 2019. Below: 

August survey conducted by NOAA and BOEM (USA), from 8 to 27 August 2019. Points represent 

sightings of beluga whale, and the colours and sizes represent the three different group types of belugas. 
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Observation data 

For both surveys, group size was estimated by observers on the plane. In August only, for very 

large groups, the aircraft would divert from the transect and circle back around the group for a 

brief period to get a better estimate of the group size. Young beluga (i.e., newborn, calf, or juvenile) 

were identified in a general category of “calf” and were identified based on the relative size 

compared to a close adult and skin colour, as newborn belugas have dark grey skin that gradually 

turns white as they grow. Data from the July survey was standardized according to the time of the 

audio recordings between the primary and secondary observers and duplicated whale sightings 

were identified and removed based on the time of the sighting (maximum 5-sec difference), 

swimming direction, latitude and longitude, and group size. Data from the August survey was 

processed and provided by NOAA.  

All analyses were conducted using R version 4.1.2. (R Core Team, Vienna, Austria). Geospatial 

data were transformed into an equidistant conic projection for analysis. Transect lines were 

separated into 8 km segments (a trade-off between the satellite image grid cell resolution and the 

number of absences generated), merging the last two segments if the final segment was less than 

8 km long. A 1 km buffer with a flat end on each side of the transect was computed, as well as the 

centroid of each buffered segment. For each of those segments, we indicated the presence (1) or 

absence (0) of the following three social group types:  

a) Individual beluga: single white whale, most likely subadult or adult, 

b) Group of adults: group of belugas composed only of white whales, most likely subadults 

or adults, 

c) Group with calf: group of belugas that includes at least one whale identified as a calf.  

 

Environmental covariates 

Sea surface temperature 

The sea surface temperature (SST) data layers were acquired by the remote sensing sensor MODIS 

onboard the Aqua satellite and available on NASA's OceanColor Web 

(https://oceancolor.gsfc.nasa.gov/). SST (11 μ daytime) level-3 data were downloaded for 8-day 

periods from 20 July to 28 August 2019, with a 4 km cell resolution (0.0417° x 0.0417°). 

https://oceancolor.gsfc.nasa.gov/
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Bathymetry 

The bathymetric (BATHY) grid was retrieved from the General Bathymetric Chart of the Oceans 

(GEBCO) 2020 (https://www.gebco.net/). The grid resolution was resampled from 0.00417° x 

0.00417° to 0.0417° x 0.0417° so that the cell size matched the cell size of the sea surface 

temperature grid.  

Slope 

Bathymetric slope (SLOPE) was calculated as the degree of change in bathymetry using GEBCO 

raster data set. Eight neighbours were used to calculate the slope with the function “raster::terrain” 

(Hijmans et al., 2021).  

Distance to shore 

The shortest distance to the coastline (DIST) was measured with the function 

“geosphere::dist2Line” (Hijmans et al., 2019). For each centroid of the buffered segment, the 

shortest geodesic distance to the polygon shapefile representing land boundaries was computed 

(Administrative boundaries in Canada – CanVec 1M, Open Government Licence Canada).  

The SST, bathymetry, and slope values were extracted at the centroid of each buffered effort 

segment from the raster layers with the function “raster::extract” (Hijmans et al., 2021) using the 

“simple” method, i.e. returning the cell value where the point falls. If the extraction returned a null 

value, the “bilinear” method was used to extract a value interpolated from the values of the four 

nearest cells. If after extracting from both methods segments still had at least one null covariate 

value, they were excluded from the analysis. SST was the only dynamic variable and was extracted 

from the 8-day layer encompassing the day each segment was flown.  

Correlation 

Including presence and absence observations, each covariate was scaled and centred around its 

mean and standard deviation. After scaling, environmental variables were tested for 

multicollinearity. Because the variables were not normally distributed, Spearman's rank-order 

correlation coefficient, rS, was computed as a non-parametric measure with the function 

“GGally::ggcorr” (Schloerke et al., 2021). If two covariates were highly correlated, only one of 

the two were considered in one model, except for the model including all four covariates. The 

https://www.gebco.net/
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value at which a correlation coefficient is considered high may vary according to the purpose of a 

study (Asuero et al., 2006). In this case, given the model design and study area, variables were 

considered highly correlated if the coefficient value reached +/- 0.68 (Taylor, 1990). 

Models 

Following Pedersen et al. (2019) and McCabe et al. (2021), we used a hierarchical generalized 

additive model (HGAM) based on a resource selection function design. HGAMs are flexible non-

linear models that allow variation between groups in the shape of the response function (Pedersen 

et al., 2019). Due to the differences in survey protocol and effort, we fit independent models for 

each month (i.e., July was modelled separately from August) with a binomial function and 

complementary log-log link using the “mgcv” package (Wood, 2021). In addition to the four 

environmental covariates, beluga group types were included as a 3-level factor variable. We fit 

models that account for a global smoother with a shared penalty, with restricted maximum 

likelihood (REML). This type of model allows each group level to have its own functional 

response, while being penalized (shared penalty) if it deviates too far from the global functional 

response that accounts for the shared information between all groups (global smoother) (Pedersen 

et al., 2019). Details of the model parameters can be found in the Supplementary Materials. We 

tested models with univariate smooths and bivariate smooths that allowed interactions. For 

univariate smooths models, all four covariates were tested individually and together in one model. 

The best model was determined by a combination of the lowest REML, deviance explained, 

Akaike Information Criterion (AIC), and p-value of each term. The fitted values from the best 

model for each month were mapped on a hexagonal grid of the study area. The predicted values 

used the average SST of the two 8-day periods with survey effort in July (20 July to 4 August 

2019) and the three 8-day periods for August (5 to 28 August 2019) extracted from the raster layers 

at each point. The environmental variables used for prediction were scaled by the respective mean 

and standard deviation from the data used to build the models. 
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3.4 Results 

A total of 277 belugas were observed during the July survey and 426 during the August survey 

with available environmental data (Table 3.1). In July, 210 individual belugas were sighted which 

represented 93 transect segments with a presence. For groups of adults and groups with calf, we 

observed 37 and 30 respective groups, which are 31 and 20 segments with presence. In August, 

315 observations of individual belugas were used, representing 162 presences on the transect 

segments. Additionally, 54 groups of adults and 57 groups with calf were sighted, for a total of 44 

and 45 segments with presence. The difference between the total number of transect segments and 

the presence represents the number of absences used in the model. The correlation test showed a 

high positive correlation (+ 0.7) between bathymetry and slope (Figure 3.3). The other variables 

were weakly or moderately correlated. For both months, all group types had the same correlation 

matrix using presence and absence data. Considering the collinearity and to compute ecologically 

significant models, we only tested the models with either bathymetry or slope. 

