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I investigated the behavioural, physiological, and movement responses of barren-ground 

caribou to the Tibbitt to Contwoyto Winter Road in the central Northwest Territories. Previous 

research on the zone of influence around industrial infrastructure indicates that caribou avoid 

these industrial disturbances. This response implies changes in the behaviour, physiology, and 

movement of caribou as well. I used a multi-method approach to investigate these hypothesized 

changes for caribou adjacent to the road, employing behavioural observations, assessment of 

levels of fecal glucocorticoids, and GPS collar data. My results suggest that caribou change their 

behaviour and movement near the winter road. They engaged in more walking and less foraging 

near the road, though no relationship was found between the level of fecal glucocorticoids and 

proximity to the winter road. Using a novel estimation of traffic activity, I demonstrated that 

caribou crossing of the winter road was negatively correlated with the level of traffic. This 

barrier effect was not just related to the road’s right-of-way as caribou crossed roads when they 

were closed to traffic and the probability of selecting a crossing site was extremely low when 

normal levels of traffic occurred. My results provide new insights on the spatial, behavioural, 

and physiological responses of caribou when adjacent to industrial features. These findings can 

guide monitoring and mitigation of existing infrastructure and assist with the evaluation of 

impacts of proposed mines and roads.
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Figure 3.2 Histogram of crossing events (n = 100) by barren-ground caribou equipped 

with GPS collars for 2018–2020 on the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada, displayed by the day of year. January 1st is day 1, 



xi

and the study period extended up to the beginning of April, approximately day of 

year 100. There were 100 crossings total from 33 caribou. 64
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Globally, many populations of caribou and reindeer (Rangifer tarandus) are in decline 

(Vors and Boyce 2009, Mallory and Boyce 2017). That trend extends to Canada, where most 

populations are assessed as either Threated or Endangered (Thomas and Gray 2002, COSEWIC 

2016). The decline and loss of caribou has important consequences for the functioning of Boreal 

and Arctic ecosystems (Bernes et al. 2015) as well as the people that are found in those places 

(Legat et al. 2001, Gordon 2005). Caribou are of immense cultural and economic value to many 

Indigenous people, and these declines present a significant threat to a way of life. Concern 

about declining populations of caribou across the north is motivating research seeking to 

understand the factors that influence their abundance and distribution. Responsible 

management of caribou requires an understanding of the factors affecting the decline of this 

widespread and culturally important animal.

Declines of Rangifer have been attributed to a variety of causes that include changes in 

ecosystem conditions related to plant phenology and extreme weather (Vors and Boyce 2009), 

as well as anthropogenic activities that have resulted in habitat loss or change, disturbance and 

displacement of caribou, and increased predation (Festa-Bianchet et al. 2011). The local 

histories of decline vary across the distribution of Rangifer. As such, describing and untangling 

the proximate and ultimate drivers of population abundance is region- and even population-

specific. Nevertheless, the growth of industrial infrastructure and human activity is of particular 

concern, as it has been tied to the decline and extirpation of numerous caribou types from 

across Canada (Vors et al. 2007, Johnson et al. 2015).
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Barren-ground caribou (R. t. groenlandicus) are a subspecies and conservation unit (i.e., 

Designatable Unit, which also includes the Porcupine caribou herd R. t. granti; COSEWIC et al. 

2016) of caribou that are found throughout the Arctic in North America. They are characterized 

by long migrations between their winter and calving ranges and highly gregarious behaviour 

(COSEWIC 2016). Relative to other types of caribou, they can occur at a high density and over 

very broad areas. Barren-ground caribou are a keystone species as they are important 

determinants of predator and plant dynamics across many Arctic ecosystems (Wal 2006, 

Musiani et al. 2007, Bernes et al. 2015, Klaczek et al. 2016). Also, barren-ground caribou were a 

strong driver of the migration of people into the Canadian Arctic (Gordon 2005, Bourgeon et al. 

2017). They play a central role in the north for people that rely on caribou for sustenance 

hunting and cultural continuity (Kuhnlein and Receveur 1996, Legat et al. 2001).

Barren-ground caribou occupy seasonal ranges that include the calving and post-calving, 

summer, fall migration and rut, winter, and spring migration (Gunn et al. 2013). The longest 

migration is from wintering grounds at or near the tree line to the calving grounds near the 

Arctic Ocean. These caribou occupy a diverse range of ecosystems including the Taiga Plains, 

Taiga Shield, and the Southern Arctic in the Northwest Territories and Nunavut (Ecosystem 

Classification Group 2008, 2009, 2012). 

Fidelity to a specific calving ground is used to identify herd membership (Gunn and 

Miller 1986, Fisher et al. 2009). Although calving grounds are stable over the short term, they 

can shift over long periods of time (Taillon et al. 2012). Calving grounds for the study herds, 

including the Bluenose East, Bathurst, and Beverly/Ahiak herds, are situated near the Arctic 
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Ocean in the Tundra Plains Low Arctic ecoregion (Ecosystem Classification Group 2012). They 

are located west of Bathurst Inlet for the Bathurst herd, west of Kugluktuk for the Bluenose-East 

herd, and south of the Queen Maude Gulf for the Beverly/Ahiak herd.

Compared to the calving grounds, the wintering grounds of these herds are larger, and 

use is spatially more variable. These wintering grounds are located below or near the tree line, 

primarily in the Taiga Plains and Taiga Shield High Subarctic ecoregions (Ecosystem Classification 

Group 2009). Range area scales with herd size (Skoog 1968, Messier et al. 1988, Hinkes et al. 

2005), influencing the southern extent of the wintering grounds. With the decline in barren-

ground caribou across the central Arctic, many of the winter ranges have contracted north.

As long as people have been in the north, they have had a relationship with barren-

ground caribou (Gordon 2005, Bourgeon et al. 2017). Barren-ground caribou are known by 

different languages and dialects variously as tuktu (Inuvialuktun, Inuinnaqtun, Inuktitut), ɂekwȩ 

(North Slavey), ɂetthën (Denesuline) and ekwǫ (Tłıc̨hǫ). Caribou are important for cultural 

continuity and subsistence hunting by Aboriginal communities (Kuhnlein and Receveur 1996, 

Legat et al. 2001). Recent declines of the Bathurst and Bluenose East herds have resulted in 

harvest restrictions and wolf management programs, implemented through co-management 

between the Indigenous governments and the Government of the Northwest Territories 

(GNWT).

Barren-ground caribou have declined by 56% over the past three caribou generations. 

