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Abstract 

The Arctic and Sub-Arctic ecosystems are seeing accelerated changes in temperature, 

landcover, and consequently species abundance and distributions. Reliable distributions, and 

associated population density estimates, are essential for effective conservation and management 

efforts. Growing concerns from northern communities regarding the relationship between 

muskox and declining caribou populations strengthens the need for updated information on 

muskox populations within mainland Northwest Territories (NWT). The first objective for my 

research was to quantify and map updated winter estimates of abundance, density, and 

distribution of muskoxen within three recent survey regions located in mainland NWT, using a 

multiple covariate distance sampling method (MCDS), paired with density surface modelling 

(DSM). My second objective was to explore spatial and social predictors of muskox habitat 

associations to help infer the extent and potential causes of their contemporary southward 

expansion across mainland NWT. I tested two competing hypotheses that drive ungulate 

distributions generally across large spatial and temporal scales of high habitat heterogeneity, as 

encompassed by the study regions investigated here; muskox density and distribution may be 

driven by the nutritional landscape where environmental covariates representing high forage 

quality best predict muskox occurrence. Alternatively, muskox density and distribution may be 

driven by a predatory landscape, where environmental covariates that support antipredator 

grouping behaviours best predict muskox occurrence. Through my analyses I infer muskox 

populations are stable in northern regions (the Sahtú and Beaufort Delta regions) and growing in 

southern regions (the East Arm region) of mainland NWT; range expansion of muskoxen 

appears to be continuing southward beyond their historical boundary. I showed varying support 

for both hypotheses. Muskox density was best predicted by nutritionally important 

environmental covariates but muskox distribution did not uphold my nutritional hypothesis, 
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while group size was often correlated with land cover that supports antipredator grouping 

behaviours. However, weak, and inconsistent results across all regions suggest that unmeasured 

environmental conditions that occur similarly in all regions may also influence muskox 

occurrence and grouping behaviours. Snow depth and predator occurrence may be important 

considerations for future investigation. I suggest continued and expanded aerial survey efforts 

and additional environmental data collected at finer spatial grains may help to inform future 

muskox density and distribution analyses across mainland NWT. 
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Chapter I: General Introduction  

Canada’s Arctic and Sub-Arctic Regions  

The Arctic is defined as the land and sea north of the Arctic Circle, or the land north of 

treeline, and comprises approximately 5% of Earth’s land surface. Treeline is described as the 

limit of regularly dispersed tree growth or forest tundra (Meltofte et al., 2013). The Arctic tundra 

biome has few to no trees - it is characterized by low-growing vegetation such as shrubs, sedges, 

grasses, forbs, lichens, and mosses (Ims et al., 2013) whereas the sub-Arctic is the northernmost 

part of the boreal zone, characterized by forest tundra and small tree growth, and is not 

considered to be part of the Arctic (Meltofte et al., 2013). Canada’s Northwest Territories 

(NWT) and the area of research significance for my thesis straddles treeline and is composed of 

Arctic, Sub-Arctic, and Taiga ecozones, primarily in the Southern Arctic Tundra Plains and 

Tundra Shield, Taiga Plains, and Taiga Shield Level II ecoregions, as designated by the 

Government of Northwest Territories (Ecosystem Classification Group, 2007, 2008, 2012). The 

survey areas used within my thesis are in three main regions of mainland NWT: 1) the Great 

Slave Lake East Arm unsettled region on the Traditional Territories of the Akaitcho, Łutsel K’e 

Dene First Nation, and NWT Métis Nation; 2) the Sahtú Dene and Métis Settlement Region; and 

3) the Inuvialuit and Gwich’in Settlement Regions.  

The distinctively short and cool summers in these regions restrict metabolic activity of 

plants and plant growth, which ultimately maintains the integrity of terrestrial Arctic and Sub-

Arctic ecosystems (Ims et al., 2013). However, these regions are seeing accelerated changes in 

air temperature, tundra greening and disturbances, changes in permafrost, carbon cycling and 

hydroclimatology, and decrease in terrestrial snow cover (Alexander, 2013; Box et al., 2019; 

Serreze & Francis, 2006). A recent study has shown that since 1979 average temperatures in the 
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Arctic and Sub-Arctic have increased nearly four times faster than the rest of the globe 

(Rantanen et al., 2022). Climate change is a leading driver of global biodiversity decline and 

ecological change (Lawler et al., 2009; Pörtner, et al., 2022); these changes are taking place at 

local, regional, and global scales, and play critical roles in determining a species range, 

persistence, and distribution (Beumer et al., 2019; Lawler et al., 2009; Neilson et al., 2022). 

Shifts in habitat availability impact behaviours associated with animal habitat selection, with 

direct implications on species abundance and distribution (Mysterud & Ims, 1998); therefore, as 

climate-induced shifts to land cover occur, we expect population density and the location of 

wildlife to change as well. 

Ungulate Density and Habitat Associations in Canada’s North 

There are approximately 30 species of land mammals that reside in Canada’s Southern 

Arctic ecoregion, and over 50 species of mammals in Canada’s Taiga Shield and Taiga Plains 

ecoregions (Ecosystem Classification Group, 2007, 2008, 2012). Of these, four are ungulates: 

barren-ground (Rangifer tarandus groenlandicus) and boreal caribou (R. t. caribou), moose 

(Alces alces), muskoxen (Ovibos moschatus), and recently the white-tailed deer (Odocoileus 

virginianus; Veitch, 2001). The occurrence of large herbivores can have cascading effects 

throughout ecosystems on both predator-prey dynamics and habitat (Post et al., 2023; Ripple & 

Beschta, 2012). Ungulate presence can notably impact shrub communities and alter vegetation 

structure and composition in Arctic ecosystems, consequently impacting carbon balance (Falk et 

al., 2015; Kielland et al., 2006). Ungulate ecological importance includes effects on nutrient 

cycling and plant productivity (Hansen et al., 2018; Kutz et al., 2017). Ungulates are also 

important culturally and traditionally and are valuable food sources for many Indigenous Peoples 

and northern residents (Tomaselli et al., 2018; Winbourne & Benson, 2021). However, ungulate 
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abundances and ranges are changing, particularly in northern or alpine regions (Fisher et al., 

2020; Rivrud et al., 2019). 

Across Canada, caribou populations are rapidly declining, due to industrial exploration, 

development, climate, and weather changes (COSEWIC, 2016; Environment and Climate 

Change Canada, 2020). At the same time, Arctic warming and shrubification is likely triggering 

the northward range shift of other ungulates such as moose and white-tailed deer (Dawe & 

Boutin, 2016; Fisher et al., 2020; Tape et al., 2016; Veitch, 2001; Zhou et al., 2020). This 

observed northward establishment could also be an indicator of future range shifts for other 

boreal species as habitat availability increases, allowing the range of shrub grazing herbivores to 

change (Tape et al., 2016; Zhou et al., 2020). Global muskox population trends vary between 

regions (Cuyler et al., 2019); introduced populations in Alaska and the Yukon Territory are 

increasing, while Canadian Arctic Island populations are seeing marked declines at a rate of -

76% to -80%, despite a rapid northward climate-driven shift of suitable muskox habitat (van 

Beest et al., 2023). As a stark contrast to other ungulate species, muskox populations in mainland 

NWT are increasing and re-establishing their southern historical range; their contemporary range 

expansion may extend further south of treeline than has been documented since the 1800s (Barr, 

1991; Burch, 1977; Gunn et al., 2022; Rentmeister & Chan, 2022). The extent of this range 

expansion has not been quantified. Additionally, there is limited research on muskox foraging 

within forested areas (Jorgensen, 2021; Meltofte et al., 2013), though the boreal represents a 

more productive landscape than their traditional tundra habitat (Jarvis et al., 2001). The cause for 

this southward expansion remains unclear (Cuyler et al., 2019; Kutz et al., 2017) but could be 

inferred from a strong inference approach (Platt, 1964).  
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Understanding population dynamics of ungulates, including density and group size, can 

inform ecological processes at both landscape and ecosystem levels (Augustine & Frank, 2001; 

Bardgett & Wardle, 2003). Population density is an important driver of habitat selection 

(Tomassini et al., 2019; van Beest et al., 2014) which in turn influences movement, home-range 

size, and distribution patterns of ungulates, including muskox (Serreze & Francis, 2006; 

McLoughlin et al., 2006; van Beest et al., 2011). For example, density-dependent habitat 

selection can explain the spatial distribution patterns of many different ungulate and large 

mammal species (Morris, 1989; Tomassini et al., 2019; van Beest et al., 2014) and predicts that 

the use of higher quality habitat will decline, and the use of lower quality or secondary habitat 

will increase, as population density increases (Lucas & Fretwell, 1970; Rosenzweig, 1981; van 

Beest et al., 2014). Group size variability and stability can also affect density estimates and 

associated management strategies and is important for understanding ecological effects on social 

behavior (Reynolds, 1993). In social animals like muskox, group size can vary depending on 

population density, season, and availability and quality of habitat (Webber & Vander Wal, 

2021). Including group size when quantifying and mapping the spatial distribution of muskox 

density can allow for a better understanding of the potential spatial and social drivers causing the 

observed change in range of muskox in mainland NWT.  

Abundance and density can be estimated in several ways, and generally require that a 

field method be paired with a statistical method (Buckland, 2001; Twining et al., 2022). Live 

trapping is a common approach for most small mammals (Krebs et al., 2011), where unique 

identifiers are paired with a mark-recapture statistical method, but it is difficult to conduct on 

larger species in low densities. Another method is genetic non-invasive sampling, where 

individuals can be identified using DNA extracted from scat or hairs, and spatial capture-
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recapture (Efford, 2004; Royle & Young, 2008) methods can be used for density estimations. 

Both methods require on the ground data collection which is difficult to do over large spatial 

scales in remote regions such as the Canadian Arctic and Sub-Arctic. Monitoring ungulates can 

be exceptionally challenging (Schroeder et al., 2014) due to the fluctuating nature of these 

populations in both space and time (Caughley, 1970; Clutton-Brock et al., 1997). I therefore 

paired aerial distance sampling survey data, an efficient survey technique for remote regions, 

with density surface modelling, a statistical method used to produce wildlife population and 

density estimates that accounts for spatial variations in detection probability and species 

distributions. 

Having a proper understanding of habitat association processes and species distribution is 

necessary for conducting effective management and conservation. Muskoxen in the NWT are a 

growing concern for some Indigenous communities who believe muskox represent an important 

link driving apparent competition (Holt & Bonsall, 2017) and influencing observed declines in 

barren-ground caribou populations (Winbourne & Benson, 2021). By increasing our knowledge 

on muskox density relationships, we can more accurately predict species distribution patterns, 

which will aid in adaptively managing muskoxen in the NWT. 

Muskox History 

In the late Pleistocene, muskoxen had a Holarctic range (Prewer et al., 2020), extending 

as far south as the margins of the Pleistocene ice sheets (Barr, 1991). In the last 30,000 years, 

global muskox populations have experienced significant fluctuations, where numbers dropped 

drastically, creating population bottlenecks (Campos et al., 2010). This caused a considerable 

reduction in their range, abundance, and genetic diversity (Hansen et al., 2018). In the late 

1600’s, muskoxen were relatively abundant in the Canadian mainland (west of Hudson Bay) and 
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their southern boundary was observed as far as 150 km south of the treeline (Burch, 1977, Figure 

S1). By the 19th century, muskoxen were nearly extirpated due to unregulated commercial 

harvesting for trade with the Hudson’s Bay Company. Environmental stress and predation could 

have likely exacerbated the effects of the hunting pressures, further altering the range and 

abundance of muskox populations (Barr, 1991). A moratorium on muskox harvest was 

implemented by the Canadian Government in 1917, and by the 1960’s muskox populations had 

begun to recover and re-establish a large portion of their historical range (Barr, 1991; Lent, 

1971). Indicators of increasing population growth led to an establishment of hunting quotas in 

the NWT, beginning in the Sahtú in 1994/95 (Veitch, 1997). Today, muskoxen are again 

widespread throughout the NWT, and typically found in groups ranging from a few animals to 

over 100 animals in the winter months (Arthur & Del Vecchio, 2017; Rentmeister & Chan, 2022; 

Reynolds, 1993). 

Muskoxen represent a key dietary resource, historically and today, for many northern 

communities in the NWT struggling with food insecurity (Cuyler et al., 2019; Kutz et al., 2017; 

Winbourne & Benson, 2021). Muskoxen are valuable culturally and economically to many 

Arctic Indigenous communities and this relationship continues to evolve (Tomaselli et al., 2018); 

due to the long-lasting moratorium on muskox harvest implemented in NWT there is limited 

Indigenous Knowledge (IK) of muskoxen, especially in southern NWT (Winbourne & Benson, 

2021). Given the severe decline in barren-ground caribou populations, muskoxen may become 

increasingly valuable as communities invest more resources into alternative harvests (Williams, 

2023). Yet, the growing interest in muskoxen from these communities mostly comes from the 

relationship these animals may have with caribou and other ungulates (Williams, 2023), 

including the risk they may pose for direct and apparent competition with caribou (Holt & 
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Bonsall, 2017). However, there is currently little evidence of such competition occurring across 

large spatial scales (Brodeur et al., 2023; Carter, 2020; Ihl & Klein, 2001).  

There is a significant knowledge gap on muskox density and distributions in Arctic and 

Sub-Arctic ecosystem ecology due to the remoteness and inaccessibility of these regions, 

including a large portion of the NWT (Beumer et al., 2019). Recent population surveys are 

sparse and inconsistent in mainland NWT (Cuyler et al., 2019; Veitch, 1997) but generally 

showed muskox populations to be stable or growing (Gunn et al., 2022). In mainland NWT, 

previous surveys generally used systematic strip transects at 10 kilometer (km) spacing and 

reported increases in population numbers between survey years in the Sahtú and Beaufort Delta 

regions (Davison & Branigan, 2014; Veitch, 1997), and a non-significant decline in the East Arm 

region between 1998 and 2010 (Gunn et al., 2022). Though these surveys informed an updated 

regional population estimate, they provided limited information on the heterogeneity of muskox 

distributions across each landscape. This created an opportunity to use more recent surveys to 

update abundance estimates, and inform density and distribution patterns of muskoxen, while 

increasing our knowledge of habitat association to better understand drivers of the current range 

expansion. 

Muskox Habitat Requirements 

Muskox habitat selection is a hierarchical process; selecting feeding areas within 

available habitat, and continuing selection decisions at increasingly smaller scales (Ihl & Klein, 

2001; Johnson, 1980). Most of our knowledge on muskox niche is informed by populations that 

occur in tundra habitats. Muskoxen generally live in harsh environments with highly variable 

conditions but have adapted to be an energetically conservative species, particularly during the 

late winter months when they have the lowest activity rate (March-April; Klein & Bay, 1990). 
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They are limited by deep and hard snow, due to their low chest height, small hooves, and high 

foot loading (Ihl & Klein, 2001); above average snow depths, and heavy and more frequent rain 

on snow events severely limits their accessibility to suitable habitat (Beumer et al., 2019) and 

have caused declines in many muskox populations (Meltofte et al., 2013). Their winter 

fundamental niche (Hutchinson, 1957) includes windswept ridge tops and drier areas with soft 

and shallow snow, which provides accessible yet often low-quality forage (Beumer et al., 2019; 

Ihl & Klein, 2001; Klein et al., 1993). Recently, in Greenland, Beumer et al. (2019) suggested 

that suitable habitat for muskoxen is characterized by flat to moderately rugged terrain, low to 

medium elevations within short distances from the coast, and vegetated groundcover, while 

others have indicated that low-lying tussock tundra is an important winter habitat (Klein et al., 

1993; Thomas et al., 1981). A winter survey in West Greenland indicated a strong preference for 

elevations of 300-700m (Cuyler et al., 2022), where, despite having higher snow cover and 

depths, muskoxen in the northern region of their survey area selected much higher elevations. 

Environmental conditions can largely affect animal movement patterns and subsequently their 

foraging behaviours (Smith, 1974), having potential implications on their realized niche 

(Hutchinson, 1957) and use of microhabitats (Klein et al., 1993). Muskoxen on the tundra occur 

where conditions for plant growth are low and thus where limited amounts of plant biomass are 

available during the winter months (Klein & Bay, 1990). Unlike other ungulates, muskoxen can 

process low-quality and high-fiber content with their large rumen capacity and slow passage 

rates, allowing their diet to be dominated by graminoids, and alternatively mosses, when 

graminoid availability is low (Ihl & Klein, 2001). Consequently, muskoxen are opportunistic 

foragers and will often select the dominant vascular plant present (Klein & Bay, 1990). 