 

Table 3.1 Summary, by beluga group type and month, of the number observed, and the number of 

transect segments with group type present and absent, during periods with available environmental data. 

These are the sample sizes used to build the hierarchical GAMs. 

Group type 

July August 

Beluga 

observed 

Number of 

segments with 

presence 

Number of 

segments 

with absence 

Beluga 

observed 

Number of 

segments with 

presence 

Number of 

segments 

with absence 

Individuals 210 93 296 315 162 664 

Groups of adults 37 31 358 54 44 782 

Groups with calf 30 20 369 57 45 781 

Total  277 389 426 826 
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Figure 3.3 Spearman correlation matrix with coefficients between the four environmental variables for 

July and August. 

 

Population functional response 

The best model for July included the interaction between sea surface temperature and slope (REML 

= 441.83) (Table 3.2). The next best model included the interaction between SST and bathymetry 

(REML = 443.35). For August, the best model included the interaction between SST and 

bathymetry (REML = 709.71) (Table 3.3). The second-best model for August included bathymetry 

only (REML = 731.94). The model including SST and slope did not perform as well for August 

(REML = 783.79) as for July. Each model showed a global response for the observed population, 

i.e., a similar functional response to the covariate (Pedersen et al., 2019). In the July model, 

preference for sea surface temperature peaked around 7-10°C for all group types (Figure 3.4). In 

August, all beluga groups showed a high preference for areas with a temperature around 2-4 °C 

and bathymetry of 300-500 m (Figure 3.4). All groups also had a low preference for shallow waters 

(< 250 m) (Figure 3.4). Details on each variable effect curve can be found in the supplementary 

material (Figure S3.3, Figure S3.4, Figure S3.5). 

Group type response 

We also examined the group-level response for each type of social group for each month and the 

relative preference for specific environmental conditions (Figure 3.4). In July, the slope measured 

from the change in the degree of the bathymetry was the variable that generated the most variation 
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between group types. Individual adults and groups with calf had a higher preference for high slope 

(> 2°), while groups of adults preferred areas of low slope (< 1°). Individual belugas were found 

mostly at the continental slope, in waters of 8-10°C. In comparison to the other group types, 

individuals had higher preferences for colder waters (< 2°C). Groups of adults used habitat on the 

continental shelf with temperatures between 8-10°C. They were more likely to be in colder waters 

than groups with calf, but not more than individuals. Groups with at least one calf also had a higher 

preference for high slope, similar to individuals. Of all group types, they had the lowest preference 

for cold waters on the continental shelf. 

In August, individual responses were less pronounced. Individual belugas had high preferences for 

very deep and cold waters (> 1 500 m, 1-2°C), which, considering the survey coverage, is 

associated with the continental slope and the start of Canadian Basin (see Figure S3.1). As 

mentioned above, individual adults were also found in areas around 500 m where temperature was 

a little warmer (2-4°C), but preference was lower than the two other groups. Groups of adults 

showed a high preference for the two same habitats as well but had a higher preference for the 500 

m bathymetry. Groups with calf had a higher preference for the area around 500 m and SST of 2-

4 °C. Except for one sighting (Figure 3.5), they were not found in the Canadian Basin, past the 

continental slope. 

We also investigated results from the second-best model for July, since it included the same 

significant covariates as the August best model (SST and bathymetry) (see Figure S3.4, Figure 

S3.6, Figure S3.7). A similar global response with a high preference for SST of 8-10°C combined 

with a depth of < 200 m in all group types is observed. For individual adults and groups with calf, 

the model also showed a high preference for a bathymetry of 400-600 m with temperatures around 

4-7°C. 
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Table 3.2 Model performance for July, sorted by ascending restricted maximum likelihood (REML) 

score. Covariates included in each model are indicated by the smoothing terms. The Akaike Information 

Criterion (AIC) for each model and the effective degree of freedom (EDF) with the p-value for each term 

are included. 

Smoothing terms R2 
Deviance 

explained (%) 
REML AIC EDF p-value 

s(SST, SLOPE) 

s(SST, SLOPE, GRP.TYPE)  

0.0869 13.1 441.83 898.7 8.8 

3.4 

6.77e-6* 

<2e-16* 

s(SST, BATHY)  

s(SST, BATHY, GRP.TYPE)  

0.0836 12.9 443.35 900.1 7.4 

4.3 

0.00031* 

<2e-16* 

s(SST, DIST)  

s(SST, DIST, GRP.TYPE)  

0.0895 14.2 444.53 901.3 12.3 

4.7 

0.167 

<2e-16* 

s(SLOPE, DIST) 

s(SLOPE, DIST, GRP.TYPE)  

0.0852 12.6 445.52 900.4 6.6 

4.9 

0.004* 

<2e-16* 

s(SST)  

s(SST, GRP.TYPE) 

s(BATHY)  

s(BATHY, GRP.TYPE) 

s(SLOPE)  

s(SLOPE, GRP.TYPE) 

s(DIST)  

s(DIST, GRP.TYPE) 

0.0883 13.3 451.26 893.2 4.0 

1.9 

1.0 

0.4 

1.0 

0.9 

2.0 

0.001 

6.41e-5* 

<2e-16* 

0.04* 

0.26 

0.48 

0.15 

0.084 

0.36 

s(SST)  

s(SST, GRP.TYPE)  

0.0709 10.9 454.63 903.0 2.9 

2.4 

0.0017* 

<2e-16* 

s(DIST)  

s(DIST, GRP.TYPE)  

0.0629 9.76 460.69 915.2 2.8 

3.1 

0.089 

<2e-16* 

s(BATHY)  

s(BATHY, GRP.TYPE)  

0.0684 9.92 462.64 916.9 3.4 

3.9 

0.12 

<2e-16* 

s(SLOPE)  

s(SLOPE, GRP.TYPE)  

0.0628 8.87 464.45 921.9 1.0 

4.2 

0.99 

<2e-16* 
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Table 3.3 Model performance for August, sorted by ascending restricted maximum likelihood (REML) 

score. Covariates included in each model are indicated by the smoothing terms. The Akaike Information 

Criterion (AIC) for each model and the effective degree of freedom (EDF) with the p-value for each term 

are included. 