Several large herds have declined by over 80% in the same period. Recognizing the significance 

of this decline, the Committee on the Status of Endangered Wildlife in Canada (COSEWIC) 

assessed this Designatable Unit of caribou as Threatened (COSEWIC 2016). The Conference of 
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Management Authorities in the Northwest Territories also listed barren-ground caribou as 

Threatened under territorial Species At Risk legislation (Species at Risk Committee 2017).

There is likely no single cause of decline for barren-ground caribou. Rather, a set of 

threats are acting cumulatively to drive the decline of these populations (Adamczewski et al. 

2009). This cumulative effect is the product of climate change, and associated shifts in the 

functioning of Arctic ecosystems (Post et al. 2009, Mallory and Boyce 2017), natural population 

fluctuations (Zalatan et al. 2006), and human activities (Plante et al. 2018). 

Management of barren-ground caribou is focused on oversight of hunting and industrial 

activity, as direct manipulation of caribou or their habitats is not feasible at the scale required 

for population recovery. Though population declines have not been linked to anthropogenic 

disturbances, management of these human activities is in keeping with the precautionary 

principle (United Nations 1972). This is true especially when considering the well documented, 

negative effects of human developments on woodland caribou in southern Canada (Johnson et 

al. 2015). Furthermore, this management can be conducted using established legislative and 

regulatory tools (Festa-Bianchet et al. 2011).

The steep decline in the abundance of barren-ground caribou in the Northwest 

Territories has prompted harvest restrictions, wolf management measures, and increased 

government oversight of industrial development (Government of the Northwest Territories 

2019). Given those concerns, and the corresponding need for a management response, the 

GNWT and Indigenous governments have collaboratively developed a range plan for the 

Bathurst barren-ground caribou herd, which has had the steepest decline (Government of the 

Northwest Territories 2019). The Bathurst herd is at historically low numbers, having declined by 
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>98% since 1986 (Nishi et al. 2014, Boulanger et al. 2017). The adjacent Bluenose East herd has 

also declined (Boulanger et al. 2019), prompting an ongoing management response from the 

GNWT and Indigenous governments. Other adjacent herds, such as the Beverly/Ahiak herd, 

have declined at a less precipitous rate (though see Adamczewski et al. 2015). 

The relationships between caribou and human disturbance have been studied 

extensively along a spectrum of biological phenomena, from population-level effects, including 

distribution and abundance, to individual or group-level effects such as movement behaviour 

and stress physiology (Johnson and St-Laurent 2011). Those scales of response are interrelated 

across an ecological and disturbance continuum. Consequently, describing a mechanistic 

relationship between the distribution and abundance of caribou and any single driver, such as 

disturbance from industrial development, is challenging.

For some populations of caribou, we understand with some certainty the primary 

mechanisms of decline. For example, declines of boreal woodland caribou have been linked to 

shifting predator-prey dynamics that are the result of extensive habitat alteration caused by 

human activities (Environment Canada 2011, Johnson et al. 2020). That is not the case for 

barren-ground caribou, where the causes of population decline are not clear. Historically, these 

caribou have demonstrated cyclical population dynamics (R. Zalatan et al. 2006), which could 

obscure the relationship between their abundance and contemporary changes in the Arctic 

environment. These changes include both the effects of human activities (Wolfe et al. 2000, 

Johnson et al. 2005) as well as those brought about by climate change (Post et al. 2009, Rickbeil 

et al. 2018). Given the relatively small footprint of human activity across the Arctic (Government 

of the Northwest Territories 2019), the effect of human disturbance may not be as dramatic as 
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for more southern woodland caribou. This means that it may be difficult to relate the effects of 

human disturbance to the fitness and demography of barren-ground caribou.

The concept of cumulative effects provides a framework through which we can 

document and understand the contribution of multiple interacting drivers of change in wildlife 

populations. Johnson and St-Laurent (2011) defined cumulative effects as “the synergistic, 

interactive, or unpredictable outcomes of multiple land-use practices or development, that 

aggregate over time and space” (also see Ross 1998, Harriman and Noble 2008). They proposed 

a hierarchy of impacts across biological scales, and that the effect of human activities increased 

with area, intensity, and duration. Thus, finer scale effects are more likely to affect individuals in 

transitory ways, while broader scale effects can impact the larger population or biological 

community (Figure 1.1).

A low-intensity, short-duration disturbance will have a limited ecological impact, being 

constrained to the behavioural or physiological response of individual animals (Johnson and St-

Laurent 2011). These impacts may be fleeting and not result in fitness, and ultimately 

population-level, consequences. These same low-level behavioural and physiological stress 

responses are also present in response to disturbance at a broader scale and form the 

mechanistic link between the experience of individual animals and impacts to a larger 

population. Thus, individual responses to disturbance can be theorized to underlie, 

cumulatively, phenomena at a broader scale such as changes in population abundance and 

distribution. The corollary applies: individual changes in behaviour, physiology, and use of space 
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near a disturbance can be hypothesized where broader-scale changes in distribution, 

population, and abundance of a population are observed.

Figure 1.1 The framework of cumulative effects set out by Johnson and St-Laurent (2011) 

outlining the relationship between the spatio-temporal scale of effect, the relative magnitude of 

the effect, and the biological scale of the impact of a disturbance. Regulation was also explicitly 

addressed by a second y-axis on the right-hand side, describing the effects of regulatory regimes 

on the biological outcomes of cumulative effects. Figure reproduced from Energy Development 

and Wildlife Conservation in Western North America with permission from Island Press.
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Research focused on the response of caribou to anthropogenic disturbance has 

considered relatively broad-scale distribution-disturbance relationships. Caribou have been 

shown to avoid anthropogenic disturbance in a broad range of settings and using a range of 

methods including expert-based estimates (Leblond et al. 2014) and statistical models 

describing resource selection (Boulanger et al. 2012, Johnson and Russell 2014, Plante et al. 

2018), distribution (Nellemann et al. 2001, Vistnes et al. 2001), and movement (Wilson et al. 

2016), amongst others. Changes in use of habitat adjacent to mine sites has also been linked to 

particulate matter that is generated by industrial activities and covers forage plants and lichens 

(Chen et al. 2017). From this and other work, various Zones of Influence (ZOI) have been 

reported, ranging from ≤1 km for woodland caribou around roads (Dussault et al. 2012) and up 

to 14 km for barren-ground caribou around diamond mines (Boulanger et al. 2012). 