Nevertheless, analyses of fecal samples have indicated that sedges (Carex spp. and Eriophorum 
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spp.) and willows (Salix spp.) are the most common vegetation types used year-round by 

muskoxen, while graminoids encompass most of their winter diet (Klein & Bay, 1990; Thomas 

et al., 1981).  

Habitat use can also be influenced by other factors, such as mate selection, 

biogeographical constraints, inter- and intraspecific competition, and predation (Morris, 1989). 

Primary predators of muskoxen include wolf (Canis lupus arctos), wolverine (Gulo gulo), and 

the grizzly bear (Ursus arctos horribilis; Arthur & Del Vecchio, 2017; Heard, 1992; Leclerc, 

2019; Reynolds et al., 2002). Muskoxen defence against predators is an effective group 

behaviour, (Heard, 1992; Lent, 1971; Reynolds, 1993) and consists of a circle formation, rumps 

touching, with young centrally located. Strong relationships have been detected between muskox 

group size and wolf density, where larger groups provide better protection against predators 

(Heard, 1992). However, muskox group size must balance the costs of habitat and forage 

availability and the benefits of avoiding predation in larger groups (Heard, 1992; Reynolds, 

1993). Knowledge and understanding of habitat use, and ultimately habitat selection, can help 

with predicting where muskox will exist on the landscape, while also helping to inform density 

estimations according to the theory of density-dependent habitat selection (Morris, 1989; 

Rosenzweig, 1981).  

Research Objectives 

To quantify winter muskox density and investigate drivers of their spatial distribution and 

range, I consolidated data from aerial muskox surveys that occurred across mainland NWT. 

These surveys occurred over one to three week periods in the late winters of 2018, 2020, and 

2021, and targeted areas of known muskox locations, and extended to the boundaries of regular 

observations from local community members. My two thesis objectives were:  
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i) Produce updated winter estimates of muskox abundance, density, and distribution 

within each mainland NWT survey area; and, 

ii) Investigate the spatial and social predictors of muskox habitat to infer potential causes 

of their observed southward expansion in mainland NWT. 

Together, this work provides current estimates of muskox spatial density and abundance, along 

with uncertainty estimates, and information on muskox-habitat associations across the 

heterogenous landscape of mainland NWT. 

Thesis Overview 

This thesis represents a partial fulfilment of the requirements for the degree of Master of 

Science (MSc) in Integrative Biology at Wilfrid Laurier University (WLU). The research 

presented is the result of my two-year MSc project conducted within the WILDlab at WLU in 

collaboration with the Government of Northwest Territories (GNWT). This thesis contains a 

total of three chapters including this first General Introduction chapter. In Chapter II: “Inferring 

trends in late-winter muskox density, distribution, and habitat associations across mainland 

Northwest Territories, Canada” I consolidated aerial survey data from five surveys across 

mainland NWT to produce a current estimate of muskox abundance, their regional density, and 

distribution using a two-stage distance sampling and density surface modelling (DSM) 

technique. I then paired muskox observations from this dataset to landcover classes from the 

2020 Land Cover of Canada (Canada Centre for Remote Sensing et al., 2022) and elevation from 

the ArcticDEM (Porter et al., 2023) dataset to investigate spatial and social associations with 

habitat. I found that muskox populations in mainland NWT are currently stable or increasing, 

and that elevation and sub-polar polar shrubland lichen moss are nutritional predictors of muskox 

density, whereas group size was often correlated with land cover that would increase vigilance 
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and detection of predators by increasing the line-of-sight. However, finer spatial grained 

environmental data could help to refine our understanding of muskox habitat associations and 

their southward range expansion. In Chapter III: “General Discussion and Summary”, I 

summarize Chapters I and II, and provide the main findings from my thesis, while suggesting 

future research directions. In Chapter III, I also describe the integrative nature of my work and 

how it is linked and will contribute to other research within WLU and beyond. 
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Chapter II: Inferring trends in late-winter muskox density, distribution, 

and habitat associations across mainland Northwest Territories, Canada 

 Introduction 

The fluctuating nature of ungulate populations is well documented globally (Caughley, 

1970; Clutton-Brock et al., 1997; Kaji et al., 2009), in-turn causing effects on both habitat and 

predator-prey dynamics through bottom-up and top-down trophic cascades (Carpenter et al., 

1985; Painter et al., 2015; Post et al., 2023; Ripple & Beschta, 2012). Global syntheses of 

ungulate movement dynamics emphasize the importance of forage availability, snow, and 

drought when quantifying where, when, and how many ungulates are found (Kauffman et al., 

2021). Relative abundance, and ultimately density, quantified at a spatial scale relevant for local 

management, are important metrics to help monitor these populations and their impacts on their 

environments (Burgar et al., 2018; Williams et al., 2002). However, monitoring abundance and 

density of large herbivores is particularly challenging (Schroeder et al., 2014; Valente et al., 

2016). 

For ungulates, various field methodologies and statistical models are used to quantify 

population densities. A common methodology is distance sampling (Buckland, 2001; Buckland 

et al., 2004; Valente et al., 2016), where animal density is calculated by sampling the 

perpendicular distances from the transect line to identified individuals or groups (Buckland et al., 

2015). This methodology has been employed globally for various ungulate populations and in 

highly variable environments and landscapes, notably the Gobi Desert’s Mongolian khulan 

(Equus hemionus) and goitered gazelle (Gazella subgutturosa; Buuveibaatar et al., 2017), 

Portugal’s roe deer (Capreolus capreolus; Valente et al., 2016) and southwest Greenland’s 

muskoxen (Ovibos moschatus; Cuyler et al., 2022). Both ground and aerial survey methods can 
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be used for distance sampling, although in large remote areas aerial methods are the only 

efficient option. While both survey methods have limitations that can violate some statistical 

assumptions (Wegge & Storaas, 2009), aerial surveys inherently contain observer error as a 

function of the type of aircraft used, number of observers, and landscape over which the survey 

is flown. Statistical limitations of applying and comparing this survey methodology across 

multiple locations, years, and species are well documented (Caughley, 1974) with several 

modelling techniques directly tackling these problems (Buckland et al., 2004; Hedley & 

Buckland, 2004; Miller et al., 2013). 

Unfortunately, wildlife surveys in northern regions are less likely to be carried out 

consistently due to cost, remoteness, and limited human populations (Meltofte et al., 2013). 

These same regions are experiencing rapid landscape changes and changes in associated 

ungulates species composition; caribou (Rangifer tarandus) are declining, (COSEWIC, 2016; 

Environment and Climate Change Canada, 2020) and moose (Alces alces) and white-tailed deer 

(Odocoileus virginianus) are moving further north (Tape et al., 2016; Veitch, 2001), resulting in 

potential increased apparent competition (Holt & Bonsall, 2017) with caribou, and changing 

disease dynamics (Kutz et al., 2004). At the same time, muskox populations appear to be 

increasing and moving southward, re-establishing their historical range below treeline 

(Rentmeister & Chan, 2022). The cause and extent of this southward expansion is unclear and 

has yet to be quantified (Cuyler et al., 2019; Kutz et al., 2017). Consistent quantitative data on 

the density and distribution of many northern species, including muskoxen, are needed (Beumer 

et al., 2019; Cuyler et al., 2019; Gunn et al., 2022; Ims et al., 2013).  

Muskoxen are a key Arctic species and a social ungulate whose population density and 

range has significantly fluctuated and shifted since the late Pleistocene (Barr, 1991; Burch, 1977; 
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Cuyler et al., 2019; Lent, 1999). They represent an important species culturally, and for both 

northern ecosystem integrity and human food security (Cuyler et al., 2019; Kutz et al., 2017; 

Winbourne & Benson, 2021); their abundance also provides predators with prey while affecting 

ecological processes such as carbon cycling (Falk et al., 2015), disease transmission (Kutz et al., 

2015), and apparent competition with other ungulates (Carter, 2020; Jenkins et al., 2020; Larter 

& Nagy, 1997; Winbourne & Benson, 2021). Most information available regarding habitat 

selection and foraging behaviours of wild muskoxen comes from populations occurring in tundra 

habitats (Beumer et al., 2019, Cuyler et al., 2022, Klein and Bay, 1990, Klein et al., 1993); 

however, our knowledge of muskox niche may change as their range continues to extend into 

more productive habitats such as the boreal forest (Jarvis et al., 2001). Muskoxen are 

opportunistic foragers; however, their diets are largely composed of sedges and willows, and 

supplemented by other graminoids in the winter months (Klein et al., 1993; Thomas et al., 1981), 

found in flat or moderately rugged terrain in low to medium elevations. Tundra habitats provide 

accessible yet often low-quality forage, representing a nutritional driver to varied density within 

their distribution. Spatial variation in forage nutrients has been shown to be a key driver of 

ungulate distributions in other ecosystems (Seagle & McNaughton, 1992). 

Historically perceived as a primarily tundra species, available information indicates that 

muskoxen have been observed as far as 150 kilometers (km) south of Canada’s treeline (Figure 

S1). This extent of their range has not been documented since their near extirpation in the early 

1900’s (Barr, 1991; Burch, 1977; Winbourne & Benson, 2021). Over the last 25 years, 

muskoxen have been observed below treeline, though the extent of their contemporary range has 

yet to be quantified. Landscape-scale modifications to ungulate distributions and range can occur 

due to nutritional changes (i.e. bottom-up factors) but may also be regulated by behavioural 
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antipredator responses (i.e. top-down factors). In tundra populations, preferred muskox habitat, 

particularly in late winter when snow cover is deepest, is often characterized by windswept 

ridges and hill tops, and drier areas where the snow is soft and shallow (Beumer et al., 2019; Ihl 

& Klein, 2001; Klein et al., 1993). These conditions enable muskox foraging with limited effort 

to remove snow cover. These habitats may also provide long line-of-sight to predators and space 

for muskox to perform their characteristic anti-predator grouping behaviour (Lent, 1999), and 

may represent important habitats to avoid predation.  

Estimates of muskox density and distribution – and the mechanisms that drive spatial 

variation in these aspects –have received little quantitative attention due to lack of funding and, 

until recently, lack of interest in muskoxen as a game species (Chan, personal communication, 

2021; Williams, 2023) or in some communities, a negative perception of muskoxen (Winbourne 

& Benson, 2021). Prior to 2020, the last aerial muskox survey to occur in the Sahtú region was in 

1997 (Veitch, 1997). Muskox surveys have generally been more frequent in the Beaufort Delta 

(2009; Davison & Branigan, 2014), and in the East Arm (2010; Cluff & et al., 2018; Gunn et al., 

2022). Combining and comparing recent regional aerial survey information could yield important 

updated estimates of density, inferred population trends, and a better understanding of 

distributional drivers. To quantify the winter density and distribution of muskoxen in mainland 

NWT and infer spatial habitat associations, I consolidated data from five aerial muskox surveys 

across three regions straddling the treeline. Together, these regions represent areas of high 

habitat heterogeneity above and below tree line increasing my ability to infer habitat associations 

compared to an investigation of a single homogeneous landscape. One of these data sets also 

included estimates from multiple years, lending the opportunity to discuss temporal trends. Field 

methodologies differed slightly between survey areas and survey years, making consolidation of 
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these data sets challenging within a single statistical framework; however, comparing density 

estimates within and between survey areas should also yield important methodological insights 

for conducting efficient and effective future surveys.  

Research Objectives and Hypotheses 

The main objective of my thesis (O1) was to produce updated estimates of late winter 

abundance, density, and distribution for one of the world’s only muskox populations that occurs 

below treeline. My second thesis objective (O2) was to investigate the spatial and social 

predictors of muskox habitat associations to help infer the potential causes of their observed 

southward expansion in mainland NWT. I completed these objectives using combined 

approaches of muskox-habitat associations and spatial density modelling, including: 1) principal 

component analyses (PCA) and correlation analyses to investigate relationships between 

environmental covariates and muskox occurrence and group size, and 2) a multiple covariate 

distance sampling (MCDS) method, paired with density surface modelling (DSM), to quantify 

and map muskox density within survey areas. Together, these analyses update our knowledge of 

the species distribution and investigate drivers of spatial variation in muskox density while 

testing two competing hypotheses of muskox distribution and range expansion.  

In accordance with density-dependent habitat selection and the foraging requirements of 

ungulates, the use of lower-quality habitat will increase as ungulate population density increases, 

representing a nutritional driver of muskox distribution across mainland NWT. In addition, when 

measured over large spatial and temporal scales, peripheral ungulate ranges should generally 

have lower densities compared to the center (Bonar et al., 2020; Gaston et al., 2000). If (H1) 

muskox distribution is best explained by density-dependent habitat selection, then I expect (P1) 

muskox density and abundance to be best predicted by environmental covariates that are of 
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high nutritional value and contain their primary food sources. Based on muskox populations 

occurring in the tundra, these highly nutritious environmental covariates would include 

temperate sub-polar shrubland, sub-polar or polar shrubland and/or grassland-lichen-moss land 

cover regions (Klein & Bay, 1990). I also predict muskox occurrence to be negatively associated 

with elevation. I expect (P2) that the Beaufort Delta should have the highest muskox density and 

abundance as it contains the most land cover classes that I classified as having high nutritional 

value. Additionally, the Beaufort Delta population is within the central and well-established 

mainland muskox distribution, while the East Arm is a peripheral population and should have the 

lowest muskox density and abundance.  

Muskoxen group as a predatory defence mechanism (Lent, 1999) and were historically 

considered a tundra species (Beumer et al., 2019) – a habitat that increases the line of sight to 

predators. If (H2) muskox distribution is associated with specific habitat types that decrease 

predation probability, representing an anti-predator driver of muskox distribution across 

mainland NWT, then I predict (P1) muskox occurrences to be positively associated with water 

and coastal or shoreline areas, and be primarily associated with sub-polar or polar shrubland 

and/or grassland-lichen-moss, and temperate or sub-polar grassland land cover classes, as these 

environmental covariates may increase vigilance and detection of predators by increasing the 

line-of-sight. I would expect these habitat associations to also be important predictors of group 

size, as large groups have a reduced risk of predation (Lent, 1999), and these land cover classes 

provide space for grouping behaviours and defence against predators. I expect (P2) stronger 

correlations between group size and these environmental covariates, and (P3) density models 

that include these covariates to best explain variation in muskox abundance and density. As 

these land cover types are most abundant in the Beaufort Delta region, I also expect (P4) mean 
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group size to be largest in this survey area. Alternatively, (H0) muskox do not associate with any 

nutritional or anti-predation associated environmental covariates. 

Materials and Methods  

The data used for my thesis were collected across three regions in mainland NWT, over 

the winters of 2018, 2020, and 2021(Environment and Natural Resources, 2022). Study regions 

include: the East Arm region with land claims on the Traditional Territories of the Akaitcho, 

Lutsel K’e Dene First Nations, and NWT Métis Nation (2018 and 2020), the Sahtú Dene and 

Métis Settlement Region (Sahtú Region; 2020 and 2021), and the Inuvialuit and Gwich’in 

Settlement Regions (Beaufort Delta Region; 2021). Aerial muskox surveys were conducted in 

each study region, and are specifically referred to as the East Arm, Sahtú, and Beaufort Delta 

‘survey areas’ respectively (Figure 2.1). 

Study Landscapes 

The landscapes of each study region differ in their ecosystem classification, human 

population, and species presence; they occur both above and below the treeline, which is an 

approximate and discontinuous boundary. Together, this heterogeneity allows the study regions 

to host over 50 mammal species (Ecosystem Classification Group, 2007, 2008, 2012), including 

other ungulates such as barren-ground (Rangifer tarandus groenlandicus) and boreal caribou (R. 

t. caribou), moose, and recently the white-tailed deer (Veitch, 2001). The large carnivore guild 

comprises the grey wolf (Canis lupis), polar (Ursus maritimus), grizzly (U. arctos) and black (U. 

americanus) bears, and wolverines (Gulo gulo). 
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Study Regions 

East Arm Region 

The East Arm region is predominantly located within the Taiga Shield Level II Ecoregion 

but includes a portion of Southern Arctic Tundra Shield Level II Ecoregion in the northeast 

(Figure 2.2) as designated by the Government of Northwest Territories (GNWT). Precipitation 

patterns in this region range from 200 - 430 mm annually, and average annual temperatures 

range between -7ºC and -2ºC (Ecosystem Classification Group, 2008, 2012). Surveys from this 

region included the 2018 survey area that occurred both above and below the treeline. This 

survey was flown by Dean Cluff and colleagues (Cluff et al., 2019) and the data were made 

available for my thesis. A further survey in this region was flown by Jan Adamczewski and 

colleagues in late winter 2020 (Adamczewski & et al., 2020) and the data were made available 

for my thesis. The 2020 East Arm survey included a portion of the larger 2018 survey, and the 

2020 survey area occurred almost entirely below treeline in the Taiga Shield Level II Ecoregion. 