Smoothing terms R2 
Deviance 

explained (%) 
REML AIC EDF p-value 

s(SST, BATHY)  

s(SST, BATHY, GRP.TYPE) 
0.173 23.1 709.71 1419.2 20.1 

3.8 

<2e-16* 

<2e-16* 

s(SST)  

s(SST, GRP.TYPE) 

s(BATHY)  

s(BATHY, GRP.TYPE) 

s(SLOPE)  

s(SLOPE, GRP.TYPE) 

s(DIST)  

s(DIST, GRP.TYPE) 

0.174 22.6 721.48 1425.9 4.3 

1.0 

6.0 

1.3 

3.5 

1.1 

1.0 

2.8 

0.007* 

0.15 

<2e-16* 

0.01* 

0.11 

0.10 

0.14 

0.0007* 

s(BATHY)  

s(BATHY, GRP.TYPE)  
0.145 19.3 731.94 1449.2 5.3 

3.5 

<2e-16* 

<2e-16* 

s(SLOPE, DIST) 

s(SLOPE, DIST, GRP.TYPE)  
0.112 16.2 778.45 1548.8 13.5 

13.8 

<2e-16* 

<2e-16* 

s(SST, DIST)  

s(SST, DIST, GRP.TYPE)  
0.0980 15.2 782.98 1563.0 21.8 

3.3 

<2e-16* 

<2e-16* 

s(SST, SLOPE) 

s(SST, SLOPE, GRP.TYPE) 
0.0949 14.1 783.79 1571.3 15.9 

4.3 

<2e-16* 

<2e-16* 

s(SLOPE)  

s(SLOPE, GRP.TYPE) 
0.079 11.9 798.40 1580.8 5.7 

3.6 

<2e-16* 

<2e-16* 

s(DIST)  

s(DIST, GRP.TYPE) 
0.0673 10.8 803.64 1597.1 4.0 

3.2 

4.46e-6* 

<2e-16* 

s(SST)  

s(SST, GRP.TYPE) 
0.0625 10.5 810.50 1608.6 5.9 

4.0 

0.0009* 

<2e-16* 
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Figure 3.4 Relative preference of beluga group types for environmental covariates included in the best 

model for each month. Left: Response from the July model with sea surface temperature and slope. Right: 

Response from the August model with sea surface temperature and bathymetry. Note the different 

covariates on the y-axis between months. 



 

73 

 

 

Figure 3.5 Maps of the relative preference of belugas by group type based on the best model for each 

month. The red points represent the locations of belugas observed during the survey. 

 

3.5 Discussion 

This study showed differences in the habitat preference of three different social group types of 

belugas in the Beaufort Sea for July and August 2019. The results reveal that for both months, the 

main environmental predictors of the models were sea surface temperature and slope or 
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bathymetry, which were highly positively correlated. Comparison of habitat preference between 

the two months should be practised with caution as the survey methods (e.g., group definition, 

flight height) and areas covered were different (especially the Amundsen Gulf). Because the 

survey effort was not continuous in July, differences in the study coverage affect the available 

environment sample on which the habitat preference is based and prevent direct comparison of the 

two models (Beyer et al., 2010). There are however shared patterns in the habitat use, presented in 

this discussion. 

Grouping patterns 

To interpret habitat use of the different group types, we need to understand the composition of 

these groups. In this study, observations were classified into three group types: individual belugas, 

groups of adults only, and groups with at least one calf. Specific age or sex of the individuals 

cannot be confirmed with the survey methods but based on observations of beluga groups in other 

populations, we can infer possible compositions of these group types. For instance, individual 

belugas are most likely to be large adult males. Male belugas tend to leave mixed age groups with 

females once they become independent and remain solitary or associate with other males 

(Krasnova et al., 2006; Colbeck et al., 2013; O’Corry-Crowe et al., 2018; O’Corry-Crowe et al., 

2020). The groups composed of adults included white adults and/or subadults whales and were 

indeed probably formed by younger males (Smith et al., 1994; Suydam, 2009; Colbeck et al., 2013; 

Michaud, 2014). Groupings of males of similar size are observed in many beluga populations, 

exhibiting behaviours such as coordinated movement, socializing, rubbing, and aggression 

(Andrianov et al., 2009; Colbeck et al., 2013; McGuire et al., 2020; O’Corry-Crowe et al., 2020). 

The last group type, groups with calf, included mother-calf dyad or groups of mixed-age whales. 

If calves are present in a group, it generally includes females but does not necessarily exclude 

males (Colbeck et al., 2013; Krasnova et al., 2014; McGuire et al., 2020; O’Corry-Crowe et al., 

2020). Interactions between mixed-age belugas can lead to allocare of calves by other adults or 

juveniles (Krasnova et al., 2009; Krasnova et al., 2014; Aubin et al., 2021). The nursing period of 

beluga calves is considered an important social learning phase from kin or non-kin (Krasnova et 

al., 2009; Colbeck et al., 2013; O’Corry-Crowe et al., 2020). These three social types of 

associations are formed because of the benefits gained from that particular group size and 

composition, and can lead to different behaviours (Lemieux Lefebvre et al., 2018).  
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Habitat preference in July 

Within the July surveyed area, sightings of belugas were mostly occurring west of the Beaufort 

Sea shelf and off the Tuktoyaktuk Peninsula (Figure S3.2). The sea surface temperature and slope 

are explaining the best the distribution of group types. First, the preferred temperature in July 2019 

ranged around 7-10°C, which is similar to the most selected temperature range of 6-10°C in habitat 

models of EBS belugas in August 2007 and 2008 (Hornby et al., 2017). This range of temperature 

corresponds mainly to the Beaufort Shelf and the Amundsen Gulf when the survey was conducted 

(Figure S3.1). The sea surface temperatures were much colder (< 2°C) at the northern limit of the 

survey lines, northeast of the Beaufort Sea and in the Prince of Wales Strait (Figure S3.1). Presence 

of belugas matches those warmer temperatures, except for the Amundsen Gulf, and absences are 

associated with low preference of colder water temperatures (Figure 3.5). The model also showed 

individual belugas having a higher preference for colder temperatures compared to the two other 

group types. This explains the distribution of single adults in Prince of Wales Strait, the only group 

type observed in that area in July. Belugas travel through Prince of Wales Strait to reach Viscount 

Melville Sound and M’Clure Strait (Richard et al., 2001). This area of the Arctic Archipelagos is 

heavily ice-concentrated and to date, only male belugas have been tracked in this area (Richard et 

al., 2001; Loseto et al., 2006; Hauser et al., 2017; Storrie et al., 2022).  