The ZOIs describe an area around sites of anthropogenic disturbance across which 

animals change their behaviour, habitat selection, or distribution. Zones of Influence can be 

inferred from a range of responses, making them a flexible tool for quantifying the singular or 

cumulative area of disturbance associated with many types of human development. Despite a 

lack of consensus on the most effective approaches for quantifying ZOIs (Ficetola and Denoël 

2009), they are a common and widely accepted technique for quantifying the area of effect of 

human activities and infrastructure.

Zones of influence have been used to estimate the extent of human-caused disturbance 

for barren-ground caribou in northern Canada. For example, 5.6% (21,898 km2) of the annual 

range of the Bathurst herd is disturbed by human disturbance, including estimated ZOIs 

(Government of the Northwest Territories 2019). Though disturbance from mining makes up 
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only a portion of this area, it extends across a large portion of the winter range of the Bathurst 

herd. The quantification of ZOIs around these mines (Johnson et al. 2005, Boulanger et al. 2012) 

is important for measuring cumulative disturbance and managing the habitats of barren-ground 

caribou in the Northwest Territories. The Bathurst Caribou Range Plan (Government of the 

Northwest Territories 2019) uses these ZOIs to quantify the degree to which the Bathurst herd is 

at risk from disturbance by development, including displacement by future development 

activities. These estimates of disturbance are used in the range plan to identify thresholds that 

describe the level of human activity that would merit a management response. This 

management approach relying on thresholds derived from ZOI estimates is an attempt to 

establish a systematic method for quantifying the effects of multiple threats to a wildlife 

population.

Changes in use of space by ungulates has also been shown for roads (Johnson and 

Russell 2014, Paton et al. 2017, Plante et al. 2018), which in the Northwest Territories would 

include the permanent and seasonal roads that support the movement of equipment and 

materials to mines. These roads present a major source of disturbance with a potentially less 

intense (e.g., traffic vs. blasting) but much greater spatial extent than that from mines. Roads 

affect caribou’s use of space, including migratory movements and timing (Wilson et al. 2016) as 

well as the use of habitat (Johnson and Russell 2014, Plante et al. 2018). Roads also facilitate 

access for hunters, increasing mortality of caribou (Plante et al. 2017, McNamara et al. 2022). 

Although roads can influence the distribution and behaviour of caribou, most of that work has 

focused on all-weather roads (e.g. Murphy and Curatolo 1987, Vistnes et al. 2001, Dyer et al. 

2002, Beauchesne et al. 2013, Wilson et al. 2016). There has been little research on the impacts 
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of seasonal or winter roads. Given the known and likely relationships between caribou and 

roads, an investigation of the effect of winter roads on caribou is an important part of the 

responsible management of threatened populations of barren-ground caribou.

The dramatic change in abundance and distribution of barren-ground caribou in the 

Northwest Territories has not been linked to any one causal mechanism (Adamczewski et al. 

2009). Climate change, population fluctuations, and anthropogenic disturbance are implicated, 

but untangling their effects is difficult. Previous research has largely focused on mid- to broad-

scale changes in distribution inferred from GPS collar and survey data (Johnson et al. 2005, 

Boulanger et al. 2012). These distributional changes imply additional effects that occur at the 

level of the individual animal (e.g. behaviour, physiology, movement, habitat use) (Johnson and 

St-Laurent 2011).

In this thesis, I investigated the relationship between industrial infrastructure and the 

behavioural, stress, and movement ecology of barren-ground caribou from the Bathurst, 

Bluenose East, and Beverly/Ahiak herds in the Northwest Territories. To this end, I used multiple 

methods and metrics to quantify the responses of caribou to a major industrial feature in the 

Northwest Territories: the Tibbitt to Contwoyto Winter Road. This approach allowed me to 

provide a more mechanistic understanding of the effect of winter roads on the physiology and 

behaviour of barren-ground caribou, as well as the effect of winter roads on their movement 

and distribution. My specific research objectives were:
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 through direct observation, measure the behavioural response of barren-ground 

caribou at a range of distances from the Tibbitt to Contwoyto Winter Road and 

assess any changes in key behaviours such as foraging;

 collect and assay glucocorticoid stress hormones in the fecal pellets of caribou from 

a range of distances from the Tibbitt to Contwoyto Winter Road and test for a 

relationship between physiological stress and distance to the winter road; and

 use GPS collar location data to investigate a range of ecological and disturbance 

factors, including vehicle traffic, that may influence the road-crossing decisions of 

caribou.

In addition to this introductory Chapter, this thesis includes 2 research chapters and a 

synthesis chapter. I present methods and discuss results in Chapters 2 (for objectives A and B) 

and 3 (for objective C). Finally, in Chapter 4, I synthesize the results and place the findings of 

chapters 2 and 3 in the context of research and management for barren-ground caribou. Results 

from my thesis will help inform management of barren-ground caribou in the Northwest 

Territories, including site-level mitigation such as acceptable levels of road activity, as well as 

measures of cumulative environmental change associated with the indirect footprint of 

diamond mines and associated roads. To acknowledge the contributions of many to this work, 

chapters 2 and 3 are written in the first-person plural; the introduction (Chapter 1) and 

synthesis (Chapter 4) are written in the first-person singular.

The study area encompasses the overlapping ranges of the Bathurst, Bluenose-East, and 

Beverly/Ahiak barren-ground caribou herds. Chapter 2, which comprises both the behavioural 
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and hormone analyses, focuses on the area adjacent to the Gahcho Kué diamond mine and its 

winter spur road. The analyses for Chapter 3 include the extent of caribou use of the Tibbitt to 

Contwoyto Winter Road (Figure 1.2).

Figure 1.2 Map of the Tibbitt to Contwoyto Winter Road network in the central Northwest 

Territories, including active diamond mines as of 2019.
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Climate data for the study area are collected by weather stations at the diamond mines 

as well as stations maintained by Environment and Climate Change Canada. The average annual 

temperature varies between -4–-9°C, with frost common in every month except July and 

August. Topography is characterized by rolling and eroded till veneers and blankets over 

bedrock in the south with hummocky till uplands in the north. The vegetation communities 

include open spruce woodlands at the southern extent. The rest of the study area is 

characterized by shrub tundra with scattered tree groves in sheltered areas, such as next to the 

plentiful small lakes. Extensive esker networks crisscross the region (Ecosystem Classification 

Group 2008).