The survey areas included the community of Łutselk’e and are located near the community of 

Fort Resolution (Figure 2.1).  

Sahtú Region 

The Sahtú study region occurs on Sahtú Dene and Metis Settlement lands which covers 

280,238 km2 of central NWT and encompasses important water bodies such as Great Bear Lake, 

Great Bear River, and a large section of the Mackenzie River (Polfus et al., 2019). Most of the 

study area is classified as Taiga Plains Level II Ecoregion, with a small portion of Southern 

Arctic Tundra Plains Level II Ecoregion in the northeast and Taiga Cordillera Level II Ecoregion 

in the southwest (Figure 2.2) as designated by the GNWT. This region is the wettest of the three 

regions and receives between 250 - 460 mm of precipitation annually. Average annual 

temperatures range between -12.4º and -4.5ºC (Ecosystem Classification Group, 2007). The 
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Sahtú survey area occurs mostly below the treeline and includes the communities of Tulita, 

Délı̨ne, Norman Wells, Fort Good Hope, and Colville Lake (Government of Northwest 

Territories, 2018; Figure 2.1). The Sahtú surveys were flown and described by Rentmeister and 

Chan (2022). 

Mainland Beaufort Delta Region 

The Beaufort Delta study region occurs on mainland Inuvialuit and Gwich’in Settlement 

lands, which covers 167,000 km2 of northern NWT (Gah & GNWT ECC, personal 

communication, August 3, 2022). The northern section of the Mackenzie River flows through the 

region into the Arctic Ocean, which acts as its northern border. The Beaufort Delta survey area is 

largely made up of the Southern Arctic Tundra Plains Level II Ecoregion, with the southern 

portion of the study area classified as Taiga Plains Level II Ecoregion (Figure 2.2) as designated 

by the GNWT. This region is the coldest and driest of the three study regions and gets between 0 

- 200 mm of precipitation annually, and an average annual temperature of -9ºC or colder 

(Ecosystem Classification Group, 2012). The survey area occurs both above and below the 

treeline and includes the communities of Inuvik, Paulatuk, Tsiigehtchic, and Tuktoyaktuk 

(Government of Northwest Territories, 2018; Figure 2.1). The most recent survey in this region 

was flown by Tracy Davison and colleagues in 2020 (Davison, 2021) and the data were made 

available for my thesis. 

Survey Design 

In northern Canada, aerial surveys are the primary field methodology for ungulate 

population censuses and the only practical method in large remote areas (Cuyler et al., 2019; 

Gunn et al., 2022; Veitch, 1997). Although the specifics of survey design vary through time and 

across regions, most northern surveys rely on aerial counts of individuals within a grid of 

rectangular transects. Transect survey designs are flexible: they can target multiple species 
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(Rentmeister & Chan, 2022), while also allowing for collection of additional data such as 

photographs for determining population demographics. In Canada’s Northwest Territories 

(NWT), the most employed transect survey design is that of simple strip transect methods. These 

methods usually assume perfect detection of all individuals within a given transect, which can 

lead to inaccurate estimates of abundance (Burnham et al., 1985; Eberhardt, 1978). In most 

cases, muskox survey methods have shifted to line transect methods using distance sampling 

survey methods (Adamczewski, personal communication, January 16, 2023). Distance sampling 

methods still rely on counts within transects but account for the relationship between distance 

from the transect and the probability of detecting target individuals or groups while incorporating 

sampling and environmental covariates (Buckland et al., 2015).  

To quantify muskox density and distribution across a selection of diverse landscapes 

within mainland NWT, I compiled recent aerial survey data that span each of the three study 

regions. Data from each region was collected by different observers and using different aircrafts 

but followed a similar distance sampling design along transect lines, where group counts and 

positions are recorded, and the perpendicular distance from transect lines is computed (Figure 

S2; Buckland et al., 2015; Cassey, 2008). A systematic transect line design with 10 or 15 km 

spacing between lines was used (depending on the survey, see next section: “Survey Design 

Variations”; Figure 2.3). All muskox surveys were flown in a single engine fixed-wing plane 

(Cessna 206 in both the Beaufort Delta and Sahtú surveys; Found Bush Hawk and Cessna 185 in 

the East Arm (2018) survey and Aviat Husky in the East Arm (2020) survey) at an altitude of 

300-600 ft, and a ground speed of 90-110 knots/hour. Altitude and speed varied according to 

habitat, weather, and terrain, to ensure safety and visibility. Global Positioning System (GPS, 

various Garmin models) tracking was used throughout the surveys to accurately document flight 



48 
 

tracks and distances of muskox groups to the transect line. GPS waypoints were collected above 

each initial muskox sighting location, and photos of each group were taken by the observer in the 

co-pilot seat to accurately quantify group sizes. Photos were taken using various digital single-

lens reflex (DSLR) and mirrorless cameras with optical zoom lenses ranging in size from 70-350 

mm depending on the photographer (Figure S3 and Figure S4). All other wildlife sightings were 

also recorded but not used for the purpose of my analysis. Surveys were conducted mostly in 

March to limit disturbance during the calving season (April/May; Jenkins et al., 2011) while 

taking advantage of increasing daylight hours and visibility of dark animals against snow. Each 

flight had a capacity of two, three or four observers (including the pilot), depending on the 

availability of local community members and aircraft type.  

Surveys were conducted by many members of GNWT and myself (Sahtú 2021 survey). 

Community observers helped with animal detection throughout the surveys. No animal care 

approval was required for this study, as no animals were handled. Wildlife research permits 

issued by GNWT were obtained for each survey and permit numbers were as followed: 

WL500575 (East Arm 2018), WL500841 (East Arm 2020), Sahtú 2020 (WL500847), Sahtú 

2021 (WL500917), and Beaufort Delta 2021 (WL500912). 

Survey Design Variations  

East Arm surveys 

The East Arm surveys were analyzed separately, due to the differences in survey 

methodology that occurred within each survey area and the overlap in survey areas between 

years. In the East Arm Region, the 2018 survey was conducted around the eastern arm of Great 

Slave Lake and was flown out of Yellowknife, Łutsel K’e, and the Hoarfrost River Homestead 

(Cluff et al., 2019). The survey covered a total area of approximately 72,940 km2, with 8,288 km 
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of on-effort transect lines flown over 36.3 hours. The 2018 East Arm survey occurred earlier 

than the other surveys between February 26th and March 2nd, 2018.  

The 2020 survey covered a smaller region, approximately 39,890 km2, with 3,968 km of 

on-effort transect lines flown over 57 hours. Some transect lines overlapped the 2018 survey area 

within the Thaidene Nëné Indigenous Protected Area. The majority of the 2020 survey occurred 

along the southern shore of Great Slave Lake’s east arm and was only flown out of the Hoarfrost 

River Homestead (Adamczewski, personal communication, August 8, 2022). Unlike other 

surveys, the 2020 survey doubled as a photo survey, during which the priority was to obtain 

photos of muskox for demographic estimates, in addition to conducting the distance sampling 

survey. This survey only had two observers in a smaller, very quiet, aircraft (Aviat Husky) and 

the survey team often left the transect lines, to “track” muskox groups, when muskox sign (i.e.: 

tracks, scat, bedding signs, etc.) were sighted, as well as when muskox groups were sighted. In 

all other surveys the survey team only left the transect line to collect overhead GPS points of 

observed muskox groups. These variations were noted, and I considered using this information 

as a “tracking” covariate in my analysis; however, upon further investigation, it was deemed 

impossible (see Stage One: Modelling the Detection Function). The 2020 East Arm survey 

extended later than other surveys and occurred between March 19th and April 5th, 2020.  

Sahtú survey 

The Sahtú surveys were analyzed together due to the consistency in survey methodology 

and the lack of overlap between survey areas and small sample sizes. The southern portion of the 

survey was flown out of Norman Wells, while the northern portion was flown out of Fort Good 

Hope and Coville Lake.  Together the surveys covered a total of 101,147 km2 with 10,432 km of 

on-effort transect lines flown over 126 hours. Availability of community monitors in the Sahtú 
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produced inconsistent numbers of observers each day. However, this variation was noted and 

was included in the analysis as a covariate. The Sahtú surveys occurred between March 16th and 

31st, 2020 in the southern portion, and between March 3rd and 19th, 2021 in the northern portion 

(Figure 2.1; Rentmeister & Chan, 2022). 

Beaufort Delta survey 

The Beaufort Delta survey was flown out of Paulatuk, Rendezvous Lake, and Inuvik 

depending on the transect line. The survey covered a total of 121,500 km2 with 11,661 km of on-

effort transect lines flown over 124 hours. This survey had two aircrafts flying at once due to the 

extensive survey area to cover. Survey lines were spaced 10 km apart, except for some areas in 

“Block A” and Tuktut Nogait National Park (“TNNP”; Figure 2.1) where transect lines were 

spaced 15 km apart following extensive weather and aircraft-related delays to the survey. Photos 

were not available for each observation to determine accurate group size quantification. The 

Beaufort Delta survey occurred between March 11th and 29th, 2021 (Davison, 2021). 

Quantifying Environmental Covariates of Muskox Occurrences  

To quantify muskox habitat associations, I collected and summarized environmental 

covariate datasets of land cover, elevation, and treeline location. For land cover variables, I used 

the 2020 Land Cover of Canada dataset (Canada Centre for Remote Sensing et al., 2022), a raster 

file with a 30 x 30 meter spatial resolution, differentiating 15 different land cover classes across 

Canada (see supplementary Table S1 for the land cover taxonomy). I identified muskox 

occurrence sites using a buffer of 500 meters around the GPS waypoint of each initial sighting 

location (sensu Rentmeister & Chan, 2022) and the proportion of land cover classes were 

calculated within each buffer. Within the buffered areas, three land cover classifications had zero 

occurrences (cropland, urban land, and snow) and two classifications had minimal occurrences 

(less than 1%): temperate or sub-polar broadleaf deciduous forest and sub-polar or polar barren-
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lichen moss. Consequently, I combined the temperate or sub-polar broadleaf deciduous forest 

fractions with the mixed forest fractions to create a mixed forest broadleaf subclass (MFBL in 

Table S1), and the sub-polar or polar barren-lichen moss fractions with the barren land fractions 

to create a barren land lichen moss subclass (BARLM in Table S1) to minimize low occurrence 

classifications. For elevation, I used the Polar Geospatial Center ArcticDEM Mosaic (Porter et 

al., 2023) dataset with 10 metre resolution to extract the average elevation in the 500-meter 

buffered area around each observation waypoint. For treeline location, I also used the NWT 

treeline shapefile sourced from the GNWT to determine whether each observation waypoint was 

above or below treeline. 

Statistical Analyses: Habitat Associations 

To explore associations between environmental covariates and muskox occurrences 

across the survey areas, I ran two principal component analyses (PCAs). A PCA is an ordination 

analysis that allows for the study of associations between variables, by reducing these 

associations into only two dimensions called principal components. A PCA represents the major 

features of a data set along a reduced number of axes (Borcard et al., 2018) with the purpose of 

achieving maximum variability (Filzmoser et al., 2018). I produced a first PCA associating 

muskox occurence with environmental covariates, such as land cover, elevation, and treeline 

location. To compare observed muskox-habitat associations with what might randomly be 

expected on the landscape I then ran a second, “randomized” PCA, this time using samples of 

random points in each survey area.  

For the PCA of the muskox observation sites, I extracted the proportion of each 

landcover class within a 500-meter buffer (to account for used range around the observation 

point) around each site and transformed this land cover data using a centered log ratio approach, 
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a transformation recommended specifically for compositional data (Filzmoser et al., 2018). I 

extracted the mean elevation within each buffered area, except for one site that was situated in an 

area lacking elevation data on the ArcticDEM and therefore, mean elevation for this GPS 

waypoint was imputed from the mean of the entire dataset. Elevation was scaled for the PCA, as 

it is not proportional data, and treeline was categorized as a binomial variable, where 1 

represents above treeline and 0 represents below treeline. 

For the randomized PCA, for each survey area, I used several random points equal to the 

number of muskox observations in the respective survey area. I then used the same 500-meter 

buffer around each random point and took the mean proportion of land cover and elevation in the 

buffered areas. As each survey covered large areas, I used the mean from random points over 

100 repeated trials. These means were no longer proportional, and therefore the components 

were scaled. Similar to the muskox observation PCA, elevation was scaled, and treeline was 

categorized as a binomial variable. For this analysis, I analysed the northern and southern 

portions of the Sahtú survey separately, as the profile of landcover differs between the two 

regions, where the northern portion straddled the treeline, and the southern portion was 

conducted entirely below treeline. The results of these two PCAs helped to inform my choice of 

covariates to include in the DSMs. 

Finally, to explore important predictors of muskox group size and remove confounding 

variables from my DSMs, I conducted Pearson correlation analyses between group size, each 

land cover class, and elevation for each survey area and recorded the correlation coefficient and 

p-value (Table S1). Land cover classes with significant correlations with muskox group size 

were included as covariates in the corresponding regional or multi-regional DSM. 
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Statistical Analyses: Abundance and Density 

Density surface models (DSMs) are a cost-effective option for density modelling (Miller 

et al., 2013). They generate spatially explicit models capable of predicting total abundance and 

density of a population into a continuous map (La Morgia et al., 2015) as a function of 

observation-level covariates on detection probability, and can account for uncertain detection 

(Miller et al., 2013). DSMs rely on estimating a detection function, which encodes the 

relationship between distance and detection probability. This detection function can either be 

integrated into the density model (Miller et al., 2013) or be estimated separately as part of a 

staged approach. Following the recommendations of Miller et al. (2013), I followed the latter 

process and used a two-stage approach: (1) a detection function is fit to the data to obtain the 

detection probabilities for clusters (groups), and (2) counts are summarized per segment, and 

generalized additive models (GAMs) are constructed with these per segment counts as the 

response variable (Miller et al., 2013). Using this approach, I produced winter estimates of 

muskox abundance and density for each survey area individually, and then together in a 

combined multi-region analysis composed of data from all regional surveys that occurred in 

2020 and 2021.  

Stage One: Modelling the Detection Function 

In the first stage I used distance sampling data to model a detection function. Distance 

sampling relies on five main assumptions: (1) animals are distributed independently of the lines, 

(2) animals on the line are detected with certainty, (3) distances measured between the animals 

and the line are exact, (4) animals are detected at their initial location (i.e. before flight from the 

approaching aircraft), and (5) there is representative sampling of the survey region (Buckland, 

2001; Buckland et al., 2015). I converted muskox occurrence as presence only. The distances at 

which muskox are detected from the line are the predictor variable (x) and are used to estimate 
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the detection function f(x) and its response variable, the probability of detection (y), which is 

defined as the probability of detecting an animal at a given distance (x). I assumed muskox 

detection was an accurate representation of muskox occurrence (i.e., all muskox on the transect 

line are detected, and probability of detection decreases with distance from the line). The 

proportion of animals detected within a given strip can then be estimated by calculating the area 

under this function’s curve (Buckland et al., 2004; Cassey, 2008). The detection function is then 

used to infer how many animals or groups were missed to produce an adjusted estimate of 

abundance (Miller et al., 2019b).  

I modelled the detection function using the R package Distance version 1.0.6. Using the 

recorded survey GPS flight lines, I retraced the effective transect line in QGIS version 3.18.3 

(QGIS Development Team, 2022). Lines flown between take off and arrival at the designated 

transect lines were designated as “ferry” lines and lines flown between survey lines were 

designated as “connector” lines. Using the overhead muskox waypoints collected, I was able to 

measure the distance of each group to the transect line with the “Measure Line” function in 

QGIS (QGIS Development Team, 2022). Muskox group observations made on “ferry” lines were 

filtered out of the data set, and only observations located on-transect or on “connector” lines 

were included in the analysis. I tested and confirmed normality of muskox observation data using 

histograms and Q-Q plots in R (R Core Team, 2022). I determined a right truncation distance by 

running a uniform model, for each region and the multi-regional analysis separately, and 

truncating at the distance where detection probability fell between 0.15 and 0.10 or below 

(Rexstad, 2020). I aimed to be consistent across regions and the truncation distances ranged 

between 1.3 and 2.1 km. This common practice ensures that the detection function is not overly 

influenced by groups detected at great distances from the transect line (Miller et al., 2019b).  
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The Distance package and the MCDS method allows for the incorporation of covariates 

in addition to distance, into the detection function (Buckland et al., 2015; Miller, Rexstad, 

Thomas, et al., 2019). A wide variety of covariates can be recorded during population surveys 

and may affect estimates of detection probability, and ultimately density. Covariates can be static 

or dynamic, and biotic or abiotic in nature; in similar analyses, common important covariates 

with detection probability are animal cluster (group) size or observer (capacity or identity) 

(Buckland et al., 2015). In the GAM-based DSM framework (see Stage Two: Density Surface 

Modeling), I was limited by the fact that any variable used in the detection function will also be 

needed in the density model, requiring that variables also be available for empty transect 

segments (segments for which no observations are aggregated). As previously mentioned, this 

eliminates the ability to use group size, and “tracking”, as a covariate in the detection function, 

as there is no established method describing how to include this information on empty transect 

segments in the DSM. I included group size as a covariate in the detection function, though, due 

to the lack of established method on how to best include this information in the DSM, I did not 

use the group size model as the best fit model. That being said, when using count data, the 

default detection function already takes group size into account in the clustered analysis 

(Buckland et al., 2004; Miller et al., 2019b).  