The second covariate was the bathymetric slope. Individuals and groups with calf preferred the 

areas with higher slope, whereas groups of adults only preferred low slope or the continental shelf. 

Within the July survey limits, a high slope is associated with the edge of the Canadian Basin 

(Figure S3.1). A steep slope or abrupt change in bathymetry, enhances the formation of upwelling, 

such as at the Beaufort Sea shelf-break (Williams and Carmack, 2008; Kirillov et al., 2016). 

Upwellings bring nutrient-rich water upward in the water column and increase local primary 

production (Pickart et al., 2013). Slope has been demonstrated to influence EBS beluga 

distribution, in areas such as the Barrow Canyon (western Beaufort Sea) and along the Beaufort 

slope margin (Asselin et al., 2011; Hauser, 2016; Hauser et al., 2017). Bathymetry can also be 

considered as an influential variable in belugas distribution in July, as it was included in the 

second-best model, and was positively correlated with the slope. Two areas had relatively high 

preference depending on the group type: areas of < 200 m and SST between 8-10°C, and areas 

400-600 m deep with water temperature between 4-7°C (see Supplementary Material). The 
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preference for depth of 400-600 m is similar to the preferred depth in August (see next section), 

representing the continental slope area and the Amundsen Gulf (Figure S3.6, Figure S3.7). 

Habitat preference in August  

Considering the coverage of this survey, belugas in August were mostly observed in the Amundsen 

Gulf (Figure S3.2). The best model included sea surface temperature and bathymetry as 

explanatory covariates of the beluga distribution in August. The preferred range of SST was lower 

than in July, although the overall average water temperature in August was colder than the average 

in July (Figure S3.1). Belugas selected colder water temperature range (2-6°C) in August when 

warmer temperatures were less available (Hornby et al., 2017). Individual adults in August also 

had a higher relative preference to colder temperatures (< 2°C) compared to the other two group 

types as observed in July as well. 

In August, the seafloor bathymetry seemed to be the main variable differentiating group types. All 

three groups showed a preference for depth of 300-500 m, but single adults had a higher preference 

for areas in deep waters (> 1 500 m). Within the limits of the August survey, the Amundsen Gulf 

and the edge of the Canadian Basin (northwest Beaufort Sea) had the combination of the two 

preferred conditions (300-500 m, 2-4 °C) (Figure 3.5). The deepest and coldest areas were the 

small section above the Canadian Basin. From other aerial survey-based habitat models, depths of 

200-500 m were also more selected by EBS belugas from aerial surveys in June (Asselin et al., 

2011), but differed from the preferred depth range (0-50 m) of belugas observed in August of other 

years (Hornby et al., 2017). This distribution is more comparable to habitat use observed in August 

from tagged belugas in various years. Females were observed using the Amundsen Gulf in higher 

proportion to males, who were using deeper areas such as Viscount Melville Sound and the 

Canadian Basin (Richard et al., 2001; Hauser et al., 2014; Hauser et al., 2017).  

Foraging selection hypothesis 

Foraging opportunities appear to be the primary driver for the distribution of Eastern Beaufort Sea 

belugas in the summer of 2019. Arctic cod (Boreogadus saida) is one of the most abundant fish in 

the Beaufort Sea and the main prey of EBS belugas (Loseto et al., 2009; Rand and Logerwell, 

2010; Choy et al., 2020). Depth is a key explanatory variable of fish assemblage in the Beaufort 

Sea, and Arctic cod has been primarily found at depth of 350-500 m (Majewski et al., 2016; 
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Majewski et al., 2017). This matches the preferred depth of 300-600 m for all beluga group types 

in July (second model) and August. The size of Arctic cod also varies with bathymetry due to their 

prey availability in the water column. Majewski et al. (2016) found that smaller Arctic cod fed on 

small Calanus preys in shallow waters (< 200 m) while larger cod fed on large Themisto preys in 

deeper waters (> 200 m), particularly in the upper slope zone. In the Amundsen Gulf, aggregations 

of Arctic cod were detected at depths of about 200 m in December, associated with sea ice cover, 

but then migrated to greater depths in the following months, up to 500-600 m in May (Geoffroy et 

al., 2011).  

In past studies of EBS belugas habitat use, bathymetric features (distance to coast, depth, slope) 

were among the main predictors of the July and August distribution, supporting foraging 

opportunities (Hauser et al., 2017; Hornby et al., 2017). However, these studies did not examine 

the effect of group composition on the distribution. Beluga whales exhibit size dimorphism and 

size-related energy requirements can be reflected in differences in diet between size and sex 

(Loseto et al., 2008; Marcoux et al., 2012; Choy et al., 2020). Investigation of the dive behaviour 

in beluga males has demonstrated deep benthic and pelagic dives at the continental slope (Storrie 

et al., 2022). These types of dives can be highly energy-intensive (longer post-dive surface 

intervals) but are most likely compensated by the abundance and/or superior quality of food 

(Storrie et al., 2022). This observation aligned with the distribution of single adult males in deeper 

areas and preferring the continental slope. Males can prey on higher-quality fish by accessing 

deeper and further areas compared to the two other group types. Sex differences in foraging 

behaviour are observed in other animals, especially ungulates (Du Toit, 2005). For instance, 

elephant males have more energy to devote to foraging than females, who are limited by 

reproductive and social needs (Shannon et al., 2006).  

In July, groups with calf had preference for the continental slope. Females with calves could be 

looking for high-quality food as well, as females are lactating for at about 2 years (Matthews and 

Ferguson, 2015). Many female mammals have shown to increase foraging activity or food quality 

to compensate for lactation (e.g., bats (Barclay, 1989), squirrels (Michener, 1998), monkeys 

(McCabe and Fedigan, 2007; Dias et al., 2011; Ruivo et al., 2017), zebras (Neuhaus and Ruckstuhl, 

2002), goats (Hamel and Côté, 2009)). If in a mixed-age group, mothers can also benefit from the 

presence of other group members to care for her calf while she feeds (Krasnova et al., 2014). 
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Groups of adults had a large range of habitat preferences between July and August, from the 

continental shelf to the Amundsen Gulf, and to deeper and colder zones. These groups were 

composed of subadults and/or adults, but the lack of more precise size or age discrimination within 

groups could have the effect of hiding more specific patterns of habitat preference. As mentioned 

above, size and age can cause different energetic requirements for an individual and, depending 

on the age composition of the group, different foraging behaviours could emerge. Diet varies with 

beluga size, as larger beluga feed on bigger, more fatty fish and further offshore compared to 

smaller belugas (Loseto et al., 2009; Marcoux et al., 2012; Choy et al., 2017; Choy et al., 2020). 