Industrial development in the Canadian Arctic includes mineral exploration and 

exploitation, as well as associated winter roads and support camps. Other disturbance sources 

include municipalities, cabins, and non-industrial roads, which all contribute to the cumulative 

effect of disturbance to caribou. In the Northwest Territories, recent industrial development is 

the result of the discovery of diamonds, resulting in several mines including Diavik, Ekati, Snap 

Lake, and Gahcho Kué. The Lupin gold mine is found at the centre of the study area but is 

currently not in production. The 495 km Tibbitt to Contwoyto Winter Road is a joint venture 

between De Beers Group, Rio Tinto, and Arctic Canadian Diamond Company. It is active from 

January to April and supports the resupply of these mineral operations. The road is primarily 

constructed on frozen lakes where it varies from 2 lanes up to three multilane parallel roads. It 

also includes portages overland between lakes, which are often single lane. The snow berms 

adjacent to the road – generated from snow plowed off the road – are frequently shortened to 

allow passage by wildlife. Typically, the road has a high volume of traffic, except when closed for 
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inclement weather. Recreational use of the winter road is permitted, though given the 

remoteness and lack of support this use is primarily limited to self-sufficient hunters that drive 

the road and use snowmobiles to access adjacent areas. Hunting and fishing camps are a 

secondary source of disturbance for barren-ground caribou. Most camps are located across the 

southern portion of the range of the Bluenose East, Bathurst, and Beverly/Ahiak herds.
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Recent declines of barren-ground caribou in northern Canada have been associated with 

the effects of climate change, natural population fluctuations, and anthropogenic disturbance. 

The mechanisms through which human disturbance affects caribou are not well understood. 

Human disturbance, however, has been shown to alter the distribution of barren-ground 

caribou across northern Canada. These broad-scale distributional changes imply fine-scale 

effects on caribou behaviour and stress physiology. In the central Northwest Territories, 

diamond mines and their supporting infrastructure, including winter roads, lie across much of 

the winter range currently used by the Bluenose East, Bathurst, and Beverly/Ahiak caribou 

herds. We investigated the fine-scale, mechanistic effect of these disturbance features on the 

behavior and stress physiology of caribou adjacent to the Tibbitt to Contwoyto Winter Road. We 

modelled the relationship between the prevalence of observed behavioural category as well as 

glucocorticoids extracted from fecal pellets and a variety of environmental and disturbance 

variables, including the distance to the winter road. Proximity to the winter road was associated 

with a decrease in time spent foraging and an increase in walking behaviour. We did not find a 

relationship between levels of glucocorticoids in fecal pellets and proximity to the winter road. 

These results contribute to efforts to understand and manage the effect of industrial 

disturbance on barren-ground caribou.
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Anthropogenic disturbance plays a key role in the current biodiversity crisis (Pimm et al. 

2014), though most population declines are caused by the cumulative and interacting effects of 

multiple threats (Brook et al. 2008). Declines of caribou (Rangifer tarandus) populations across 

Canada are a recent and concerning example. In this case, multiple and interacting factors 

(Thomas and Gray 2002, Vors and Boyce 2009, Johnson et al. 2015, COSEWIC 2016) have 

resulted in the decline or extirpation of populations of caribou across an extensive area of 

Canada’s boreal, mountain, and Arctic ecosystems. Disentangling the effects of anthropogenic 

disturbance from other environmental factors, including natural population fluctuations, is 

complex (Wolfe et al. 2000), especially given the diverse ecology and long-term dynamics of 

caribou.

Anthropogenic disturbance has been implicated in the declines of many caribou 

populations in Canada (Thomas and Gray 2002). A large body of research focused on woodland 

caribou (R. t. caribou) has revealed that industrial activities are a major cause of range 

contractions and decreases in population abundance (Chubbs et al. 1993, Vors et al. 2007, 

Wittmer et al. 2007, Zbyryt et al. 2018). Unlike woodland caribou in the south, caribou 

populations in northern Canada are subject to relatively low levels of industrial disturbance 

(Government of the Northwest Territories 2019). Nevertheless, barren-ground caribou (R. t. 

groenlandicus), a migratory subspecies of caribou, are declining in abundance. Recent and rapid 

declines have led to this type of caribou being assessed as Threatened at a federal and 

territorial level (COSEWIC 2016, Species at Risk Committee 2017). The causes of these declines 

are not well understood (Gunn et al. 2011), but likely include the interacting effects of climate 
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change, natural population fluctuations, and anthropogenic disturbance (Zalatan et al. 2006, 

Government of the Northwest Territories 2019).

Research has often identified an area around industrial infrastructure where barren-

ground caribou alter their distribution in response to human activities (Johnson et al. 2005, 

Boulanger et al. 2012). The area over which caribou are subject to this effect is termed a zone of 

influence (ZOI). Measured ZOIs for caribou range from <1 km (roads) to >14 km (mines) for a 

range of disturbance features that include mines, roads, and oil and gas infrastructure. Most of 

these ZOIs are based on data from satellite telemetry and GPS collars, surveys of animal 

distribution, or assessments based on expert opinion (Johnson et al. 2005, Schaefer and 

Mahoney 2007, Boulanger et al. 2012, Leblond et al. 2013, Panzacchi et al. 2013, Plante et al. 

2018). These methods, and the resulting ZOIs, represent a general, anticipated disturbance 

effect, and not a mechanistic understanding of how caribou are influenced by human activities 

(Boulanger et al. 2021). The behavioural and physiological responses of caribou, likely the causal 

mechanisms for observed changes in distribution (Johnson and St-Laurent 2011), are rarely used 

to generate ZOIs. As behaviour and physiological effects are theorized to be one type of 

response that is interrelated to the broader scale phenomena of distribution (Wolfe et al. 2000, 

Johnson and St-Laurent 2011), distribution-based ZOIs imply the occurrence of these finer-scale 

phenomena. 

Stress in an individual animal can be initiated by a large number of potentially 

interacting or cumulative stimuli, both extrinsically (e.g., predation, human disturbance, 

challenging thermal conditions) and intrinsically (e.g., nutritional deficit). Stress can manifest as 

a range of physiological and behavioural responses, adaptations suited to helping the animal in 
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escaping life-threatening situations (Wingfield et al. 1998). When the stress response is extreme 

or chronic, however, it can have negative effects on fitness (Sheriff et al. 2009).

The assessment of stress through measurement of changes in behaviour and physiology 

can reveal the energetic and nutritional implications of disturbance. For example, disturbance 

that increases movement or vigilance can result in a decrease in the time spent foraging and 

nutritional intake. Likewise, an increase in stress hormones resulting from frequent human 

disturbance can influence behaviour, leading to less time foraging, and more directly the 

energetic costs associated with maintaining that state of stress (Wingfield et al. 1998, Joly et al. 