I modelled muskox abundance as a function of detection probability using multiple 

combinations of parameters and variables. I tested four covariates: (1) muskox group size, (2) 

treeline location, (3) number of observers to account for differences in survey capacity, and (4) 

region (survey area) to account for overall regional survey differences. In addition, I tested three 

key functions, provided by the Distance package. Key functions determine the general shape of 
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the detection function. I tried the uniform (unif), half-normal (hn), and hazard-rate (hr), with 

cosine adjustment terms (Table S1).  

I modeled detection functions both regionally and combined within a 2020 and 2021 

multi-regional analysis to understand differences in estimated muskox density within and 

between regions. Using this approach, I ran 9 models in the 2018 East Arm survey analysis using 

a right truncation distance of 1.9 km, and the group size, and treeline model covariates. Capacity 

did not vary within the 2018 East Arm survey; therefore, this covariate could not be included in 

any models. I ran 5 models in the 2020 East Arm survey analysis using a right truncation 

distance of 2.1 km, and the group size model covariate. The 2020 East Arm survey also had the 

same daily capacity, and the entire survey area occurred below treeline; therefore, these 

covariates could not be included in any models. I combined the analysis for the Sahtú surveys 

and ran 17 models using a right truncation distance of 1.3 km, and the group size, treeline, and 

capacity model covariates. I ran 9 models for the Beaufort Delta survey using a right truncation 

distance of 1.8, and the group size, and treeline model covariates. The Beaufort Delta survey had 

the same daily capacity; therefore, this covariate could not be included in any models. Finally, I 

ran 33 models in the 2020 and 2021 multi-region analysis using a right truncation distance of 1.8, 

and the group size, treeline, capacity, and survey area model covariates. 

I weighed support for these detection function models using Akaike Information 

Criterion scores corrected for smaller sample sizes (AICc; Table S1) within a nested approach 

considering sample size limitations of my work; for survey areas with less than 100 group 

observations, I selected the most parsimonious model with only one or no model covariates. For 

the multi-regional analysis, where muskox group observations exceeded 200 (n = 237), I selected 

the most parsimonious model which had two model covariates. I identified the most 
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parsimonious model using the lowest AICc value, where I considered models with delta (Δ) 

AICc values of < 2 to explain the same weight of evidence relative to other models (Burnham & 

Anderson, 2002). Where multiple models had Δ AICc < 2, I only reported the most parsimonious 

model results. Results from all models, including models with Δ AICc < 2 can be found in Table 

S2. 

Stage Two: Density Surface Modeling 

The second stage of the analysis, the density surface model (DSM), is used to produce 

spatially explicit estimations of muskox density across each study area in the form of spatial 

density distribution maps. Given the detection function from stage one, the DSM produces 

abundance estimates beyond the transect lines and creates a continuous map of density estimates 

across the surveyed areas. I used the dsm package version 2.3.3 in R (Buckland et al., 2004; 

Miller et al., 2013; Miller et al., 2019a). The dsm package requires transects to be divided into 

segments, to which animal counts are assigned based on distance. Using QGIS, I split the 

transect lines into 5 km segments and joined muskox group observations to the nearest segment 

using the “Join Attributes by Nearest” function in QGIS. All spatial layers were projected using 

EPSG:3578 – NAD83 Yukon Albers projection, a projection that preserves area in high 

latitudinal regions (Snyder, 1997). 

The dsm package uses Generalized Additive Models (GAM) to fit per-segment 

abundance estimates across the entire study area as a function of predictor variables. A GAM is 

an extension of the generalized linear model (GLM) that allows the relationships between the 

explanatory variables and the response to be described by smoothed curves (usually splines) 

(Pedersen et al., 2019; Wood, 2006). I took a nested approach to testing landscape predictors for 

each region based on significant correlations results (Table S1), and strong vectors along PC1 
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and PC2 of the muskox occurrence PCA (Figure 2.5). Environmental covariates included 

elevation, treeline location, and five land cover classes: temperate or sub-polar needleleaf forest 

(TSPNF), sub-polar taiga needleleaf forest (SPTNF), sub-polar or polar shrubland-lichen-moss 

(SPPSLM), sub-polar or polar grassland-lichen-moss (SPPGLM) and water. I did not include 

environmental covariates with correlations r = >0.3 in the same models. Mean elevation and 

proportion of land cover values were extracted from a 2.1 km flat buffer around the middle point 

of each segment and were scaled. This buffer width corresponds to the largest truncation distance 

used in the detection function as 2.1 kms represents the furthest muskox observation from the 

transect line. Combinations of covariates used in each region can be found in Table S3.  

The number of splines in the DSM is set by the basis complexity (k) which determines 

the maximum degrees of freedom (df) in the model; however, models are expected to have 

smooths that use fewer df; therefore, the estimated degrees of freedom (edf) is expected to be 

lower than k. I tested many values (30, 60, and 120), and comparisons of k showed little change 

in the predicted mean modelled abundance and an artificial increase in deviance explained with 

increased k; therefore, I set k to the default value of 30, for all covariates except elevation and 

treeline. The default k of 30 led to an overfitting of the model, and an overestimation of muskox 

for the elevation covariate, and under dissolved maps for the treeline covariate, therefore, I tried 

many different values and set k to 20 for elevation, and k to 5 for treeline, which resolved the 

overfitting issues. I used the default thin plate splines for the predictor variable (x and y of the 

segments), elevation and land cover covariates, and a factor smooth for the treeline covariate, 

which allowed the smoothing factor to change with treeline. I used the Restricted Maximum 

Likelihood (REML) approach to measure the fit of the variance parameter for all models (Wood, 
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2006). I used the “count” formula for the DSMs, where muskox count (per segment) is the 

response variable, corrected for the detection function in stage one (Miller et al., 2019a). 

I used a similar nested approach to model selection as with the detection function 

modeling. I ran multiple models each using different combinations of variables to find the most 

parsimonious model. All models had an invariant basis; 1) they all used the most parsimonious 

detection function determined in stage one, and 2) they all used a common spatial two-

dimensional smooth using the x and y coordinates of each segment as the null variables. For each 

region and the multi-regional analysis, I fit and compared the Q-Q plots of the basis models 

using Quasi-Poisson, Tweedie, and Negative Binomial distributions, to determine the 

distribution that best fits the data. The Quasi-Poisson distribution is the default used for the dsm 

package, while the Tweedie and negative binomial distributions are the most common choices 

for DSM models that use count as a response variable (Miller, 2022; Miller et al., 2013; Roberts 

et al., 2016; Schroeder et al., 2014). Using the best fit distribution, I ran multiple models with 

different combinations of covariates depending on the region (Table S3). Given inherent 

overfitting issues with GAMs (Wood, 2006) I focus on top models with up to two environmental 

covariates; I identify and report the best fit single or two covariate models for each survey 

analysis, using the highest deviance explained (Miller, 2022; Roberts et al., 2016). 

To generate predictions from the best models for each analysis, I created survey area 

polygons from which I produced an array of 25 km2 grid cells overlapping each survey area. 

Mean elevation and proportion of land cover values were extracted from the entire grid cell and 

scaled using the same mean and SD as the buffers around the middle point of the segments. The 

best model was then used to predict mean modelled abundance and density/25 km2 of muskoxen 

to produce a spatial density distribution map over the corresponding survey area. 
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I conducted all data exploration and statistical analyses in R version 4.2.2 (R Core Team, 

2022) and I presented values as mean ± standard error (SE), as well as 95% confidence intervals 

(CI) unless otherwise indicated; density estimates from DSM analyses are presented as mean ± 

standard deviation (SD) and coefficient of variation (CV). To promote open, transparent, and 

reproducible practices, all analyses and code are available at this online repository: 

https://github.com/crentmeister/MScThesis_Ch2.  

Results 

Across regions 346 muskox groups were recorded, which ranged in size from 1 to 95 

individuals. Of these groups, 62 were observed above treeline, and 284 were observed below 

treeline. The 2018 East Arm survey area had the largest mean group size (19.5 ± 2.0) and the 

Sahtú survey areas had the smallest (9.3 ± 0.8). In 2020 the mean group size in the East Arm 

were slightly smaller than in 2018 (17.2 ± 2.1), and the mean group size in the Beaufort Delta 

survey area was of 12.0 muskoxen (± 1.7). Finally, the multi-region analysis had a mean group 

size of 13.4 muskoxen (± 0.8). Groups composed of only bull (male) muskoxen were detected in 

groups of 1-10 bulls. No groups of only cow (female) muskoxen were detected. Results of group 

size from the MCDS analysis are reported in Table 2.1 and Figure 2.4B. 

Habitat Associations with Muskox Occurrence 

Principal Component Analyses 

I tested for correlations between environmental covariates and detected some strong 

correlations between land cover classes. Treeline was strongly correlated with temperate or sub-

polar needleleaf forest (r = -0.41, p-value = 2.6e-15), sub-polar or polar shrubland-lichen-moss (r 

= 0.48, p-value = 2.2e-16) and sub-polar or polar grassland-lichen-moss (r = 0.67, p-value = 

2.2e-16). Temperate or sub-polar needleleaf forest and sub-polar or polar grassland-lichen-moss 

https://github.com/crentmeister/MScThesis_Ch2


61 
 

were also strongly correlated (r = -0.41, p = value = 2.7e-16). Principal component analyses did 

not reveal any consistently strong associations between muskox occurrences or group size and 

specific environmental covariates across regions. The first ordination associating muskox 

observation sites with environmental covariates (Figure 2.5) explains 42% of the variation in the 

data. PC1 explains 24% of the variation and is dominated by the associations with the temperate 

or sub-polar needleleaf forest, barren land lichen moss subclass, and sub-polar or polar 

grassland-lichen-moss vectors, while PC2 explains 18% of the variation and is dominated by the 

associations with the sub-polar taiga needleleaf forest and water vectors. The second ordination 

associating random sites with environmental covariates (Figure 2.6) explains 65% of the 

variation in the data. PC1 explains 41% of the variation and is also dominated by the associations 

with the temperate or sub-polar needleleaf forest, barren land lichen moss subclass, and sub-

polar or polar grassland-lichen-moss vectors, while PC2 explains 18% of the variation and is 

dominated by the associations with the sub-polar taiga needleleaf forest, water, and urban 

vectors. The clustering of muskox occurrences around vectors on the PCA (Figure 2.5) 

demonstrate that muskoxen are associating somewhat proportionally to what is available in the 

respective survey areas, though clustering of muskox occurrences around the origin and large 

overlaps between survey areas indicates that muskox are associating with something similar 

across regions. 

Muskox occurrences were positively associated with sub-polar or polar grassland-lichen-

moss and sub-polar or polar shrubland-lichen-moss land cover classes in the 2018 East Arm, 

Sahtú, and Beaufort Delta survey areas (Figure 2.5). However, the 2020 East Arm muskox 

occurrences were negatively associated with these land cover classes. Muskox occurrences were 

also positively associated with temperate or sub-polar grassland and water in the East Arm 



62 
 

survey areas, though muskox occurrences were also positively correlated with sub-polar taiga 

needleleaf forest in the Sahtu and Beaufort Delta survey areas, and temperate sub-polar 

needleleaf forest in the East Arm survey areas (Figure 2.5). As vectors are scaled differently 

between ordinations and the dispersion of points around vectors are a function of sample size, 

there are inconsistencies between the visualization of the muskox occurrence (Figure 2.5) and 

randomized (Figure 2.6) PCAs; however, many similarities are seen in the general clustering of 

points along on the land cover vectors of each ordination, which indicates that muskox 

occurrences are often within the land cover class that dominates the landscape in that region, but 

that selection for other environmental covariates may be occurring.  

Correlation Analyses 

Correlation analyses showed generally weak relationships between muskox group size 

and environmental covariates (Table S1). Only four land cover classes were significantly 

correlated with group size across survey areas (Figure 2.7). As predicted by the anti-predation 

hypothesis, group size was positively correlated with the proportion of sub-polar or polar 

shrubland-lichen-moss in the 2018 East Arm (r = 0.32, p-value = 0.0047) and Sahtú (r = 0.28, p-

value = 0.0075), and the proportion of sub-polar or polar grassland-lichen-moss land cover in the 

Sahtú (r = 30, p-value = 0.0050), Beaufort Delta (r = 0.38, p-value = 0.0032), and multi-region (r 

= 0.17, p-value = 0.0076; Table S1). Group size was significantly positively correlated with the 

proportion of water in the combined 2020 and 2021 multi region correlation test (r = 0.15, p-

value = 0.018). Finally, negative correlations were detected between group size and the 

proportion of some land cover classes that could reduce the ability to detect predators, such as 

temperate or sub-polar needleleaf forest, and significant negative correlations were detected 

between group size and the proportion of sub-polar taiga needleleaf forest land cover in the 

Sahtú (r = -0.21, p-value = 0.046), Beaufort Delta (r = -0.26, p-value = 0.043,) and combined 
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2020 and 2021 multi-region (-0.28, p-value = 4.2e-06; Table S1). The strength and direction of 

correlations varied between regions and environmental covariates, with only the Sahtú, Beaufort 

Delta, and multi-regional analyses demonstrating a significant correlation between muskox 

group size and multiple environmental covariates (Figure 2.7).  

Abundance and Density 

Stage One: Modelling the Detection Function  

The probability of detection in the 2018 East Arm analysis (Figure S5a) was best 

explained by a uniform (unif) model with no covariate (Table 2.1). This 2018 East Arm top 

model describes 39.2% of the weight of evidence, with two other models less than 2 Δ AICc 

difference describing a combined 36.2% of the weight of evidence (Table S2). This top model 

estimated a total abundance of 6,111 ± 1,206 muskoxen within the 2018 East Arm survey area. 

The probability of detection in the 2020 East Arm analysis (Figure S5b) was also best explained 

by a unif model with no covariate (Table 2.1). This 2020 East Arm top model describes 28.2% of 

the weight of evidence, with three other models less than 2 Δ AICc difference describing a 

combined 49.9% of the weight of evidence (Table S2). This top model estimated a total 

abundance of 9,312 ± 2,027 muskoxen within the 2020 East Arm survey area. For the 2020 and 

2021 Sahtú analysis, the probability of detection (Figure S5c) was best explained by a hr model 

and included a capacity covariate (Table 2.1), describing 18.6% of the weight of evidence, with 

three other models less than 2 Δ AICc difference describing a combined 34.7% of the weight of 

evidence (Table S2). This top model estimated a total abundance of 5,282± 1,040 muskoxen 

within the 2020 and 2021 Sahtú survey areas. The probability of detection in the 2021 Beaufort 

Delta analysis (Figure S5d) was best explained by a hr model with a group size covariate (Table 

2.1) which describes 37.0% of the weight of evidence (Table S2). However, as previously 

mentioned, there is no established method describing how to include group size information on 
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empty transect segments in the stage two DSM, and due to low sample size, I used the best single 

covariate (in this case no covariate) model for the detection function in the Beaufort Delta 

region. The hr, no covariate model describes 11.3 % of the weight of evidence and estimated a 

total abundance of 3,052 ± 649 muskoxen within the 2021 Beaufort Delta survey area. Finally, 

the probability of detection in the 2020 and 2021 multi-regional analysis (Figure S5e) was best 

explained by a hr model, with study area and capacity as covariates (Table 2.1), which describes 

22.0% of the weight of evidence with four other models less than 2 Δ AICc difference describing 

a combined 46.4% of the weight of evidence (Table S2). The model estimated a total abundance 

of 17,413 ± 2,371 muskoxen within the 2020 and 2021 multi-region survey areas. 