In previous studies in the EBS, habitat use of beluga males also depended on their size, sometimes 

comparable to that of females with calves or sometimes to that of mixed-age groups (Loseto et al., 

2006). There may be more spatial segregation by size within groups of adults, but we cannot 

conclude specific patterns of habitat use by this group type with the classification used in this 

study. 

Predation risk hypothesis 

The predation risk is unlikely to explain the divergence of distribution between individual belugas, 

groups of adults, and groups with calf. As observed in other species (Heithaus and Dill, 2002; 

Mumma et al., 2017; Iranzo et al., 2018), we would have expected the more vulnerable groups to 

avoid areas with high predation risk. The main predators of belugas are killer whales (Orcinus 

orca), polar bears (Ursus maritimus), and humans (O’Corry-Crowe, 2018). Although a strong 

increase in killer whale presence is observed in the eastern Canadian Arctic (Ferguson et al., 2010), 

no evidence indicates an increase of the predator presence in the western Canadian Arctic and the 

Beaufort Sea (Higdon and Ferguson, 2009; Higdon et al., 2013). Killer whales were not detected 

by recent acoustic surveys of marine mammals either (Pyć et al., 2016). On the other hand, belugas 

are still present in polar bears diet in the Beaufort Sea (Boucher et al., 2019; Florko et al., 2020). 

The proportion is however low compared to seals and beluga consumption is usually higher in 

spring than in summer, correlated with heavy sea ice conditions, as polar bears rely on sea ice and 

possibly ice entrapment events to hunt beluga (McKinney et al., 2017; Florko et al., 2020; Florko 

et al., 2021). The aerial surveys were not conducted in areas with high sea ice concentrations, due 

to the difficulty for observers to detect whales through the ice. Thus, we cannot infer a predation 

effect on belugas in proximity to sea ice or cover within the surveyed area. The results of the 
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models in this current study do not show specific patterns of avoiding areas to minimize predation 

risk, especially by groups with calf. Without drawing any definite conclusions, it seems that the 

risk of predation is relatively low for the EBS beluga population during the summer, and therefore 

would not be a main driver of the group types distribution.  

Social segregation and beluga sociality 

The results of this study revealed variations and similarities in the habitat preference of the three 

social groups for July and August. Individual beluga showed distinct use of deeper and colder 

waters. Groups of adults and groups with calf had similar habitat preferences, especially in August, 

but groups with calf also showed similarities with individuals in July. Those responses are possibly 

explained by Arctic cod main areas of distribution. Our results hint at habitat preferences based on 

foraging and size-related energy requirements, which could create a social segregation based on 

energetics as a by-product (Conradt, 2005). Energy requirements change with group size, sex, and 

age, which were not taken into account in this study and more explicit patterns of segregation could 

have been masked within our general group classification. For instance, within groups of adults, 

different groups could segregate depending on whether they are composed of young subadult 

males or large older males. Or, groups with calf could select different habitats if it is a mother-calf 

dyad or a large mixed-age group. Even more complex, there are indications that beluga populations 

follow a fission-fusion sociality framework, where groups join or separate, and group composition 

can change seasonally (Smith and Martin, 1994; Whitehead and Van Parijs, 2010; Michaud, 2014; 

O’Corry-Crowe et al., 2020). The timings and causes of joining or leaving other groups are not 

fully understood and probably relate to the benefits or costs of aggregating. Group foraging 

behaviour has multiple dimensions, where peers benefit from cooperation in access to food, 

allocare of young ones, and social learning, but also risk resource competition (Whitehead, 1996; 

Benoit-Bird and Au, 2009; Daura-Jorge et al., 2012; Vaughn-Hirshorn, 2019). More detail on 

group composition, including sex and age, and group behaviour would improve our understanding 

of foraging strategies and differences in habitat use of EBS belugas. 

Limitations and future opportunities 

Modelling habitat use is a powerful tool but also entails limitations. Aerial surveys have the 

advantage of covering extremely large areas and give an overview of distribution within an 

extensive home range. However, the survey effort can influence the sample of available habitat 
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and sightings of belugas during surveys are a snapshot in space and time of a highly mobile animal 

in a dynamic three-dimensional environment. A different sampled available area or scale can 

change the estimated coefficients of habitat preference (Beyer et al., 2010; Paton and 

Matthiopoulos, 2016). Additionally, the occurrence of animals in a habitat does not necessarily 

mean selection and a single sighting does not represent the proportion of time spent in one area 

(Beyer et al., 2010). Both surveys were flown only in perfect conditions (i.e., small waves, no 

celling, no heavy sea ice concentration, etc.) and whale detections and correct age identification 

are conditional on the expertise of the observers in the aircraft. Calves could have been hidden 

under larger belugas or individual whales could have been part of a group that was diving at the 

time.  

Yet, the collaboration between different institutions has allowed us to work with more information 

and explore different months in the summer, over different environmental conditions. This study 

used two different datasets collected independently but revealed similar patterns in distribution 

and significant environmental conditions for the EBS beluga population. Habitat selection is 

dynamic, especially in the marine environment and distribution and resource selection of one 

population can change between years (Asselin et al., 2011; Hornby et al., 2017). Beluga societies 

are also dynamic and group composition can change within a season (Smith et al., 1994; Krasnova 

et al., 2012; McGuire et al., 2020). Further research is still needed to collect more data and to 

understand the complexity in habitat use in Beaufort Sea belugas, but accessible and shared data 

can improve research as well as support conservation and management challenges (Reichman et 

al., 2011). Complementary investigations on the social group composition including sex, age, and 

group size and on spatial distribution including movement behaviour, such as diving and 

swimming behaviours are necessary to better grasp the context (e.g., Nolet et al., 1993; Bjørge et 

al., 1995; Revelles et al., 2007; Beyer et al., 2010).  