2015). Ultimately, frequent or a high level of stress can influence the survival and reproductive 

productivity of individual animals (Charbonnel et al. 2007).

Recent studies have measured the stress response of caribou in a variety of ways, 

including assessing levels of stress hormones in hair and feces and changes in behaviour 

(Freeman 2008, Wasser et al. 2011, Witter et al. 2012, Carlsson et al. 2016). Fecal 

glucocorticoids are metabolites of glucocorticoids, which are produced by the adrenal gland 

during the stress response (Wingfield et al. 1998). The level of fecal glucocorticoids provides an 

index of the physiological stress of an individual caribou over the short term (Özkan Gülzari et 

al. 2019). Ruminants, including Rangifer, have a relatively slow digestive process occurring over 

hours. Following acute adrenal stimulation, Ashley et al. (2011) reported that caribou (R.t. 

granti) and reindeer (R.t. tarandus) exhibited a peak increase in glucocorticoids in fecal material 

8 hours following an adrenocorticotropic hormone challenge.

There have been many studies on the behavior of barren-ground caribou, with a 

particular emphasis on the disturbance responses of caribou to insects during summer 
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(Morschel and Klein 1997, Colman et al. 2001, 2003, Hagemoen and Reimers 2002, Witter et al. 

2012). Behavioural observations have also shown that caribou demonstrate a disturbance or 

avoidance response when adjacent to roads and other industrial features (Murphy and Curatolo 

1987). Despite an abundance of behavioural work on barren-ground caribou, there are few data 

describing the context-specific behaviour of caribou during winter. 

Previous research has reported a large ZOI for barren-ground caribou found near 

diamond mines in the central Northwest Territories (Boulanger et al. 2012). This effect likely 

extends to the winter roads which support these mines. When compared to activities at mine 

sites, roads are potentially a less intense source of disturbance (e.g., traffic vs. blasting). 

Nonetheless, roads have a much broader presence extending across the seasonal range of 

caribou and can potentially act as a semi-permeable barrier to movement (Dyer et al. 2002).

In this study, we used behavioural observations and glucocorticoid stress hormones to 

measure the disturbance response of caribou to the Tibbitt to Contwoyto Winter Road in the 

central Northwest Territories, Canada. This is one of the first studies to evaluate the fine-scale 

responses of caribou to high volumes of traffic on an industrial, winter road. We hypothesised 

that the behavioural and physiological stress response of caribou is a function of the distance of 

individual animals from the winter road. For the behavioural analysis, we predicted that caribou 

would feed more and rest more as the distance from the road increased. This activity would be 

in keeping with an uninterrupted active-rest cycle of behaviour. For the stress hormone analysis, 

we predicted that stress hormones would decrease as distance from the road increased (Zbyryt 

et al. 2018). 
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We used multiple methods to assess the relationship between the behaviour and 

physiological responses of barren-ground caribou to the winter roads associated primarily with 

the Gahcho Kué, Ekati, and Diavik diamond mines in the central Northwest Territories. That 

assessment was premised on the direct observation of behaviour of individual and groups of 

caribou as well as the measurement of glucocorticoid stress hormones in fecal pellets collected 

at incrementally greater distances from infrastructure. In total, these analyses provide new 

insights on the ecological mechanisms that dictate the established ZOI for barren-ground 

caribou.

We used a set of integrated field-based methods to assess the behavioural and stress 

response of barren-ground caribou to the hypothesized disturbance environment around an 

industrial winter road. This included scan and focal observations of groups of caribou as well as 

an assessment of glucocorticoid hormones in fecal pellets to measure the behavioural and 

physiological responses to the disturbance environment of the winter road. In combination, and 

using a common set of hypothesized models, these methods provided a broad measure of the 

effects of a winter road on the behavioural and stress response of caribou.

We developed a set of a priori models to relate observed behaviour and measured levels 

of fecal glucocorticoids of caribou to the disturbance environment at varying distances from the 

winter road. We used fractional logistic regression with robust standard errors (SE) (White 1980) 

to model the proportion of foraging and levels of hormones and multinomial logistic regression 
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to represent variation in the relative dominant behaviour observed for individual and groups of 

caribou (Witter et al. 2012). 

We collected data along and adjacent to the Tibbitt to Contwoyto Winter Road (Figure 

1.2). These data included measured behaviour and collection of fecal pellets for assessment of 

levels of stress hormones as well as a suite of environmental covariates hypothesized to affect 

both. The Tibbitt to Contwoyto Winter Road is a seasonal ice road constructed annually to 

supply diamond mines and other mineral operations on the barren-lands north of Great Slave 

Lake. The road is a joint venture between De Beers Group, Rio Tinto, and Arctic Canadian 

Diamond Company. Several camps support the construction and maintenance of the road, as 

well as the industrial traffic that uses the road. Construction begins in January, for a late January 

or early February opening. The road is closed in late March or early April and melts off the 

landscape over the spring. The majority of industrial traffic is present during February and 

March. Recreational use of the winter road is permitted, though given the remoteness and lack 

of support along the road this is primarily limited to self-sufficient hunters that drive along the 

road, camp, and hunt by snowmobile.

Caribou were unevenly distributed across the study area. The location of groups of 

caribou and resulting sampling locations were informed by sightings provided by recent flights, 

staff at the Gahcho Kué mine, and GPS collar data supplied daily by staff from the Government 

of the Northwest Territories (GNWT). This information was supplemented with reconnaissance 

flights that were conducted before the commencement of fieldwork in February and March of 

2020. The fixed-wing Aviat Husky aircraft flew along the Gahcho Kué spur road, as well as on 

lines parallel with both sides of the road at 10 and 15 km. The pilot reported the location of 
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caribou and caribou sign, and those locations were visited by field crews for sampling of 

behaviour and fecal pellets.

We used a truck to establish observation sites for caribou that were on or adjacent to 

the winter road and a helicopter to access caribou that were more distant (>1.5 km) from the 

road. Fieldwork was based out of the Gahcho Kué Diamond Mine. Sampling occurred primarily 

along and adjacent to the Gahcho Kué spur of the Tibbitt to Contwoyto Winter Road (Figure 1.2) 

due to the limited daylight hours and extensive travel time between the mine and sampling 

locations.

Groups of caribou were selected for behavioural observations if there were >10 

individuals and they were not moving behind a visual obstruction. We separated observations 

from the same location by 5 km or 2 days to reduce the chance of observing the same animals. 