Stage Two: Density Surface Modelling  

To determine the best distribution to further compare density surface models (DSMs) 

containing environmental covariates, I ran and compared null models using the Quasi-Poisson, 

Tweedie, and Negative Binomial distributions for each survey area and the multi-region analysis. 

I examined the Q-Q plots to compare the fit of each distribution to the data; Tweedie distribution 

provided the best fit for null models. This distribution was used to further compare null models 

to models with environmental covariates. Environmental covariates included in the DSMs were 

elevation, treeline location, and five land cover classes: temperate or sub-polar needleleaf forest, 

sub-polar taiga needleleaf forest, sub-polar or polar shrubland-lichen-moss, sub-polar or polar 

grassland-lichen-moss and water.  

The best fit DSM for the 2018 East Arm analysis, determined by the deviance explained 

(17.7%), contained elevation and sub-polar or polar shrubland-lichen-moss environmental 

covariates (Table S3). However, this dataset is relatively small (n = 73 muskox observations); 

therefore, to avoid potential issues of model overfitting, I selected the best single covariate model 
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using deviance explained (16.4%), which contained elevation as a covariate. This model 

estimated a mean abundance of 10,139 ± 3,408 muskoxen with a CV of 33.6 %, and an average 

density of 3.2 muskoxen per 25 km2 (Table 2.2). The CV from the DSM containing elevation as 

a covariate is considerably higher than the null model (17.4%), which produced abundance and 

density estimates of 6,501 muskoxen (±1139), with a density of 2.1 muskoxen per 25 km2 (Table 

S1). The highest density of muskoxen was found in the north central portion of the survey area, 

with another high-density area found along the eastern shore of the East Arm of Great Slave 

Lake (Figure 2.8a).  

The best fit DSM model for the 2020 East Arm analysis, determined by the deviance 

explained (15.0%) contained elevation and temperate sub-polar needleleaf forest environmental 

covariates. (Table S3). Again, with a relatively small dataset (n = 98 muskox observations), to 

avoid potential issues of model overfitting, I selected the best single covariate model using 

deviance explained (14.3%), which contained elevation as a covariate. This model estimated a 

mean abundance of 11,490 ± 1,855 muskoxen with a CV of 16.1%, and an average density of 6.6 

muskoxen per 25 km2 (Table 2.2). The highest density of muskoxen was found on the south 

shore of the East Arm of Great Slave Lake between Łutsel K’e and Fort Resolution, with another 

high-density area found directly south of Łutsel K’e (Figure 2.8b). Model estimates indicate that 

abundance and density of muskoxen were highest in the East Arm region of mainland NWT. 

The best fit DSM model for the 2020 and 2021 Sahtú analysis, determined by the 

deviance explained (20.9%) contained sub-polar taiga needleleaf forest land cover and sub-polar 

or polar shrubland-lichen-moss environmental covariates (Table S3). This data set is relatively 

small (n = 85 muskox observations), so to avoid overfitting of the model, I chose the best single 

covariate model, using deviance explained (20.7%). The best single covariate model contained 
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the sub-polar or polar shrubland-lichen-moss environmental covariate, and estimated a mean 

abundance of 5,688 muskoxen, with a CV of 19.3%, and an average density of 1.2 muskoxen per 

25 km2 (Table 2.2). The highest density of muskoxen was found west of Great Bear Lake and 

north of Tulita (Figure 2.8c). 

The best fit DSM model for the 2021 Beaufort Delta analysis, determined by the 

deviance explained (29.3%) contained elevation and sub-polar or polar shrubland-lichen-moss 

land cover covariates (Table S3). This data set was the smallest (n = 55 muskox observations) 

and to avoid overfitting of the model, I chose the best single covariate model, using deviance 

explained (29.1%), which contained the sub-polar or polar shrubland-lichen-moss environmental 

covariate. This model estimated a mean abundance of 3,533 muskoxen, the lowest population 

within the survey areas considered in mainland NWT, with a CV of 22.2%, and an average 

density of 0.67 muskoxen per 25 km2 (Table 2.2). The highest density of muskoxen was found 

on the central most northern peninsula along the shore of the Beaufort Sea (Figure 2.8d). 

Finally, the best fit DSM model for the 2020 and 2021 multi-regional analysis, 

determined by the deviance explained (28.4%) contained both elevation and sub-polar or polar 

shrubland-lichen-moss environmental covariates. This model estimated a mean abundance of 

20,205 ± 2,417 muskoxen within the survey areas, with a CV of 12.0%, and an average density 

of 1.8 muskoxen per 25 km2 (Table 2.2). The highest regional densities of muskoxen were found 

in similar locations as the regional analyses (Figure 2.9). A visual comparison of muskox 

modelled mean abundance estimates (± SE) and how they differ per study area can be seen in 

Figure 2.10A, while Figure 2.10B illustrates a comparison of how mean density estimates (± SD) 

differ per study area. 
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 Discussion 

My thesis quantifies and compares winter group size, abundance, spatial density 

estimates, distributions, and habitat associations of muskox in three regions across mainland 

NWT using consolidated aerial distance sampling survey data. The current total estimate from 

these three regions is higher than previous years (Cuyler et al., 2019; Gunn et al., 2022; Kutz et 

al., 2017) and populations appear to be stable or increasing. Muskox grouping behaviour is an 

effective defence against predators, and group size increases in the winter season due to 

increased risk of predation (Lent, 1999; Reynolds, 1993; Tener, 1965); therefore, reported group 

sizes from these late winter surveys are likely at their annual maximum. Muskox abundance, 

density, and group size were all largest in the East Arm region, whereas, abundance and density 

were lowest in the Beaufort Delta region, and group size was lowest in the Sahtú region of 

mainland NWT. The best DSM models consistently included elevation and/or sub-polar polar 

shrubland-lichen-moss environmental covariates (Table 2.2). Neither the environmental 

covariates used in my analyses nor density appear to be strong indicators of group size 

consistently across regions; however, group size was often correlated with land cover that could 

increase vigilance and detection of predators (Table 2.1, Table 2.2, and Figure 2.7). Muskox 

occurrences are generally associated with available land cover within the respective survey areas, 

though muskoxen are also associating with a similar landscape component across all regions 

(Figure 2.5). This leads me to believe that there are other environmental variables in mainland 

NWT, perhaps correlated with elevation and/or sub-polar polar-lichen-moss, influencing muskox 

populations and grouping behaviour which might be important to investigate in future studies.  
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Quantifying Muskox Density and Distribution 

The total abundance estimation that I present, of 20,205 muskoxen across three regions in 

mainland NWT, indicates a continued increase in population from previous estimate of 

approximately 12,500 muskoxen in 2019 (Cuyler et al., 2019). The 2019 estimate was also an 

increase from an estimated 7,000-8,000 muskoxen in 2016 (Kutz et al., 2017). Prior to the 

estimate presented in my thesis total abundance estimates were derived by summing regional 

piecemeal estimates from 1997-2018. Statistical trend analyses were often difficult due to 

infrequent surveying and unavailable estimates of variance (Cuyler et al., 2019). The multi-

regional estimate of muskoxen is similar to the sum of the 2020 and 2021 regional estimates 

(20,711 muskoxen); however, the CV for the multi-regional estimate is considerably lower 

(Table S3) due to increased sample size and, therefore, considered to be more precise (Cuyler et 

al., 2022). Average estimates of density are lower in the multi-regional analysis, though density 

hotspots are similarly located, where the densest populations of muskoxen are found in the East 

Arm region, southwest of Łutselk’e (Figure 2.9). Given the similarity between regional and 

multi-regional population estimates and lower CV within the multi-regional analyses, combining 

regional data sets could refine density estimates at the larger scale of mainland NWT; however, 

future research should not focus on multi-regional analyses, as inherent regional variation is both 

biologically and statistically important.  

Contrary to predictions from both nutritional and anti-predation hypotheses, abundance 

and density estimates of muskoxen were highest in the East Arm region, though surveys 

previously indicated that highest abundance of muskoxen in mainland NWT occurred in the 

Beaufort Delta region (Davison & Branigan, 2014; Gunn et al., 2022). From 2010 to 2018 there 

was a significant population increase in the East Arm region, at a rate of approximately 21% 
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with a doubling rate of 3.3 years (Gunn et al., 2022). My analysis shows that population has 

continued to increase since, wherein the 2020 East Arm abundance estimate was nearly double 

the 2018 estimate (though these estimates are not indicative of a significant population increase 

due to their overlapping CI’s; Table 2.2). Between the winters of 2018 and 2020 density also 

increased and tripled in some regions within the East Arm survey areas (Figure 2.8a and 2.8b). 

These maps quantify the spatial extent of muskox range and demonstrate the range extends 

further southwest than their historical recorded boundary (Figure S1; Burch, 1977), though 

historic records of muskox distribution and range, prior to their depletion on the Canadian 

mainland in the late 1800s, is based on limited information. Comparisons between the 2010, 

2018, and 2020 surveys also support community and local observations that muskox abundance 

and density is continually increasing, and that their range is expanding southward in the East 

Arm area.  

In the Sahtú region, muskox populations appear to be stable. Confidence intervals 

associated with estimates of abundance from the 1997 and the 2020 and 2021 surveys overlapped 

(Rentmeister & Chan, 2022) showing no statistical significance between years. Rentmeister and 

Chan (2022) indicate that the proportion of calves and recruitment rate in the 2020 and 2021 

Sahtú survey areas were lower than previously documented. This could be indicative of a 

density-dependent response associated with a population reaching carrying capacity or could 

reflect predation pressure. The 2020 and 2021 spatial density distribution map (Figure 2.8c) 

indicates that the highest abundance estimates and highest density of muskoxen in the Sahtú are 

aggregated west of Great Bear Lake and northeast of Norman Wells. Though Indigenous 

Knowledge (IK) regarding muskox populations in this region is limited (Winbourne & Benson, 

2021), community members have mentioned that muskox occurrences and sightings in and 
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around the southern Sahtú communities have become more frequent in recent years (Seleie, 

personal communication, May 20, 2021). Together this could indicate that muskox populations 

are expanding their range southwest in the Sahtú region of mainland NWT – a similar pattern to 

what is occurring in the East Arm region.  

Contrary to predictions from both nutritional and anti-predation hypotheses, abundance 

and density estimates in the Beaufort Delta survey were the lowest of the three surveyed regions. 

The 2021 survey area overlapped the previously surveyed area in 2009 and was expanded further 

southwest into the Gwich’in Settlement Area in response to incidental observations of muskoxen 

(Davison, 2021). In 2009 (Gunn et al., 2022), muskox populations appeared to be increasing, 

however, previous and current estimates have overlapping confidence intervals, implying 

population stability through space and time. Davison and Branigan (2014) suggested that in 

2009, muskoxen had expanded their range west from previous surveys, and this trend appears to 

have continued in the 2021 survey (Figure 2.3 and Figure 2.8), with muskox observations and 

distribution patterns extending further west than in 2009 (Davison & Branigan, 2014). There is 

currently little evidence of overlap between endemic muskox populations of NWT and the re-

introduced populations from Alaska and the Yukon North Slope (Gunn et al., 2022), but if 

muskoxen in the Beaufort Delta region continue to expand their range west, interactions between 

these two populations could alter population dynamics and lead to an increased spread of 

parasites and diseases (Cuyler et al., 2019). 

Muskox Habitat Associations 

The presence of animals does not imply selection of habitat, as the interpretation of 

occurrence cannot always differentiate locations actively selected by an animal and locations 

occupied by an animal in transit or during exploration (Beyer et al., 2010). Furthermore, habitat 
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selection cannot be inferred through the associations I detect in my analyses, as I did not conduct 

a paired used/available habitat analysis, but I attempted to use these associations to better predict 

where muskoxen may occur. The best DSM models predicting muskox abundance and density 

included elevation, a landscape component I classified as being nutritionally important, and/or 

sub-polar polar shrubland-lichen moss, which I classified as important both nutritionally and as 

an anti-predatory land cover (Table 2.2). However, models with environmental covariates did not 

always substantially differ from the null model. Deviance explained was not substantially 

improved (2-5%) when adding one or more environmental covariates to the model, and CV 

increased or was similar to the null model. Estimates of abundance and density from models with 

environmental covariates were also sometimes close to the null models (Table S3). This indicates 

that the environmental covariates included in the DSMs may not be best representing muskox 

habitat associations or the appropriate spatial scale at which they select habitat; furthermore, 

these environmental covariates were not strong predictors of muskox abundance and density 

estimates.  

Contrary to both my nutritional and anti-predation predictions, the highest density of 

muskoxen in the East Arm region is aggregated in a region with high occurrence of temperate or 

sub-polar needleleaf forest and temperate or sub-polar grassland (Canada Centre for Remote 

Sensing et al., 2022) and at the periphery of their southern range. Conversely, van Beest et al. 

(2023) recently detected a rapid northward shift of suitable habitat for muskoxen. The theory of 

density-dependent habitat selection predicts that as population density increases, the use of 

higher quality habitat will decline, and use of lower quality or secondary habitat will increase 

(Lucas & Fretwell, 1970; van Beest et al., 2014). However, the East Arm muskox population is 

increasing, with a calf percentage at a near-maximum (Adamczewski et al., 2021); therefore, this 
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population at the leading edge of the range is likely not nutritionally limited. Muskox 

productivity studies on a recently established population in Alaska showed that reproductive 

rates increased from north to south, perhaps in relation to increased plant productivity and longer 

growing seasons (Jingfors & Klein, 1982; Klein & Bay, 1990). Tomassini et al. (2019) also 

found evidence of muskoxen using a wider variety of habitats as their density increased. This 

contemporary southern range expansion could be a result of seeking a wider variety of habitat to 

support a larger muskox population as their density increases. Calf percentages from the 2020 

and 2021 surveys in the Sahtu region were substantially lower than previously recorded (Veitch, 

1997), while population estimates have remained generally consistent (Rentmeister & Chan, 

2022). The southern range expansion of muskox populations in the Sahtú region could be equally 

influenced by a need to support a population that has reached its carrying capacity.  

Muskox occurrence (Figure 2.5) and randomized (Figure 2.6) PCAs contain important 

caveats that are worth discussing. Muskox are known to be opportunistic foragers (Klein & Bay, 

1990), with a non-specific and broad diet, making it reasonable for them to associate with the 

most abundant land cover. The strong association between the randomized points in the south 

Sahtú survey area and the temperate sub-polar shrubland land cover (Figure 2.6) is not equally 

represented in the muskox observation points (Figure 2.5), likely because the Mackenzie River 

may act as a barrier to muskox accessing this habitat type that predominantly occurs west of the 

river. The difference between the dispersion of muskox occurrences points (Figure 2.5) and the 

random points (Figure 2.6) around the environmental covariate vectors and the origin maybe 

primarily a function of the different sample sizes (N = 34,600 for random PCA and N = 346 for 

muskox group PCA), as seen by the overlap in points in Figure S6 where I produced a PCA 

using the proportion of land cover within the buffered area around the random points from only 
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three trials (N = 1,038) versus the average proportions from 100 trials (Figure 2.6). Despite this, 

the overlap of muskox occurrence points around the origin supports the generality that muskoxen 

are associating with a landscape component that is similar across regions; and this is also 

reflected in the consistent covariates within top models from my other analyses (eg. DSMs; 

Table S3). Therefore, there may be other environmental covariates not included in this analysis 

that are important to consider in future.  

Habitat selection can be a hierarchical process (Ihl & Klein, 2001; Johnson, 1980), and 

muskox density and distribution may be strongly influenced by selection decisions at finer scales 

(Schaefer & Messier, 1995a, 1995b) not sufficiently represented in the pixel averages of muskox 

observation buffer zones (Beumer et al., 2019). As this data was collected in the late-winter 

season, and muskoxen are affected by snow depth and hardness (Ihl & Klein, 2001), snow depth 

may be a better environmental indicator of muskox occurrences. Incidental observations of 

muskox groups in the East Arm region and elsewhere suggest that throughout winter muskoxen 

may persist in areas with wind-swept snow cover and suitable foraging conditions for days and 

possibly weeks (Adamczewski et al., 2021). Changing precipitation patterns and increasing 

extreme weather and rain on snow events in the Arctic and in northern regions (Meltofte et al., 

2013; Rahmstorf & Coumou, 2011) could also be influencing their distribution and southward 

range expansion. Habitat use can also be influenced by many other factors, such as mate 

selection, biogeographical constraints, inter- and intraspecific competition, and predation 

(Morris, 1989). In support of my anti-predation hypothesis, in most regions there were 

significant positive correlations between muskox group size and land cover classes that increase 

line of sight to predators or weak but significant negative correlations with land cover classes 

that decrease line of sight to predators, though there were regional variations in the correlated 
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land cover (Figure 2.7). Previous studies have found that regional differences in muskox group 

size were related to wolf densities, while seasonal differences in group size are related to snow 

depth (Heard, 1992). In mainland NWT density and efficacy of predators and/or snow depth 

could also be influencing the regional variations in muskox occurrences and group size. 