Consultations with different knowledge holders can also provide unique perspectives on behaviour 

and habitat use. In the Arctic, many Indigenous communities have a long history of harvesting 

beluga whales which is reflected in traditional and local ecological knowledge or TEK (Breton-

Honeyman et al., 2016a; Breton-Honeyman et al., 2021). TEK observations of group behaviour, 

associations, and use of the environment have been recorded in Alaska, Russia, and Canada 

(Kilabuk, 1998; Huntington et al., 1999; Mymrin et al., 1999; Huntington, 2000; Lewis et al., 2009; 
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Breton-Honeyman et al., 2016b; Waugh et al., 2018). Integration of both western science and local 

expertise in habitat modelling is possible (e.g., Polfus et al. 2014) and can reveal important patterns 

for assessment of climate change impacts and implementation of wildlife conservation and 

management policies (Robinson et al., 2017; Skroblin et al., 2021). Decline of body conditions 

and change in diet in fish and marine mammals have already been detected in the Beaufort Sea 

ecosystem (Harwood et al., 2014b; Harwood et al., 2015; Choy et al., 2020). If the distribution of 

beluga social groups is mainly influenced by foraging and that beluga’s primary prey is vulnerable 

to climate changes, understanding habitat use is necessary to assess impacts on the Eastern 

Beaufort Sea beluga population and the communities that depend on it. 
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3.7 Supplementary Material 

Environmental data of July and August 2019 

 

Figure S3.1 Environmental covariates used in the models. Left: Extent of the July survey. The sea surface 

temperature is the average temperature of the two 8-day periods of the survey (20 July to 4 August 2019). 

Right: Extent of the August survey. The sea surface temperature is the average temperature for the three 

8-day periods of the survey (5 to 28 August 2019). 
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Projection details 

Equidistant conic projection used: "+proj=eqdc +lat_1=69.42d +lat_2=71.48d 

+lat_0=69.75d +lon_0=-129.2d +x_0=0 +y_0=0" 

 

Details of the models 

Table S3.1 Hierarchical generalized additive model parameters used with “mgcv” package (Wood, 2021). 

Argument Explanation 

s(), 
te(), 
t2() 

Identify the terms to be smoothed. s() is used for one-dimensional term while te() is 

used for interaction between covariates (multi-dimensional) that are on different scales 

(Pedersen et al., 2019; McCabe et al., 2021)*. Pedersen et al. (2019) recommend t2(full 

= TRUE) for multi-dimensional global smoother with random effect that have a shared 

penalty (model GS in their paper which our model was based on).  

bs Three types of smoothers are used in this model (Wood, 2017; Pedersen et al., 2019). The 

factor-smoother interaction fs is a type of smoother that allow separate set of basis 

functions for each group but estimate one smoothing parameter for all of them together 

(Pedersen et al., 2019). The thin plate regression splines (TPRS or tp) type is used for 

general continuous covariates and penalize functions that are too wiggly. The random 

effects (re) type penalizes the functions that are too far from the average. 

k k is the maximum effective degree of freedom (EDF, which represent the complexity of a 

penalized smooth term) or maximum number of basis functions. Our choice of the value 

k=10 is a trade-off between k being large enough to capture the variation in the response 

curve but not overfit (Pedersen et al., 2019; McCabe et al., 2021)*. For the random effect 

smoother, k is equal to the number of levels of the factor variable (Pedersen et al., 2019), 

so 3 in our case.  

m The argument m is a penalty order. m=2 penalize on the squared derivative which means 

the more wiggly the functions are, the more penalized (models that overfit have large 

derivatives) (Pedersen et al., 2019).  m=1 is recommended on the group-level smoothers to 

reduce issues of collinearity (concurvity) between the global smoother and group-level 

smoother (Pedersen et al., 2019; McCabe et al., 2021)*. 

family We used binomial as our explanatory variable (BELUGA.P) is binary (absence – 0 or 

presence – 1) and to estimate the relative probability. 

link The complementary log-log or cloglog link is used when the number of 0s and 1s are 

unequal (Zuur et al., 2009). 

method The models were fit using the restricted maximum likelihood, REML smoothing parameter 

estimation. The use of REML is often preferred over the generalized cross-validation 

(GCV) (Wood, 2011; Wood, 2017). The score is the negative of the restricted log 

likelihood, and so the lower the value, the best (Woods, 2017).  

*See McCabe et al. 2021 – Supplementary material  
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Equation 1 – univariate model 

mod1 <- gam(y ~  

s(X1, bs = "tp", k = 10, m = 2) +  

s(X1, FACTOR, bs = "fs", k = 10, m = 2) + 

s(X2, bs = "tp", k = 10, m = 2) +  

s(X2, FACTOR, bs = "fs", k = 10, m = 2) + …,  

data = df, family = binomial(link = "cloglog"), method = "REML") 

 

Global smoother for a covariate (function response of beluga)  

s(X1, bs = "tp") 

 

Smooth term for random effect with a shared penalty (penalty for being too far from the average 

of X1)  

s(X1, FACOTR, bs = "fs") 

 

Equation 2 – bivariate model 

mod2 <- gam(y ~  

te(X1, X2, bs = "tp", k = 10, m = 2) +  

t2(X1, X2, FACTOR, bs = c("tp", "tp", "re"), k = c(10, 10, 3), m = 
2, full = TRUE),  

data = df, family = binomial(link = "cloglog"), method = "REML") 

 

Global smoother for interaction between covariates  

te(X1, X2, bs = "tp") 

 

Smoother for group-level with shared penalty and interaction between covariates  

t2(X1, X2, FACOTR, bs = c("tp", "tp", "re"), full = TRUE)  
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Models of longitude and latitude 

July 

Table S3.2 Performance for July spatial model, sorted from best restricted maximum likelihood (REML) 

score. 

Smoothing terms R2 
Deviance 

explained (%) 
REML AIC EDF p-value 

s(LONG, LAT) + 

s(LONG, LAT, 

GRP.TYPE)  

0.189 24.5 418.89  24.1 

5.9 

<2e-16* 

<2e-16* 

s(LONG) + 

s(LONG, GRP.TYPE) + 

s(LAT) + 

s(LAT, GRP.TYPE) 

0.125 18.3 441.55  7.9 

5.2 

3.0 

1.5 

<2e-16* 

<2e-16* 

0.07 

0.009* 

 

August 

Table S3.3 Performance for August spatial model, sorted from best restricted maximum likelihood 

(REML) score. 