We assumed that vehicle traffic was a near continuous disturbance for caribou adjacent to the 

winter road. Thus, we began the behavioural observations immediately when locating caribou 

by road. When arriving by helicopter, we waited 30 min to allow the group of caribou to 

acclimate to our presence, and to determine if the group was stationary or if it was moving out 

of observational range. We always remained >100 m from caribou. Collection of fecal pellets 

was opportunistic before and after behavioural observations. Despite both sampling efforts 

taking place concurrently and at often adjacent locations we could not confirm that the pellets 

originated from the observed group of caribou. Consequently, analyses were conducted 

separately on these datasets. A set of fecal pellets was supplied by the staff from the GNWT, 

collected from field work efforts adjacent to the study area.
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We used two observational methods to quantify the behaviour of caribou observed at a 

range of distances from the Tibbitt to Contwoyto Winter Road. These data included group scans 

as well as focal activity and foraging observations (Altmann 1974). We adopted established 

methods for observing woodland and barren-ground caribou (Witter et al. 2012, Lesmerises et 

al. 2016). Similar behavioural observation methods have been employed within the study area, 

but those methods were not standardized and differed from the methods used in this analysis. 

As such, those data were not included in this work. Upon selecting a group for behavioural 

observations, we recorded geographic location, the distance and direction of caribou from the 

observers, time, weather, and site features (Appendix A).

We used instantaneous group scans (Witter et al. 2012) to quantify the behaviour of 

discrete aggregations of caribou at a relatively consistent point in time. For each group (>10 

caribou) we observed the number of animals engaged in each of 5 mutually exclusive 

behaviours: lying, standing, walking, running or trotting, and foraging. Lying behaviour was 

characterized by resting the body on the ground, standing by being on all feet with the head 

erect while not moving, walking by movement without the head down, running or trotting by a 

fast gait that brought at least two feet off the ground simultaneously, and foraging was a 

stationary standing behaviour but with the head down. We conducted a scan every 15 min and 

used a labelled hand-held tally counter (Model H-7350, Uline, Pleasant Prairie, WI) to count the 

number of individuals demonstrating each behaviour. The scan was typically performed by 2 

observers, with one person using the tally counter and the other observing the group through a 
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spotting scope or binoculars. With large groups, the scan could require the full 15-min interval. 

For each scan, we attempted to count every caribou in each group.

Concurrent with the group scans, we identified a sample of individual caribou for focal 

activity and foraging surveys (Altmann 1974). For both surveys, target animals were randomly 

selected using a random number (limited to the group size) without replacement. If a selected 

caribou was unavailable (i.e., it was obscured or too far away to view properly or not engaged in 

foraging for the focal foraging survey or non-lying behaviour for the focal activity survey) then 

the closest eligible caribou to the random individual was chosen. 

For the focal foraging survey, a single observer recorded the total time over a 10-min 

interval that the focal animal spent head down and foraging during a foraging bout. Two timers 

were used for this survey: one recorded the total survey time and the other tracked time spent 

head down. Due to the distance from observer to caribou in the survey and the obstruction of 

the snow, we could not determine the time spent biting at plants versus time spent with head 

down and searching. As such, foraging was defined as head down behaviour. Identifying the end 

of a foraging bout is difficult, as each bite could be the end of a bout (Gillingham et al. 1997). 

The end of a foraging bout was determined if 15 sec passed between instances of head down 

foraging behaviour.

For the focal activity survey, the observer recorded the activity of an individual caribou 

for a maximum of 30 min. Every 30 sec the behaviour of the focal animal was recorded as one of 

standing, walking/trotting, or foraging. Running animals were easily lost by observers, so the 

behaviour was not captured during the focal activity scan. Also, we ended the focal observation 

if the caribou began to run. A single observer recorded each focal activity survey.
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Collection of fecal pellets was performed concurrently with behavioural observations as 

well as opportunistically during travel to and from observation sites. We collected pellets from 

known groups of caribou as well as by locating recent caribou tracks and feeding craters. We did 

not gather weather data at the collection site, as the time that pellets were deposited was 

unknown. At each sampling location, we collected 5 pellet groups, each with at least 20 pellets. 

Pellet freshness could be estimated from the state of the pellets, including the presence of fine 

ice crystals and hardness of the snow in caribou tracks and feeding craters. Preference was 

given to intact pellet “cookies” on top of the snow over dispersed or buried pellet groups.

Pellets were stored in labelled whirlpacs and kept at -10° C in a freezer prior to 

shipment. Samples were shipped to the Endocrine Services Lab at the University of 

Saskatchewan for processing and assessment of levels of metabolites of the glucocorticoids 

cortisol and corticosterone. At the lab the samples were ground and dried by lyophilization then 

extracted with alcohols and steroid diluents. Concentrations of cortisol and corticosterone were 

established using a double antibody radioimmunoassay for each composite fecal pellet sample 

(~3 pellets) and reported as nanogram per gram of feces.

We identified a number of factors hypothesized to affect the behaviour and stress 

physiology of caribou adjacent to or distant from the Tibbitt to Contwoyto Winter Road. These 

included environmental and disturbance variables reported to influence the distribution, 

movements, or behaviour of caribou (Table 2.1).
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Table 2.1 Description, mechanism, and predicted effect (positive or negative) of covariates 

hypothesized to influence the behaviour or stress physiology of barren-ground caribou near the 

Tibbitt to Contwoyto Winter Road in the central Northwest Territories, Canada. Covariates in the 

behavioural analysis are marked with “Be”; covariates in the stress hormone analysis are 

marked with “H”.

Covariate Type Description

†

†

We used right-of-way data from the GNWT (J. Williams, Government of the Northwest 

Territories, personal communication), Mackenzie Valley Land and Water Board (Mackenzie Land 

and Water Board 2020), and De Beers Canada (Ryan Marshall, De Beers Canada, personal 

communication), along with a portion digitized from satellite imagery (NASA SENTINEL-2 

dataset) to develop a GIS shapefile denoting an estimated annual alignment of the Tibbitt to 

Contwoyto Winter Road. Despite some variation in road alignment among years to bypass ice 

ridges and overflow, the road right-of-way is limited by permits issued by the Mackenzie Valley 

Land and Water Board. This includes the overland sections (portages) as well as the sections on 
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frozen lakes. Consequently, the alignment of the road is very similar year-to-year. Distance to 

road was estimated using this road alignment as well as the recorded position of the observed 

caribou.