Currently, there is little information available regarding predator populations and predation rates 

(but see: Anderson et al., 2016; Arthur & Vecchio, 2017; Boulanger & Branigan, 2020; Gunn et 

al., 2022; Mulders, 2000; Reynolds et al., 2002) or snow depth data (but see: Brown & Brasnett, 

2010; Finnish Meteorological Institute, 2023) in mainland NWT. Limited spatially explicit 

predator and snow data represent northern data gaps that if further investigated would benefit our 

understanding of northern ungulate ecology.  

Model Limitations and Future Recommendations 

Aerial surveys have certain advantages; notably, they can cover extensive areas in a 

relatively short period of time, movement of wildlife in response to the aircraft is generally less 

of a problem, and aerial photographs help to estimate group size accurately (Buuveibaatar et al., 

2017). There are also many limitations with aerial surveys, including observer error, visibility 

bias, and compromised detectability of animals near the flight line due to the configuration of the 

aircraft (Buckland et al., 2015). These limitations were attempted to be mitigated in the field by 

increasing the number of observers in the aircraft (capacity), decreasing speed and altitude of 

flight (Caughley, 1974), capturing high resolution photographs of muskox groups to limit 

counting error, and by focussing observations forward in attempt to detect animals before 

responsive movement occurred. Other limitations in the research summarized here included 

variation in survey methods detailed above in the methods section. In attempting to control for 

these limitations, I sought to include some field method variations as covariates in my statistical 
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analysis; however, not all variations, such as “tracking” that occurred in the 2020 East Arm 

survey, were able to be accounted for (see: Stage One: Modelling the Detection Function) and 

furthermore could be overestimating abundance and density of muskoxen in the corresponding 

survey area. In future surveys it may be beneficial to standardize and co-ordinate the survey 

design used across the territory as much as possible.  

DSMs project density and distribution estimates across the entire survey area, which can 

result in abundance and density estimations outside of the species observed range, possibly 

increasing population estimates. This could specifically affect population estimates in the Sahtú, 

as the survey area extended west of the Mackenzie River and south of Great Bear River, regions 

in which muskox range has not yet expanded. Other existing limitations in the models I present 

are the uncertainty estimations. Currently, the function in the dsm package assumes 

independence of the detection function from the abundance estimation in the DSM (Miller et al., 

2013) and thus, doesn’t propagate the uncertainty from stage one (the detection probability 

function) into the stage two analysis (the density surface model). There are efforts to incorporate 

this uncertainty propagation (Miller et al., 2019a), though, this code has not yet been 

implemented successfully (Rexstad, 2023). Therefore, it is important to note that my estimation 

of variance is conservative, and the uncertainty presented in this report is likely narrower than it 

may be once the detection probability is considered. However, this will likely not change 

population trends that I infer, as previous and current estimates already have overlapping 

confidence intervals.  

The precision of some ungulate population surveys is often low with CVs commonly 

around 30% (Buuveibaatar et al., 2017; Kaczensky et al., 2015). For muskox surveys in the 

NWT, it is recommended that the CV be between 10-15% (Graf & Case, 1989; Gunn et al., 
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2022), though large survey areas and low animal density can cause the CV to increase. 

Muskoxen tend to be clumped in distribution and densities are often low, which can also lead to 

high variance on abundance estimates. The precision of estimates for muskox abundance and 

density in the surveys reviewed here were between 12.0 and 22.2%, which is acceptable 

considering the large size of survey areas covered and the clumped distribution common in this 

species. Though, when direct comparisons of population estimates are possible over multiple 

years, wide confidence intervals make the detection of population trends challenging 

(Buuveibaatar et al., 2017). Uniformity in survey location and consistency in time between 

surveys could increase precision of muskox abundance and density estimates in future surveys.  

These surveys covered large areas, resulting in many segments with zero observations; 

however, this is a trait inherent in many studies with low density and large spatial extents 

(Miller, 2022; Rextad, personal communication, March 21, 2023). Increasing the length of each 

segment used in the stage two DSM analysis would decrease the number of zeros in the data set; 

however, more segments would contain observations, increasing count of animals/segment, 

which would artificially increase estimates of abundance and density. Zero inflation (Zuur et al., 

2009) could affect abundance estimates produced by DSMs but has not yet been explored by 

others using distance sampling data. Therefore, there is no published evidence that removal of 

zeros would be beneficial to these DSM analyses (Miller et al., 2013).  

Conservation and Management Implications 

Abundance and density estimations are essential for assessing species status and 

determining effective wildlife conservation and management efforts (Burgar et al., 2018; 

Williams et al., 2002). In the NWT, management of muskoxen requires reliable estimates of 

population abundances and an understanding of distribution patterns to set sustainable harvest 
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quotas (Graf & Case, 1989; Kachel et al., 2017), mitigate human-wildlife conflicts (McGregor et 

al., 2015), and investigate concerns around apparent competition with other ungulate species 

(Jenkins et al., 2020).  

Following Veitch’s (1997) recommendation, I support the recommendation that future 

aerial muskox surveys should continue to overlap current areas and expanded survey efforts 

should prioritize monitoring of population dynamics in areas of concern, such as west of the 

Mackenzie River (from the Sahtú up into the Beaufort Delta regions), south of Great Bear River, 

and past the southwestern boundary of muskox occurrence in the East Arm region. Though 

muskoxen appear to be expanding their range southward, and there is little evidence of muskox 

occurrence northeast of the East Arm regions, it may be important to include that region in future 

survey stratifications as it is included in the winter range of the Cape Bathurst and Bluenose-East 

caribou herds (Government of Northwest Territories & Tłı̨cho˛ Government, 2020; Nagy et al., 

2005). Management efforts in this region targeting wolves (Government of Northwest Territories 

& Tłı̨cho˛ Government, 2020) could also indirectly affect muskox population dynamics.  

Future efforts to understand muskox range expansion and habitat associations within 

treed regions should be combined with finer grained information captured over longer periods of 

time such as telemetry data (Hebblewhite & Haydon, 2010), camera trap data (Burton et al., 

2015), or vegetation and snow depth data. Scientific methods of population monitoring are often 

challenging, both logistically and financially, in remote northern regions (Tomaselli et al., 2018). 

Fortunately, muskox distribution within mainland NTW occurs across important land for 

subsistence users who hold extensive ecological knowledge of the environment, and who can be 

key in the early detection of changes in wildlife populations (Tomaselli et al., 2018). Engaging 

and involving resource users in the collection of traditional and on-the-land observations can 



78 
 

supplement scientific methods and aid in determining the extent and locations of future stratified 

aerial survey efforts.  

Conclusion 

My analyses indicate muskox population stability in the Sahtú and Beaufort Delta 

regions, and continued population growth in the East Arm region of mainland NWT where 

muskox population and group size were comparatively largest. Muskox late-winter range 

expansion in the East Arm appears to be continuing southward beyond their historical boundary. 

The cause for the continued southward expansion of muskox range remains unclear as I failed to 

reject either of my hypotheses. I could not explicitly infer that the observed muskox population 

increase, and range expansion are a result of the nutritional or predatory landscape alone, 

although my results suggest that high population density, could be resulting in muskoxen seeking 

a wider variety of resources to support these populations. Snow depth and predator densities 

could also be influencing this range expansion, though further investigation would be needed to 

test these hypotheses. Muskox occurrence was not specifically associated with any anti-predator 

landcover across regions (Figure 2.5), though group size was significantly positively correlated 

with land cover that could improve predator detection through increased line-of-sight (Figure 

2.7). Due to the fluctuating nature of this species’ population numbers, and the continued interest 

concerning competition with other ungulates, it is important to continue and expand future 

monitoring efforts past current known distribution boundaries and into areas of high stakes. 

Additionally, supplementing aerial survey data with data collected at finer scales, through 

scientific and traditional methods, will be instrumental in continuing the investigation into the 

southward range expansion of muskoxen in mainland NWT. 
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Tables 
Table 2.1 Muskox abundance and mean group size from four survey areas and a multi region analysis in mainland Northwest Territories, 

determined by the most parsimonious model from the multiple covariate distance sampling (MCDS) analysis in stage one (modelling 

the detection function; Covariates = 1 is the null model). A full comparison of all models for each survey area can be viewed in Table 

S2. 

Survey 

Area 

Key 

Function 
Covariate(s) 

Right 

Truncation 

(km) 

Total 

Abundance 

SE 

(±) 
95% CI 

CV 

(%) 

Mean 

Group 

Size 

SE 

Group 

Size (±) 

Total 

Groups 

Truncated 

Groups 

East Arm 

2018 
Uniform 1 1.9 6,111.3 1,206.3 

4,142.4 – 

9,016.1 
19.7 19.5 2.0 76 73 

East Arm 

2020 
Uniform 1 2.1 9,312.2 2,027.2 

6,062.5 – 

14,303.8 
21.8 17.2 2.1 110 98 

Sahtú 
Hazard 

Rate 
Capacity 1.3 5,281.7 1,040.3 

3,589.5 – 

7,771.6 
19.7 9.3 0.8 89 85 

Beaufort 

Delta 

Hazard 

Rate 
1 1.8 3,051.6 648.8 

2,011.5 – 

4,629.4 
21.3 12.0 1.7 59 55 

Multi-

Regional 

Analysis 

Hazard 

Rate 

Study Area 

+ Capacity 
1.8 17,412.9 2,371.3 

13,323.0- 

22,758.3 
13.6 13.4 0.8 259 237 
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Table 2.2 Muskox modelled mean abundance and density estimations per 25km2, from four survey areas and a multi region analysis in 

mainland Northwest Territories, determined by the best DSM in stage two (density surface modelling). A full comparision of all models 

for each survey area can viewed in Table S3. 

Survey Area Distribution 
Environmental 

Covariate(s) 

Modelled Mean 

Abundance 

SE 

(±) 
95% CI 

Total CV 

(%) 

Density 

(/25km2

) 

SD 

East Arm 2018 Tweedie Elevation 10,138.5 3,408.4 
5,338.7 – 

19,253.7 
33.6 3.2 2.3 

East Arm 2020 Tweedie Elevation 11,490.2 1,854.7 
8,391.0 – 

15,734.1 
16.1 6.6 4.8 

Sahtú Tweedie 
Sub-polar or polar 

shrubland-lichen-moss 
5,687.6 1,098.2 3,909.0 – 8,275.6 19.3 1.3 1.2 

Beaufort Delta Tweedie 
Sub-polar or polar 

shrubland-lichen-moss 
3,532.6 784.6 2,297.8 – 5,431.0 22.2 0.67 1.1 

Multi-Regional 

Analysis 
Tweedie 

Elevation + Sub-polar 

or polar shrubland-

lichen-moss 

20,205.0 2,417.0 
15,995.5– 

25,522.4 
12.0 1.8 2.8 
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Figures 

 
Figure 2.1 2018, 2020, and 2021 muskox aerial survey areas within the Inuvialuit and Gwich'in, and Sahtú Dene and Métis Settlement 

Lands, and overlapping the Thaidene Nëné Indigenous Protected Area. Red dots indicate Northwest Territories communities inside the 

survey areas or communities out of which surveys were flown. 
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Figure 2.2 Northwest Territories Ecoregions within which the 2018, 2020, and 2021 aerial muskox survey areas occur. 
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Figure 2.3 Aerial transect lines, and overhead GPS points of muskox group observations, from the 2018, 2020, and 2021 surveys in 

mainland Northwest Territories; where the 2018 and 2020 East Arm survey areas are located in the southeast, the 2020 and 2021 Sahtu 

survey areas are located centrally, and the Beaufort Delta survey area is located in the northern most region in the map. 
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Figure 2.4 A) Total abundance of muskoxen (± SE), as modeled by the detection function in stage one of my analysis; and B) average 

muskox group size (± SE) estimated using aerial distance sampling survey data collected across four survey areas and a multi region 

analysis in mainland Northwest Territories (2018-2020). 
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Figure 2.5 A Principal Component Analysis representing associations between environmental covariates and muskox group occurrences 

across five survey areas in mainland Northwest Territories. The proportion of land cover (%), mean elevation (m), and treeline as a 

binary variable (0 = below, 1 = above) were quantified within a 500 m buffered area around each muskox observation site. Group size 

is represented by the diameter of the observation point and colour is representative of the five survey areas investigated across mainland 

Northwest Territories.  
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Figure 2.6 Principal Component Analysis representing associations between environmental covariates and samples of random points 

across five survey areas in mainland Northwest Territories. Each survey area sample is equal to the number of muskox observations in 

each survey area with the same 500 buffer. The proportion of land cover (%), mean elevation (m), and treeline as a binary variable (0 = 

below, 1 = above) were quantified within each buffered area and averaged over 100 trials.  
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Figure 2.7 Correlations between group size and environmental variables found in the 500 m buffer 

around muskox occurrence points in four survey areas and a multi region analysis in mainland 

Northwest Territories; where blue squares represent negative correlations, red square represent 

positive correlations, and grey squares are representative of a non-applicable correlation as this 

land cover did not occur within the muskox occurrence buffered zones in the corresponding survey 

area. Significance of correlations are described within the squares using * (p<0.05) and ** (p<0.01) 
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Figure 2.8 Regional spatial density 

distribution maps from the stage two 

DSM analyses, where a) East Arm 2018 

and includes elevation as an 

environmental covariate, b) East Arm 

2020 and includes elevation as an 

environmental covariate, c) Sahtú 2020 

and 2021 and includes sub-polar polar 

shrubland-lichen-moss as an 

environmental covariate, and d) 

Beaufort Delta 2021 and includes sub-

polar polar shrubland-lichen-moss as an 

environmental covariate, illustrating 

densities calculated on 25 km2 grid cells 

with, dark blue indicating the lowest 

density of muskox (0-3.4 muskoxen per 

25 km2) and dark red indicating the 

highest density of muskox (21.2-24.6 

muskoxen per 25 km2). 
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Figure 2.9 Comparison of spatial density distribution maps from the 2020 and 2021 multi region analysis (left) and compilation of the 

regional 2020 and 2021 survey analyses (right), illustrating densities calculated on 25 km2 grid cells, with dark blue indicating the lowest 

density of muskox (0-3.4 muskoxen per 25 km2) and dark red indicating the highest density of muskox (21.2-24.6 muskoxen per 25 

km2).
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Figure 2.10 A) Modelled mean abundance of muskoxen (± SE) from the stage two DSM analysis in each of four survey areas and a 

multi region analysis in mainland Northwest Territories; B) average density of muskoxen per 25 km2 (± SD) in each survey area. 
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Supplemental Information 

Tables 

Table S1 Correlations between Land Cover of Canada (2020) classifications and elevation, and muskox group size across four survey 

areas and a multi region analysis in mainland Northwest Territories. Correlations with a p-value < 0.05 represents a statistically 

significant correlation and are bolded. NAs represent land cover classes with zero muskox observations.  

Environmental Variable Description Survey Area Pearson’s r p-value 

Temperate or sub-polar 

needleleaf forest 

(TSPNF) 

Forests generally taller than 3 meters and more 

than 20% of total vegetation cover, crown cover 

contains at least 75% of needleleaved species 

East Arm 2018 -0.17 0.14 

East Arm 2020 -0.13 0.19 

Sahtú -0.057 0.59 

Beaufort Delta -0.029 0.83 

Multi Region 0.042 0.0.51 

Sub-polar taiga 

needleleaf forest 

(SPTNF) 

Forest and woodlands with trees generally taller 

than 3 meters and more than 5% of total 

vegetation cover with shrubs and lichens 

commonly present in the understory. 

East Arm 2018 -0.14 0.24 

East Arm 2020 0.036 0.71 

Sahtú -0.21 0.047* 

Beaufort Delta -0.26 0.043* 

Multi Region -0.28 4.2e-06** 

Mixed-Forest 

(MF) 

Forests generally taller than 3 meters and more 

than 20% of total vegetation cover.  Neither 

needleleaf nor broadleaf tree species occupy more 

than 75 percent of total tree cover but are co-

dominant. 

East Arm 2018 -0.11 0.33 

East Arm 2020 -0.089 0.10 

Sahtú -0.088 0.41 

Beaufort Delta 0.029 0.83 

Multi Region 0.018 0.77 

Temperate or sub-polar 

shrubland 

(TSPS) 

Areas dominated by woody perennial plants with 

persistent woody stems less than 3 meters tall and 

typically greater than 20% of total vegetation. 