Smoothing terms R2 
Deviance 

explained (%) 
REML AIC EDF p-value 

s(LONG, LAT) + 

s(LONG, LAT, 

GRP.TYPE)  

0.188 24.7 728.1  34.6 

6.3 

<2e-16* 

<2e-16* 

s(LONG) + 

s(LONG, GRP.TYPE) + 

s(LAT) + 

s(LAT, GRP.TYPE) 

0.101 14.0 785.27  6.2 

0.76 

3.4 

2.1 

<2e-16* 

0.0018* 

0.011* 

0.00012* 
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Figure S3.2 Map of the preference comparing July and August with the spatial models (longitude and 

latitude). 
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Model GS with environmental variables 

July 

 

Figure S3.3 Response curve of the best model for July with sea surface temperature and slope. Values are 

scaled and centred. 

 

Figure S3.4 Response curve of the second best model for July with sea surface temperature and 

bathymetry. Values are scaled and centred. 

August 

 

Figure S3.5 Response curve of the best model for August with sea surface temperature and bathymetry. 

Values are scaled and centred. 
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Figure S3.6 Map of the preference comparing July and August with the models of sea surface 

temperature and bathymetry 
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Figure S3.7 Comparison of the relative preference of beluga group types for the models including sea 

surface temperature and bathymetry. Left: Response from the July model. Right: Response from the 

August model. Note that the range of the y axis for the bathymetry differs between months. 
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Chapter 4. Conclusion 

4.1 Contribution, Limitations, and Research Opportunities 

Summary 

Sociality is an important part of the evolution, ecology, and biology of species (Whitehead, 1997; 

Kutsukake, 2009; Ward and Webster, 2016). It influences foraging, predation, parental care, 

communications, culture, and many other aspects of life history (Acevedo-Gutiérrez, 2018). 

Despite new technologies that allow access to various types of data, research on social behaviour 

remains challenging, and even more so for Arctic marine mammals (Whitehead et al., 2000). 

Therefore, any type of data available is an opportunity to observe elements of sociality (Whitehead 

et al., 2000). For the Eastern Beaufort Sea (EBS) beluga whale (Delphinapterus leucas) 

population, scientific studies have previously described group size and range from surveys and 

sexual segregation (Harwood et al., 1996; Loseto et al., 2006; Harwood and Kingsley, 2013; 

Hauser et al., 2017), but no study has only focused on group behaviour. This is partly due to the 

extensive range of EBS belugas in the summer (Richard et al., 2001; Storrie et al., 2022), which 

makes it difficult to observe groups at anything other than a small, local, and nearshore scale. For 

this study, we took the opportunity of analyzing data collected during a large scale aerial survey 

in late July 2019. A visual and photographic survey covered most of the Beaufort Sea shelf, as 

well as parts of the Amundsen Gulf and Prince of Wales Strait. A photographic survey only was 

also conducted in the Mackenzie Delta. The last time the EBS belugas were surveyed with similar 

coverage was in 1992 (Harwood et al., 1996) and new updated information is needed to understand 

the social context of this population. 

First, we used aerial photographs to describe group characteristics and spatial organization of 

belugas and compared the Beaufort Sea shelf and the Mackenzie Estuary. Contrasting 

environmental conditions define these two habitats: the Beaufort Sea is a broad, open-water 

continental shelf (offshore) while the Mackenzie Estuary contains many shallow bays, with turbid 

and warm water (inshore). Using photogrammetry techniques and piecewise regressions, we 

compared group metrics in the two habitats, expecting to see differences. We observed that some 

characteristics remain constant across the environments, including the group size and inter-

individual distances. In both offshore and inshore, belugas were alone or in small groups and stay 
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within a distance of 24.6 m offshore and 22.0 m inshore. The average distance between whales in 

a group was smaller if the group included a young whale. Swimming direction was more 

coordinated offshore than inshore. We suggested that the type of activity conducted can change 

across habitats, but social cohesion persists. 

Second, we used the locations of occurrence data from the visual survey to investigate the 

distribution of different beluga social group types across the extended offshore area of the Beaufort 

Sea shelf and the Amundsen Gulf. We collaborated with the National Oceanic and Atmospheric 

Administration (NOAA) and the Bureau of Ocean Energy Management (BOEM) to use additional 

data for the month of August 2019. Habitat preference of individual belugas, groups of adults only, 

and groups with calf in July and August 2019 were analyzed using hierarchical generalized 

additive models. Results showed that sea surface temperature, bathymetry, and slope were 

explaining best the distribution. Individual belugas were found at the continental slope in July and 

in the Amundsen Gulf and deeper surroundings in August. They usually had higher preferences 

for deeper and colder waters compared to the other two group types. Groups of adults were located 

on the continental shelf in July and in the Amundsen Gulf in August. Groups with calf preferred 

the high slope in July and stayed in the Amundsen Gulf in August. We suggested that foraging 

opportunities best explain the habitat preference of EBS belugas in the summer. We also suggested 

that the observed variation in the distribution of the social group types is possibly associated with 

size-related energy requirements and with the quality and distribution of prey in the habitat.  

Limitations 

This research explored the social organization and distribution of EBS belugas at a large scale for 

the first time. Aerial surveys are a great method to cover extensive areas, capture photographs, and 

take GPS locations of multiple individuals or groups (Mann, 2000). However, this sampling 

method limits the interpretation of social behaviour, as it only gives an overview of one instant 

moment for each individual or group. Beluga whales, like other cetaceans, are mobile animals, 

moving constantly in a three-dimensional environment. Only whales that were not fully submerged 

are detected, which restricts photogrammetric measurements and location data to visible animals, 

in one position, despite their movement and behaviour being dynamic. The EBS beluga population 

have an especially large summer range and are distributed across various types of habitats and 

dynamic environmental conditions (e.g., water temperature, sea ice concentration, prey 
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distribution, etc.) (Galley et al., 2008; Hauser et al., 2014; Majewski et al., 2016; Hauser et al., 

2017). Water turbidity in the estuary was also a major limitation in the accurate detection of beluga 

groups, as mentioned in Chapter 2. Although we support, in both chapters, beluga sociality 

following a fission-fusion pattern, a lot of the group dynamics (i.e., interactions, associations, 

activity budget, etc.) were not captured with static photographs or a single GPS position along one 

transect line. Thus, data collected with only the aerial survey is probably not enough to describe 

the full extent of beluga behaviour (Mann, 2000). 