We used the boundaries of the Bathurst mobile no-hunting zone to estimate the 

presence or absence of hunting activity. The Bathurst mobile no-hunting zone was established 

by the GNWT and Indigenous governments as a joint management action in response to the 

decline of the Bathurst herd (Government of the Northwest Territories 2019). The boundaries of 

the mobile zones and the open and close dates were provided by the North Slave office of the 

Department of Environment and Natural Resources, GNWT.

At behavioural observation sites, weather variables were collected; at fecal pellet 

collection sites, weather variables were estimated from remote sensing products. We directly 

observed and recorded cloud cover as “clear/scattered” or “broken/overcast”. We estimated 

wind speed and temperature NASA’s Modern Era Retrospective Analysis for Research and 

Applications (MERRA-2) dataset (Gelaro et al. 2017). From these data, we modelled the 

windchill at the observation site (eq. 2.1).

Equation 2.1: Twc = 13.12 + 0.6215Ta – 11.37v0.16 + 0.3965Tav0.16, where:

Twc: Wind chill index (kg*cal/m2/h);

Ta: air temperature (°C);

v: wind speed (km/h).

For the behavioural observations, we used the lowest estimated hourly windchill during 

the day previous. For the stress hormone samples, for which the exact deposition time of 

pellets was difficult to determine, we used the lowest estimated hourly windchill over the 3 
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days previous to sampling. Windchill was calculated using an equation (eq. 2.1) that was 

developed for humans (Osczevski and Bluestein 2005). Though not quantified for Rangifer, that 

windchill value provides an estimate of the relative thermal loss experienced by caribou. The 

combination of solar radiation and estimated windchill were used to estimate the 

thermoregulatory stress that caribou were experiencing.

We used generalized linear models to relate the behaviour and stress hormone data to a 

set of environmental and disturbance covariates. For each analysis, we developed a set of 

models to test the factors that were hypothesised to influence the behaviour or stress hormone 

levels of caribou near to the Tibbitt to Contwoyto Winter Road (Table 2.2). 

We used fractional logistic regression with robust SEs (White 1980) to model variation in 

the observed behaviour of caribou for the group scans and focal feeding surveys. With fractional 

logistic regression the response can be a fraction or proportion, and the models can be used 

with strongly heteroscedastic data (White 1980). The response for the group scan data was the 

proportion of caribou engaged in foraging or lying averaged across all observations at a site. This 

is a proxy for the degree to which the observed group of caribou was engaged in foraging and 

ruminating, which are energetically important during winter. For the focal foraging survey, the 

response was the proportion of time spent head down foraging, averaged across all 

observations at a site. 
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Table 2.2 Candidate generalized linear models designed to test a range of factors hypothesized 

to influence the behaviour of barren-ground caribou near the Tibbitt to Contwoyto Winter Road 

in the central Northwest Territories, Canada. For each model, “~” separates the dependent 

variable from the set of independent variables.

Model 
group

Hypothesis Model Structure
(behaviour / hormone)

†

†

†

†

†

†

† †

††

† †

† 
††
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We used multinomial logistic regression to model the relative dominant behaviour 

recorded using focal surveys of individual caribou (Witter et al. 2012). When applying this 

method, the prevalence of each behaviour in a survey was given a percentile score relative to 

the observed scores for that behaviour across all surveys. Each behaviour was then ranked 

according to the respective percentile score for that survey. That ranking served as the ordered 

category for each case, modeled with the multinominal logistic regression. This method is useful 

when some behaviour categories are dominant (Witter et al. 2012).

We used linear regression to model variation in the measured level of fecal 

glucocorticoids. The response was measured as the nanograms of hormones per gram of dry 

fecal matter. We conducted independent analyses for cortisol and corticosterone, but used the 

same model set for each analysis. We used a random effect for each collection site (Gillies et al. 

2006).

We used the variance inflation factor (VIF) to assess each model for excessive 

multicollinearity (Shrestha 2020). Parameters were removed if they had a VIF > 10, which is a 

common threshold used to determine problematic correlations among one or more covariates 

(Vittinghoff et al. 2012). We used an information theoretic approach to identify the most 

parsimonious models of the set as ranked by the Akaike Information Criterion corrected for 

small sample sizes (AICc) (Hurvich and Tsai 1989). The AICc measures the relative fit of the model 

to the data while penalising the ranking of models with a greater number of parameters 

(Burnham and Anderson 2004). The most parsimonious model has the smallest AICc, measured 

as the difference between each model and the top-ranked model (ΔAICc). We considered all 

models with ΔAICc <2.0 as informative (Anderson et al. 2002, Burnham and Anderson 2002).
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The AICc provides a relative measure of model fit, but not predictive accuracy. Predicted 

values were generated from a leave-one-out cross-validation (LOOCV), where each predicted 

value was re-estimated with the predictor and response values from that observation held back 

from model estimation. We assessed predictive capacity for the group scan and hormone 

models using these predicted values from the LOOCV by checking if the set of values predicted 

were significantly different from the measured response as determined by a Mann-Whitney U 

test (Fielding and Bell 1997, Pearce and Ferrier 2000). The non-parametric test was used as all 

predicted value sets were tested for normality and all found to be non-normal. We used the 

area under the curve (AUC) of the receiver operating characteristic (ROC) curve to measure the 

predictive accuracy of the focal activity models. Area under the curve values between 0.7 and 1 

were considered to have good predictive ability, and models with an AUC of approximately 0.5 

were assessed as having no predictive capacity (Fielding and Bell 1997, Boyce et al. 2002). We 

used 95% confidence intervals to assess the relative strength of the set of covariates in each 

regression model. All data handling and modelling for both the behavioural and hormone 

analyses was conducted using R (R Core Team 2021) and ArcGIS (ESRI 2020).

Behavioural observations and fecal pellet samples were collected from a range of 

distances from the winter road during the 2019 and 2020 field seasons (Figure 2.1). We 

observed the behaviour of 36 groups of caribou. Concurrent with field efforts to sample 

behavioural data, we collected 64 sets of fecal pellets, including 19 sets contributed by staff 

from the Department of Environment and Natural Resources (ENR) from the GNWT. Sampling in 

2020 was more limited than in 2019 due to a lack of caribou near the Gahcho Kué diamond 
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mine as well as the onset of the COVID-19 pandemic, which limited available staff as well as the 

duration of the field season.

Figure 2.1 Location of the field sites for collection of behaviour and hormone data in February 

and March of 2019 and 2020. ENR hormone collections sites were visited by Government of the 

Northwest Territories staff in March of 2020.
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Behaviour data were collected for all 3 observation techniques across 36 sites. At each 

site, we collected a minimum of one group scan and at 28 of those sites we completed 108 focal 

activity surveys. At 15 sites we also collected 69 surveys of foraging intensity. We removed 

surveys that did not adhere to survey protocols, as well as surveys that were <2 min, leaving a 

total of 36 group scans, 107 focal activity surveys, and 63 focal foraging surveys (Figure 2.2).