East Arm 2018 0.020 0.86 

East Arm 2020 0.038 0.70 

Sahtú -0.10 0.35 

Beaufort Delta -0.097 0.46 

Multi Region -0.049 0.44 

Temperate or sub-polar 

grassland 

(TSPG) 

Areas dominated by graminoid or herbaceous 

vegetation, generally accounting for greater than 

80% of total vegetation cover. 

East Arm 2018 -0.12 0.30 

East Arm 2020 0.045 0.64 

Sahtú -0.032 0.77 

Beaufort Delta -0.068 0.60 

Multi Region 0.11 0.072 
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Sub-polar or polar 

shrubland-lichen-moss 

(SPPSLM) 

Areas dominated by dwarf shrubs with lichen and 

moss typically accounting for at least 20% of total 

vegetation cover. 

East Arm 2018 0.32 0.0047** 

East Arm 2020 0.12 0.22 

Sahtú 0.28 0.0075** 

Beaufort Delta -0.075 0.57 

Multi Region 0.048 0.44 

Wetland 

(WET) 

Areas dominated by perennial herbaceous and 

woody wetland vegetation, influenced by water 

table at or near surface over extensive periods of 

time.  Includes marshes, swamps, bogs where 

water is present for a substantial period annually 

East Arm 2018 -0.10 0.39 

East Arm 2020 -0.13 0.16 

Sahtú 0.15 0.15 

Beaufort Delta -0.19 0.14 

Multi Region -0.035 0.58 

Barren Lands 

(BAR) 

Areas characterized by bare rock, gravel, sand, 

silt, clay, or other earthen material, with little or no 

"green" vegetation present regardless of its 

inherent ability to support life. Generally, 

vegetation accounts for less than 10% of total 

cover 

East Arm 2018 0.0099 0.93 

East Arm 2020 -0.042 0.66 

Sahtú -0.042 0.70 

Beaufort Delta -0.11 0.39 

Multi Region -0.065 0.30 

Sub-polar or polar 

grassland-lichen-moss 

(SPPGLM) 

Areas dominated by grassland with lichen and 

moss typically accounting for at least 20% of total 

vegetation cover. 

East Arm 2018 -0.082 0.48 

East Arm 2020 0.019 0.84 

Sahtú 0.30 0.0050** 

Beaufort Delta 0.38 0.0032** 

Multi Region 0.17 0.0076** 

Water 

(WAT) 

Areas of open water, generally with less than 25% 

cover of non-water cover types.  This class refers 

to areas that are consistently covered by water 

East Arm 2018 0.048 0.68 

East Arm 2020 0.17 0.077 

Sahtú 0.14 0.19 

Beaufort Delta -0.053 0.69 

Multi Region 0.15 0.018* 

Sub-polar or polar 

barren-lichen-moss 

(SPPBLM) 

Areas dominated by a mixture of bare areas with 

lichen and moss that typically account for at least 

20% of total vegetation cover. 

East Arm 2018 NA NA 

East Arm 2020 NA NA 

Sahtú 0.032 0.77 

Beaufort Delta -0.056 0.67 

Multi Region -0.022 0.72 

Temperate or sub-polar 

broadleaf deciduous 

forest 

(TSPBDF) 

Forests generally taller than 3 meters and more 

than 20% of total vegetation cover. Greater than 

75 % of tree crown cover represented by 

deciduous species. 

East Arm 2018 0.11 0.34 

East Arm 2020 0.078 0.42 

Sahtú NA NA 

Beaufort Delta NA NA 
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Multi Region 0.076 0.22 

Elevation 

Polar Geospatial Center ArcticDEM Mosaic 

database with 10 metre resolution used to extract 

the average Elevation in each the buffered areas 

East Arm 2018 0.14 0.24 

East Arm 2020 -0.061 0.53 

Sahtú -0.037 0.73 

Beaufort Delta -0.22 0.088 

Multi Region -0.10 0.10 

Urban and Built-up 

(URB) 

Areas that contain at least 30 percent or greater 

urban constructed materials for human activities 

(cities, towns, transportation etc.). 

NA 

Snow and Ice 

(SNOW) 

Areas characterized by a perennial cover of ice 

and/or snow, generally greater than 25% of total 

cover. 

NA 

Cropland 

(CROP) 

Areas dominated by intensively managed crops. 

These areas typically require human activities for 

their maintenance. This includes areas used to 

produce annual crops. 

NA 

Mixed Forest Broadleaf 

Subclass 

(MFBL) 

Temperate or sub-polar broadleaf deciduous forest 

fractions with the mixed forest fractions to create a 

mixed forest broadleaf subclass 

NA 

Barren Land Lichen 

Moss Subclass 

(BARLM) 

The sub-polar or polar barren-lichen moss 

fractions with the barren land fractions to create a 

barren land lichen moss subclass. 

NA 
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Table S2 Conventional distance sampling models help to estimate abundance for four aerial muskox survey areas and a multi region 

analysis in mainland Northwest Territories. Truncation distances were determined at the distance where detection probability fell 

between 0.15 and 0.10 or below. A combination of standard key detection (Uniform (unif), Half-normal (hn), and Hazard-rate (hr)) and 

specific co-variates hypothesized to affect muskox detection probability within each survey area were explored. Models were competed 

using AICc, where the model with the highest weight for each survey area is bolded. 

Key Function 
Truncation 

(km) 

Covariates 

(1= null) 
AICc Δ AICc 

Weight 

(%) 
Abundance SE 

CV 

(%) 

East Arm 2018 

unif 1.9 ~1 67.57 0.00 39.2 6,111.3 1,206.3 19.7 

hn 1.9 ~1 69.00 1.42 19.2 6,470.3 1,371.2 21.2 

hn 1.9 ~size 69.25 1.67 17.0 5,748.4 1,329.9 23.1 

hr 1.9 ~1 70.96 3.39 7.2 6,596.2 1,520.7 23.1 

hn 1.9 ~treeline + size 70.98 3.40 7.1 5,592.2 1,281.5 22.9 

hn 1.9 ~treeline 71.04 3.47 6.9 6,440.6 1,386.0 21.5 

hr 1.9 ~size 73.58 6.01 1.9 7,459.3 2,400.0 32.2 

hr 1.9 ~treeline 75.48 7.90 0.8 4,877.5 982.3 20.1 

hr 1.9 ~treeline + size 75.84 8.26 0.6 6,065.0 1,640.3 27.0 

East Arm 2020 

unif 2.1 ~1 58.48 0.00 28.2 9,312.2 2,027.2 21.8 

hn 2.1 ~1 58.50 0.02 27.9 10,232.1 2,363.2 23.1 

hr 2.1 ~1 58.98 0.50 22.0 9,019.9 2,111.6 23.4 

hn 2.1 ~size 59.25 0.77 19.2 9,709.7 2,221.7 22.9 

hr 2.1 ~size 63.11 4.62 2.8 25,210.7 10,410.5 41.3 

Sahtú 

hr 1.3 ~capacity 0.03 0.00 18.6 5,281.7 1,040.3 19.7 

hr 1.3 ~capacity + treeline 0.83 0.80 12.5 5,286.8 1,041.3 19.7 

hr 1.3 ~1 1.02 0.99 11.3 5,223.6 1,027.9 19.7 

hr 1.3 ~treeline 1.10 1.07 10.9 5,243.2 1,035.1 19.7 

hr 1.3 ~capacity + size 2.20 2.17 6.3 5,360.3 1,167.0 21.8 

hn 1.3 ~1 2.52 2.49 5.4 5,623.2 1,065.7 19.0 

hn 1.3 ~treeline 2.66 2.64 5.0 5,656.7 1,084.0 19.2 

unif 1.3 ~1 2.73 2.71 4.8 5,365.0 942.6 17.6 

hr 1.3 ~capacity + treeline + size 3.01 2.99 4.2 5,405.7 1,180.6 21.8 

hn 1.3 ~capacity 3.10 3.07 4.0 5,691.1 1,075.9 18.9 
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hr 1.3 ~size 3.16 3.14 3.9 5,268.7 1,129.8 21.4 

hr 1.3 ~treeline + size 3.23 3.20 3.8 5,395.3 1,178.0 21.8 

hn 1.3 ~capacity + treeline 3.84 3.81 2.8 5,709.8 1,089.0 19.1 

hn 1.3 ~treeline + size 4.39 4.37 2.1 6,042.4 1,464.7 24.2 

hn 1.3 ~size 4.40 4.37 2.1 5,903.4 1,385.5 23.5 

hn 1.3 ~capacity + size 5.16 5.14 1.4 5,875.7 1,348.8 23.0 

hn 1.3 ~capacity + treeline + size 5.81 5.79 1.0 6,000.2 1,425.5 23.8 

Beaufort Delta 

hr 1.8 ~size 52.30 0.00 37.0 2,535.1 465.2 18.3 

hr 1.8 ~1 54.67* 2.37 11.3 3,051.6 648.8 21.3 

hr 1.8 ~treeline + size 54.44 2.14 12.7 2,522.5 462.2 18.3 

hn 1.8 ~1 54.89 2.59 10.1 3,466.4 791.9 22.8 

hn 1.8 ~size 55.22 2.93 8.6 2,996.8 660.8 22.0 

unif 1.8 ~1 55.35 3.05 8.1 3,203.0 874.6 27.3 

hr 1.8 ~treeline 56.18 3.88 5.3 2,954.7 614.2 20.8 

hn 1.8 ~treeline 56.75 4.45 4.0 3,416.7 782.2 22.9 

hn 1.8 ~treeline + size 57.44 5.14 2.8 3,001.6 672.4 22.4 

Multi-Region 

hr 1.8 ~study area + capacity 136.68 0.00 22.0 17,412.9 2,371.3 13.6 

hr 1.8 ~study area + treeline + capacity 137.19 0.51 17.0 17,168.4 2,334.3 13.6 

hr 1.8 ~study area 138.11 1.43 10.7 17,490.4 2,397.4 13.7 

hr 1.8 ~study area + treeline 138.30 1.62 9.8 17,210.8 2,355.3 13.7 

hr 1.8 ~study area + capacity + size 138.48 1.80 8.9 16,935.3 2,410.1 14.2 

hr 1.8 ~study area + treeline + capacity + size 139.19 2.52 6.3 16,901.9 2,417.0 14.3 

hr 1.8 ~treeline 139.41 2.74 5.6 17,252.0 2,395.0 13.9 

hr 1.8 ~study area + size 139.88 3.20 4.4 16,937.3 2,425.2 14.3 

hr 1.8 ~study area + treeline + size 140.28 3.60 3.6 16,908.7 2,430.9 14.4 

hr 1.8 ~treeline + size 141.20 4.52 2.3 16,772.5 2,444.1 14.6 

hr 1.8 ~capacity + treeline 141.30 4.62 2.2 17,407.9 2,460.0 14.1 

hr 1.8 ~capacity + treeline + size 142.90 6.23 1.0 16,834.1 2,475.9 14.7 

hn 1.8 ~treeline 142.93 6.26 1.0 17,835.6 2,325.1 13.0 

hn 1.8 ~study area + treeline + capacity 143.10 6.42 0.9 17,774.9 2,264.6 12.7 

hn 1.8 ~study area + treeline 143.19 6.51 0.8 17,627.0 2,252.3 12.8 

hn 1.8 ~study area + capacity 143.75 7.07 0.6 17,950.2 2,274.3 12.7 
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hn 1.8 ~study area + capacity + size 144.45 7.77 0.5 17,108.1 2,185.3 12.8 

hn 1.8 ~capacity + treeline 144.70 8.02 0.4 17,732.2 2,296.5 13.0 

hn 1.8 ~treeline + size 144.82 8.14 0.4 17,507.9 2,349.0 13.4 

hn 1.8 ~study area + treeline + capacity + size 144.96 8.28 0.3 17,398.1 2,263.8 13.0 

hn 1.8 ~study area 145.11 8.43 0.3 17,813.5 2,262.1 12.7 

hn 1.8 ~study area + treeline + size 145.19 8.51 0.3 17,404.4 2,287.7 13.1 

hn 1.8 ~study area + size 145.65 8.98 0.2 16,974.4 2,167.8 12.8 

hn 1.8 ~capacity + treeline + size 146.68 10.00 0.1 17,502.6 2,342.2 13.4 

hr 1.8 ~capacity 148.17 11.49 0.1 18,046.7 2,587.6 14.3 

hr 1.8 ~capacity + size 148.99 12.31 0.0 16,793.2 2,461.5 14.7 

hr 1.8 ~1 150.52 13.85 0.0 17,559.8 2,398.4 13.7 

hn 1.8 ~size 151.22 14.55 0.0 16,714.9 2,139.3 12.8 

unif 1.8 ~1 151.23 14.55 0.0 18,754.8 2,446.8 13.0 

hn 1.8 ~1 151.56 14.88 0.0 17,803.6 2,240.8 12.6 

hn 1.8 ~capacity 151.83 15.16 0.0 18,036.1 2,318.0 12.9 

hn 1.8 ~capacity + size 151.84 15.16 0.0 16,976.1 2,218.6 13.1 

hr 1.8 ~size 152.43 15.76 0.0 17,063.9 2,463.0 14.4 

 *The best single covariate (or no covariate) model was chosen due to low sample size (n=55), the model with group size as the covariate was not 

chosen as the best model, as there is no established method describing how to include this information on empty transect segments in the DSM 

  



97 
 

Table S3 Comparison between top density surface models (DSM) for four survey areas and a multi-region analysis in mainland 

Northwest Territories. A Tweedie (TW) distribution was used for models across all survey areas and the multi region with environmental 

covariates included to best determine important habitat characteristics predicting spatial density estimates. The most parsimonious 

models, determined by the deviance explained, for each survey area is bolded. Abbreviations in top models include sub-polar or polar 

shrubland-lichen-moss (SSPSLM), sub-polar or polar shrubland-grassland-moss (SSPGLM), temperate or sub-polar needleleaf forest 

(TSPNF), sub-polar taiga needleleaf forest (SPTNF), and water (WAT). 