Presence data collected by visual observers onboard the aircraft also limits the interpretation of 

habitat preference. The habitat preference model is based only on the available habitat sample 

examined (in this case, the transect lines). Considering the EBS beluga summering range from 

other studies (Richard et al., 2001; Hauser et al., 2014), our model represented only a portion of 

the actual accessible habitat. Using a different available area or scale (smaller or larger) could 

modify the estimates of the habitat preference coefficients (Beyer et al., 2010; Paton and 

Matthiopoulos, 2016). Furthermore, the presence or absence of group types within the buffered 

segments depends on the identification of the observers and does not take into account belugas 

that are underwater at the time the aircraft is flying over the transect. The model is therefore based 

on pseudo-absences, and not on true absences. The detection of an animal in a habitat can also be 

misinterpreted as selected resources, which is why combining movement data with presence data 

increases the accuracy of a habitat model (Beyer et al., 2010). As mentioned in Chapter 3, due to 

the different survey efforts between July and August, our results are not fully comparable. Aerial 

surveys in the Arctic are costly and the survey effort is generally dependent on weather conditions, 

which do not guarantee complete coverage of the pre-established survey plan. The lack of 

information on the presence of belugas, especially in July in the Amundsen Gulf, prevents us from 

detecting seasonal movements or areas of high interest (Becker et al., 2014; Gilles et al., 2016).  

Contribution to knowledge and future opportunities 

Still, this research is relevant as it is the first to investigate elements of beluga sociality in the 

Beaufort Sea. For the first time, we used piecewise regression analyses to measure thresholds in 

the frequency of inter-individual distance on beluga groups and hierarchical generalize additive 

models to describe habitat preference of social group types. Although the results do not capture 
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the full range and dynamics of beluga social behaviour, it now creates a baseline of information 

for future work conducted in the area.  

For instance, the description of group characteristics and analyses of social structures can be 

further explored with other sampling methods (boat observation, drone, acoustic, telemetry, 

genetics, etc.), and at other scales. Using multi-disciplinary methods to collect observations would 

give a larger picture of the social behaviour of this beluga population. Individual identification and 

focal follow methods allow for more detailed information about identity, encounters, and 

behaviour (Whitehead and Van Parijs, 2010). Additionally, the emergence of new technology such 

as unmanned aerial systems or vehicles (UAS/UAV), provides a new and more efficient way to 

collect behavioural data, with longer observational capacity and minimal disturbance (Torres et 

al., 2018). UASs have been particularly effective with cetaceans, exposing unique social behaviour 

and interactions (e.g., Hartman et al., 2020; Orbach et al., 2020; Ramos et al., 2021).  

Furthermore, there is now a vast choice of algorithms for habitat selection analyses or species 

distribution models (e.g., resource selection functions (RSF), generalized linear or additive model 

(GLM, GAM), maximum entropy (MaxEnt), ecological niche factor analysis (ENFA), random 

forest (RF), etc.) Some studies have even tested multiple algorithms with the same dataset to find 

the best performing one (Hoffman et al., 2010; Derville et al., 2018; Robinson et al., 2021). Long-

term studies are also better at capturing and describing more general patterns of population 

behaviours (McHugh, 2019). All these models require occurrence data, but observations of Arctic 

marine mammals are difficult to obtain, which is why data sharing and accessibility should be a 

more common practice, thus providing more support for conservation and management decisions 

(Reichman et al., 2011). Collaboration between institutions has enabled this project to expand the 

data on beluga sightings in the Beaufort Sea in summer and helped detect patterns that would not 

have been apparent with the July data only. With new or complementary data from the same 

months over different years, distribution models of the EBS beluga population can be more 

accurate. 

Knowledge bridging and co-production 

Indigenous communities in the circumpolar Arctic have previously contributed to the 

understanding of aspects of beluga whale biology, documented in peer-reviewed papers or grey 

literature (see review by Breton-Honeyman et al. 2016). With similar intentions, our initial plan 
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was to bring the aerial photographs to the community of Paulatuk and exchange insights on various 

elements of beluga sociality but was disrupted by the COVID-19 pandemic. Although we tried to 

include recorded observations of traditional ecological knowledge, little has been collected on the 

subject in our study area. We believe, however, that beluga social behaviour is a topic of interest 

to Inuvialuit and that this study can serve as a starting tool to engage conversation with knowledge 

holders in future co-production projects in the Inuvialuit Settlement Region. Methodical 

procedures exist to analyze social systems mathematically (Whitehead, 1997), but animal 

behaviour varies in time and space, shaped by genetic, ecological, and social factors (Kappeler et 

al., 2013). Indigenous People have a more holistic understanding of nature and may use different 

indicators of sociality (Berkes and Berkes, 2009). We believe the Inuvialuit perspective would 

highlight observations and information on social behaviour that haven’t been captured in scientific 

studies in the Beaufort Sea yet. Collaborative research would help provide a broader picture on 

beluga sociality, as well as benefit research on other beluga populations, as elements of sociality 

are common across populations (O’Corry-Crowe et al., 2018; O’Corry-Crowe et al., 2020).  

Epistemological differences between western science and Indigenous knowledge can lead to a 

reluctance to engage in synergistic research (Mistry and Berardi, 2016). However, frameworks 

exist to support the coexistence and complementary of multiple knowledge systems in research 

(Reid et al., 2021). Bridging western science and traditional local or ecological knowledge is a 

practice increasingly recognized, contributing to research, conservation, and species management 

(Thornton and Scheer, 2012). Furthermore, the inclusion of Indigenous insight and participation 

in scientific research processes is part of the efforts to decolonize western science and advocate 

for Indigenous equity and self-determination (Mistry and Berardi, 2016; Held, 2019). 

Conclusion 

Sociality is complex but plays a major role in population viability and adaptation to changes 

(Brakes et al., 2021). We are beginning to recognize and study the depth of social behaviour, such 

as culture in cetaceans, and the importance of further integrating this knowledge into conservation 

policy plans (Rendell and Whitehead, 2001; Brakes et al., 2021). As the marine environment is 

subject to increased anthropogenic impacts, including the Beaufort Sea (Wood et al., 2013; 

Sydeman et al., 2015; IPCC, 2019), studies on social behaviour will continue to be needed to 
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understand adaptative mechanisms, assess impacts on individual fitness and population dynamics, 

as well as establish effective biodiversity and species conservation and management plans.  
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