Distribution Model Covariates  REML Deviance Explained 
Modelled Mean 

Abundance 
SE 

CV 

(%) 

East Arm 2018 

TW Elevation + SPPSLM 570.8 0.177 8,490.0 3,011.9 35.5 

TW Treeline + SPPSLM 569.4 0.171 4,521.8 1,520.2 33.6 

TW SPPSLM + TSPNF 568.1 0.168 2,291.4 953.8 41.6 

TW Elevation 571.0 0.164 10,138.5 3,408.4 33.6 

TW Treeline + WAT 570.0 0.162 4,745.7 1,492.9 31.5 

TW Treeline + Elevation 570.0 0.160 5,270.7 1,411.3 26.8 

TW Treeline 569.5 0.158 5,637.5 1,229.9 21.8 

TW TSPNF + WAT 569.5 0.152 2,665.0 935.7 35.1 

TW Elevation + TSPNF 569.3 0.152 2,755.4 865.1 31.4 

TW Null 571.1 0.127 6,550.8 1138.9 17.4 

East Arm 2020 

TW Elevation + TSPNF 608.7 0.150 12,264.3 2,176.9 17.8 

TW Elevation 608.5 0.143 11,490.2 1,854.7 16.1 

TW TSPNF + WAT 608.2 0.130 14,599.4 2,998.2 20.5 

TW TSPNF 609.1 0.122 12,282.2 2,161.7 17.6 

TW WAT 609.2 0.120 12,538.3 2,293.3 18.2 

TW Null 609.0 0.118 11,490.7 1,841.0 16.0 

Sahtú 

TW SPTNF + SPPSLM 583.6 0.209 5,649.8 1,214.6 21.5 

TW SPPSLM 583.1 0.207 5,687.7 1,098.3 19.3 

TW Elevation + SPPGLM 586.0 0.187 6,129.4 1,230.8 20.1 

TW Elevation + SPTNF 587.4 0.187 5,857.8 1,254.1 21.4 

TW Elevation 586.9 0.186 5,822.7 1,123.4 19.3 

TW SPTNF + SPPGLM 585.4 0.174 6,461.4 1,461.9 22.6 

TW SPTNF 586.6 0.173 6,015.9 1,284.6 21.4 
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TW SPPGLM 585.5 0.169 6,249.1 1,251.5 20.0 

TW Treeline 586.3 0.168 5,941.3 1,143.4 19.2 

TW Null 586.3 0.168 5,941.3 1,143.4 19.2 

Beaufort Delta 

TW Elevation + SPPSLM 456.8 0.293 3,497.6 777.5 22.2 

TW SPPSLM + SPPGLM 458.0 0.292 3,525.9 795.6 22.6 

TW SPPSLM 457.4 0.291 3,532.6 784.6 22.2 

TW Elevation + SPTNF 457.6 0.284 3,612.3 805.0 22.3 

TW Elevation 457.4 0.284 3,625.7 800.0 22.1 

TW Null 458.1 0.280 3,656.8 805.2 22.0 

TW SPTNF 458.3 0.280 3,608.1 802.9 22.3 

TW SPPGLM 458.6 0.280 3,740.8 842.3 22.5 

TW Treeline 457.4 0.273 3,657.4 803.4 22.0 

TW Treeline + Elevation 456.5 0.271 3,634.5 791.8 21.8 

Multi-Region 

TW Elevation + SPPSLM 1,666.8 0.284 20,205.0 2,417.0  12.0 

TW Elevation + SPTNF 1,668.3 0.283 20,382.1 2,476.4 12.2 

TW Elevation + TSPNF 1,668.7 0.283 20,730.4 2,575.3 12.4 

TW Elevation + WAT 1,668.8 0.283 20,901.0 2,663.2 12.7 

TW Treeline + Elevation 1,667.4 0.283 20,436.8 2,442.2 12.0 

TW Elevation 1,667.5 0.283 20,519.0 2,451,6  12.0 

TW Elevation + SPPGLM 1,668.3 0.282 20,616.4 2,470.6 12.0 

TW SPPSLM + WAT 1,668.7 0.274 20,320.8 2,579.6 12.7 

TW SPTNF + SPPSLM 1,668.0 0.274 20,174.6 2,437.1 12.1 

TW Null 1,668.5 0.269 20,585.1 2,449.1 11.9 

 



99 
 

Figures 

 
Figure S1 Muskox distribution in Canada in the 1800's, approximately 150 km below treeline, as 

depicted in Burch 1977, with Hudson Bay on the right and Great Slave Lake (NWT) visible on the 

left.  
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Figure S2 Muskox surveys contained 10 km spacing between aerial transect lines, where distance 

from the line is the perpendicular distance from the observation to the transect line, and each point 

represents a muskox group observation and x represents the distance to the line; figure adapted 

from Cassey, 2008. 
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Figure S3 A group of 56 muskoxen photographed above treeline, taken during the 2021 Sahtú 

aerial survey. 
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Figure S4 A group of 25 muskoxen photographed in the treeline, taken during the 2021 Sahtú 

aerial survey. 
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Figure S5 a) Detection functions for 2018 East Arm survey described by a uniform key function model with no covariate; b) 2020 East 

Arm survey described by a uniform key function model with no covariate; c) 2020 and 2021 Sahtú survey described by a hazard-rate 

key function model, with capacity as the covariate; d) 2021 Beaufort Delta survey described by a hazard-rate key function model, with 

no covariate; e) 2020 and 2021 combined survey described by a hazard rate model, with study area and capacity as covariates. 

a

 

b
b

 

d

 

c

 

e
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Figure S6 Principal Component Analysis representing associations between environmental covariates and samples of random points 

across five survey areas in mainland Northwest Territories. Each survey area sample is equal to the number of muskox observations in 

each survey area with the same 500 buffer. The proportion of land cover (%), mean elevation (m), and treeline as a binary variable (0 = 

below, 1 = above) were quantified within each buffered area and averaged over 3 trials. 
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Chapter III: General Discussion 

Project Summary 

As northern landscapes rapidly change, distributions of wildlife populations are changing 

with them. Muskoxen are unique among ungulates in that their distribution appears to be shifting 

south (Gunn et al., 2022) while many other ungulates move further north (Dawe & Boutin, 2016; 

Rivrud et al., 2019; Tape et al., 2016) resulting in concerns around apparent competition with 

important country food sources such as boreal caribou (Carter, 2020). To help address some of 

these concerns, my thesis aimed to update winter estimates of muskoxen abundance and density 

to improve our understanding of their distribution, and association to certain landscape features, 

in mainland NWT. This was accomplished by consolidating data from five aerial muskox 

surveys that occurred during the winters of 2018-2021 in the Beaufort Delta, Sahtú, and East 

Arm regions in mainland NWT. First, I conducted Pearson correlations and used principal 

component analyses (PCA) to improve our understanding of associations between muskox 

occurrence, group size, and environmental variables such as elevation, treeline location, and land 

covers. Second, I incorporated environmental covariates into a distance sampling and density 

surface model (DSM) to quantify and map the spatial density and distribution of muskoxen 

across these regions. The main conclusions from Chapter II can be summarized as: 

1. Total abundance of muskoxen for the Beaufort Delta, Sahtú, and East Arm regions in 

mainland NWT was estimated at 20,205 ± 2,417 individuals, which increased from the 

previous estimate of approximately 12,500. Muskox populations continue to increase in 

the East Arm region and are stable in the Sahtú and Beaufort Delta regions.  

2. Muskox occurrence is associated with available land cover in the respective survey 

areas, though my res]=ults infer that muskoxen are also associating with something 
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similar across regions. The best DSM models consistently included elevation and/or the 

sub-polar polar shrubland-lichen-moss land cover as environmental covariates, 

suggesting that muskox density and distribution in these three regions of mainland 

NWT may be associated with a common landscape component that is correlated with 

one or both environmental covariates.  

3. Winter range of muskoxen in the East Arm and Sahtú regions appears to be 

continuously expanding southward beyond their historical boundary, while muskoxen in 

the Beaufort Delta are expanding their range westward. The cause for these range 

expansions remains unclear. From my results I failed to reject either hypothesis and 

could therefore could not explicitly infer that the increase in muskox population and 

range expansion are a response to the nutritional or predatory landscape alone. 

Muskoxen may be seeking a wider variety of habitat to support a large and increasing 

population. Muskox distribution could also be influenced by predators on the landscape, 

as my results also demonstrate significant correlations between group size and land 

cover that would increase vigilance and detection of predators by increasing the line-of-

sight, supporting an anti-predation hypothesis.  

4. The distance sampling and DSM two-stage approach used to estimate muskox density 

and distribution across mainland NWT was efficient and produced estimates with 

acceptable coefficients of variation (Graf & Case, 1989). Compared to the regional 

models, the multi-regional models produced similar abundance and distribution 

estimates; a single multi-region analysis could be considered for future mainland 

muskox density estimates if regional estimates are unavailable. Regional estimates 
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quantify variations in distribution and provide important quantifications for 

management purposes.  

Future Directions 

To improve future research efforts, I offer considerations for subsequent aerial surveys, 

statistical and observational considerations for density modelling, and data that could benefit our 

understanding of muskox-habitat relationships.  

In a time where northern land cover and land use are rapidly changing, my work supports 

Veitch’s suggestions (Veitch, 1997) that aerial muskox surveys be conducted in mainland NWT 

every three to five years, overlapping current survey areas and expanding their coverage past the 

known extent of population ranges. Detecting both variations in inter-annual population trends 

and changes in population demographics and recruitment require regular surveys. With the 

northern boreal being a  rapidly changing landscape, regular surveys are also needed to keep 

pace with increased fire frequencies (Bond-Lamberty et al., 2007; Walker et al., 2020) and 

permafrost thaw (Camill, 2005; Jorgenson et al., 2010); habitat and muskox data should be 

collected at co-conducted intervals to link habitats to species changes (Palm et al., 2022) and 

investigate any time lags between these events. Expanded survey areas could include regions 

where muskox habitat occurs but the species has yet to become established, such as south of 

Great Bear River and west of the Mackenzie River (Rentmeister & Chan, 2022; Chapter II - 

Figure 3). This would help to capture any dispersing muskox while quantifying potential barriers 

to dispersal (Canteri et al., 2022; Edwards, 2016; Van Coeverden de Groot, 2001). Aerial survey 

locations could incorporate Indigenous (IK) and local knowledge (LK) of known muskox 

occurrence locations to fully assess the changing range of muskox in mainland NWT (e.g Arctic 

Eider Society, 2023; Trailmark Systems Inc., 2023).  
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For future muskox density estimations, I would consider four statistical and observational 

recommendations that build off the surveys consolidated within my thesis. First, when using 

DSM techniques, potential model environmental covariates should be considered prior to 

surveying, such that environmental information can be collected while flying over muskox 

occurrence sites (i.e. land cover, landmark of interest - slope, hill, lake, etc., and elevation) and to 

allow for successful co-conduction of habitat surveys (i.e. vegetation or snow depth surveys) to 

occur. Data used as covariates must be available for all transects/segments to be incorporated 

into a DSM model. For example, if surveyors attempt to “track” muskoxen based on bedding 

sites away from the transect line, “tracking” information should be noted across the entire survey 

area as a binomial co-variate, where 1 represents tracking occurred, and 0 indicates tracking did 

not occur. Within the 2020 East Arm data set used in my thesis, “tracking” information was only 

available for muskox observations that occurred while “tracking”. The presence or absence of 

“tracking” was not provided for the remainder of the survey transects, and therefore, this 

information could not be incorporated into the DSM. Second, a current statistical limitation of 

DSM models is the ability to estimate uncertainty. In my code I used the dsm_var_gam() 

function (Miller et al., 2019) to produce an estimation of variance. This function assumes 

independence of the detection function in stage one from the abundance estimation in the DSM 

of stage two (Miller et al., 2013a); this function does not propagate the uncertainty from stage 

one into the analysis of stage two. A better way to estimate variance would be to use the 

dsm_var_prop() function (Miller et al., 2019), however, the package currently generates an error 

when this function is used that is being addressed by the package developers (Rexstad, 2023). 

Once fixed, future analyses should properly incorporate variance from stage one through to stage 

two of the DSM analysis. Third, observational methods such as aircraft observer capacity and 
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determining distance to the line are examples of survey design that would benefit from 

standardization. Consideration of double count data collection in future surveys could decrease 

observer bias (Cook & Jacobson, 1979; Graham & Bell, 1989). Finally, photographs of each 

muskox group observation should be obtained for accurate group count, which also allows for 

assessment of population demographics and calf recruitment. This was completed for the East 

Arm and Sahtú survey data sets used here, but would be advisable for all surveys, if possible, to 

generate a cohesive Territorial wide demographic model of mainland NWT muskox. 

There remain many gaps in our knowledge of muskox habitat selection in mainland 

NWT, specifically below the treeline. My research infers relationships between muskox 

occurrences, elevation, and some land cover variables and suggests there is a common landscape 

component to which muskox are associating across regions in mainland NWT. In future studies 

where larger sample sizes are available, testing interactions between land cover and elevation 

would help to determine how the effects of elevation may change depending on the region. My 

research only attempts to understand patterns of muskox density and distribution in the winter 

months; therefore, we cannot infer seasonal or summer trends. This knowledge gap highlights 

the need for further investigation across multiple seasons as we expect muskox habitat use to 

change seasonally (Beumer et al., 2019; Chimienti et al., 2020, 2021; Raillard, 1993). Climate 

change and consequent change to land cover, and snow depth patterns could be influencing 

muskox habitat selection (Cuyler et al., 2019). Supplementing aerial survey data with telemetry 

(Beumer et al., 2019), camera trap (Burton et al., 2015), vegetation plot, snow depth (Telfer, 

1978), and fecal pellet (Carter, 2020) data could help detect fine scale habitat selection 

processes. Predator density and distribution data is limited in NWT (but see Boulanger & 

Branigan, 2020; Lee, 2016; Mattson et al., 2009; McLoughlin & Messier, 1999; Mulders, 2000) 
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but could be prioritized in future studies to help inform behavioural and demographic patterns of 

muskox and other co-occurring ungulates. Distance sampling surveys allow for the observation 

of multiple species. Future surveys could also collect predator – and competitor - occurrence 

information and produce density and distribution estimations for both muskox and their co-

occurring predators and competitors. Snow cover data is available through GlobSnow with 25 

km2 spatial resolution (Finnish Meteorological Institute, 2023; Luojus et al., 2021) but currently 

provides only snow cover and snow-water-equivalent data used mostly for monitoring water 

resources and predicting spring runoff (Jonas et al., 2009). Snow depth measurement with 24 

km2 spatial resolution is available through the Canadian Meteorological Center (Brown & 

Brasnett, 2010); however, this spatial scale may not be appropriate for biological inference. 

Finally, combining scientific methods, IK, and LK (Stern & Humphries, 2022) can help develop 

a holistic understanding of wildlife habitat associations (e.g. Polfus et al., 2014), wildlife 

population structures (e.g. Polfus et al., 2016), and early detection of changes to population 

trends (e.g. Tomaselli et al., 2018), while improving species management systems (Atlas et al., 

2021).  

Links to Other Research and Contributions to the Field 

My research was made possible thanks to the unique and productive partnership between 

Wilfrid Laurier University (WLU) and GNWT. It builds off the strong connections and 

relationships that exist with communities in the NWT fostered by faculty and research students at 

WLU (Wilfrid Laurier University, 2023). My research is the first part of an expanding project 

within the WILDlab research group at WLU supervised by Dr. Frances Stewart. Dr. Stewart’s 

lab focuses on quantifying current species-habitat relationships, with considerations of predictive 

ecology (Clark et al., 2001; McIntire et al., 2022; Peters, 1980) and adaptive management 
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(Holling & Sundstrom, 2015; Walters, 1986) woven throughout the scientific process. Her recent 

publications include forecasting habitat shifts, population distribution, and demography of 

caribou due to climate and industrial disturbances (Micheletti et al., 2023; Stewart et al., 2020, 

2023) among many other research topics. Current research in the WILDlab quantifies species-

habitat relationships using camera trap data (Haas, in progress; Jolin, in progress; Lucet et al., in 

progress), artificial intelligence technologies (Lucet et al., in progress), and telemetry across 

northern Canada. My work contributes to a growing body of research in northern ecology 

attempting to understand changes and variation in mammal abundance, density, and distribution 

in a time where changing climate is causing land cover (Price et al., 2013; Song et al., 2018), and 

associated habitat availability (Hitch & Leberg, 2007; Stewart et al., 2023; van Beest et al., 

2023), to shift. I expand our knowledge of what causes these variations, quantifying the 

distribution of muskox populations and their relative abundance, across three regions in 

mainland Northwest Territories using spatial density models.  

This research also constitutes – to my knowledge – the second application of the DSM 

two-stage approach (Miller et al., 2013b) for a northern ungulate population. It constitutes the 

first application of this method to a muskox population distributed below treeline as the previous 

application took place in Greenland (Cuyler et al., 2022). To promote the future use of this work, 

as well as open, transparent, and reproducible practices (Bodner et al., 2020; McIntire et al., 

2022; Stall et al., 2019; Wilkinson et al., 2016), I provide the link to my online repository 

containing all analyses and code (https://github.com/crentmeister/MScThesis_Ch2). I hope 

access to this information will encourage future use and development of this method and 

improve the conservation and management efforts of wildlife species generally.  

https://github.com/crentmeister/MScThesis_Ch2
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Integrative Nature of my Research 

Biology by its nature is integrative (Odum, 1977; Odum & Barrett, 1971); all science 

streams are in some way interconnected and as biologists we must aim to understand these 

connections. Ecology requires a great number of hard and soft skills (Ermakov & Ermakov, 

2023; Sutcliffe & O’Reilly, 2010), but northern ecology emphasizes this even more so. Working 

in a northern landscape is an inherently integrative experience, as it relies on a vast set of 

competences, expertise, and awareness, especially during this time of increased attention and 

effort towards reconciliation for Indigenous Peoples in Canada. There is a demonstrated shared 

interest between Indigenous Peoples and natural scientists in understanding landscape changes in 

the North and that further highlights the need to weave Indigenous and scientific knowledge into 

ecological research such as this (Wong et al., 2020). This project has sought to utilize an 

interdisciplinary approach to answer questions for the benefit of both the western scientific 

community and the Indigenous communities of the study regions. The Integrative Biology MSc 

program at WLU encourages exploring complex questions using techniques and perspective 

from a variety of sub-disciplines of biology (Wilfrid Laurier University, 2023). For my research, 

the sub-disciplines I needed included basics of computer sciences, statistics, and geography to 

help me attain answers for my research questions. Knowledge of computer sciences and statistics 

allowed me to produce the coding and understand the models I was developing, while geography 

helped me quantify spatial landscape effects on density and distribution of muskoxen across 

mainland NWT. Together, my skills and knowledge within these disciplines allowed me to 

improve our understanding of muskoxen habitat associations and produce updated estimates of 

abundance, density, and distribution for one of the only muskox populations that occurs below 

treeline. 
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