The behaviour data from the group surveys, averaged across sites, were dominated by a 

high proportion of foraging and lying at 0.61 (SD 0.29; n = 36), with walking, trotting/running, 

and standing tending towards a lower proportion of behaviour in observed groups. Focal activity 

surveys, revealed a similar high proportion of foraging at 0.65 (SD 0.34; n = 107) compared with 

other behaviours. The focal foraging data had a low degree of variation, with most focal foraging 

scans showing a similar proportion of time spent head down at 0.72 (SD 0.14; n = 63) of scan 

duration.

We collected 5 samples of pellets from 53 locations in 2019 and 11 locations in 2020. 

Staff from ENR provided 5 samples from 19 locations in 2020. One sample from the GNWT and 

all samples from one site from our field efforts did not provide successful lab results and were 

excluded from the analysis. In the analysis, collection site was assigned as a random effect, 

leaving an effective sample size of 82. Glucocorticoid values were variable both within sampling 

locations and between sampling years, particularly when comparing cortisol (Figure 2.3).
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Figure 2.2 Boxplots of observed behaviours during group surveys (A), focal activity scans (B), and 

focal foraging scans (C) from behavioural observations collected near the Tibbitt to Contwoyto 

Winter Road, Northwest Territories, Canada. Data from A include all observations from each site 

summarized as proportion of the behaviour observed in the group total (n = 36). Data from B 

show the resulting proportion of a behaviour from each focal activity scan (n = 107). Data from 

C show the proportion of time during a focal foraging scan where the target caribou was head 

down foraging (n = 63).
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Figure 2.3 Observed levels of metabolites of the fecal glucocorticoids cortisol (n = 82) (A) and 

corticosterone (n = 82) (B) from fecal pellets of barren-ground caribou collected at varying 

distances from the Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada.

The distance model was the most parsimonious of the set of model hypotheses 

representing the group survey data (Table 2.3). That model indicated that more caribou were 

engaged in foraging or lying as the distance from the road increased. It also showed that the 

magnitude of the observed behaviour was influenced by the duration of the observation period 

(Figure 2.4). This was likely due to caribou engaging in movement behaviour and leaving the 

range of observation, where resting and foraging caribou were more stationary and able to be 
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observed for longer periods. Also, there was a possible disturbance effect of the field activities 

as the number of caribou foraging and lying decreased when the group was located downwind 

from the observers (Figure 2.5); there was also a strong effect of year on the predicted 

response. The top-ranked model had good predictive accuracy (values generated in a leave-one-

out-cross-validation not significantly different from those generated by the model, Mann-

Whitney U, p = 0.61).

Table 2.3 Ranking of fractional logistic regression models (with robust SEs) representing the 

mean proportion of caribou in groups engaged in foraging or lying near the Tibbitt to Contwoyto 

Winter Road, Northwest Territories, Canada.

Model K AICc ΔAICc
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Figure 2.4 Coefficients and 95% confidence intervals from top-ranked group survey model 

(ΔAICc < 2) for barren-ground caribou adjacent to the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada. The asterisk indicates confidence intervals that do not overlap 

zero.
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Figure 2.5 Proportion of barren-ground caribou foraging or lying averaged across scans at an 

observation site. Results from the top-ranked model (Table 2.3) show a significant relationship 

between distance to the Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada, and 

the proportion of caribou observed foraging or lying. Grey lines indicate 95% confidence 

intervals. The panels show predicted values for 2019 (A and B) or 2020 (C and D) and with 

observers upwind (A and C) or observers downwind (B and D). The circles and triangles 

represent the data used to parameterise the models, summarized for each observation site. 

Survey duration indicates the duration of caribou observations at a site.
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The distance to road model was the top-ranked model for the data representing the 

observations of individual (focal) caribou (Table 2.4). The coefficients for the standing and the 

walking categories indicated an increase in both behaviours in 2020, relative to foraging 

(reference category), and suggested that walking was negatively correlated with distance to the 

road (Figure 2.6). Although the top-ranked model was more parsimonious than the null, and 

included coefficients that did not overlap 0, the predictive accuracy was poor (AUCstand = 0.498, 

SE = 0.06, AUCwalk/trot = 0.537, SE = 0.06) (Boyce et al. 2002). Thus, inference drawn from the top 

model should be interpreted with caution (Table 2.5).

Table 2.4 Ranking of multinomial regression models representing the behaviour of animals 

observed during focal activity surveys near the Tibbitt to Contwoyto Winter Road, Northwest 

Territories, Canada. AUC scores are from ROC curves and are based on predicted outputs from a 

leave-one-out cross-validation procedure. The SEs of the AUC scores are presented in brackets.

Model K AICc ΔAICc AUCstand AUCwalk/trot
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Figure 2.6 Coefficients of the top-ranked model (ΔAICc < 2) for the focal activity scans for barren-

ground caribou adjacent to the Tibbitt to Contwoyto Winter Road, Northwest Territories, 

Canada. The asterisk indicates confidence intervals that do not overlap 0. The coefficients for 

the Standing and Walking/Trotting categories are interpreted relative to the Foraging category 

(i.e., reference category). The predictive accuracy for the top-ranked model was poor (AUCstand = 

0.498, SE = 0.06, AUCwalk/trot = 0.537, SE = 0.06). Thus, model coefficients should be interpreted 

with caution.

None of the models for the focal feeding analysis were more parsimonious than the null 

model (Table 2.5). This suggests that the hypothesised explanatory variables had relatively little 

effect in explaining variation in the proportional time that caribou were observed feeding.

The level of stress hormones in fecal material was best explained by models 

representing day of year of sample collection (cortisol) and the recent windchill (cortisol and 

corticosterone) (Table 2.6). The top-ranked models had good predictive accuracy, with values 

generated in a leave-one-out-cross-validation not significantly different from those generated by 
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the model as assessed using the Mann-Whitney U test. Day of year of sampling and inferred 

windchill were positively associated with the level of cortisol and corticosterone, respectively, 

measured in caribou feces. Cortisol and corticosterone levels differed significantly between the 

years of sampling, but with opposite signs. In 2020, there were lower values of cortisol and 

greater values of corticosterone when compared to samples collected in 2019. There was no 

statistical support for models indicating a relationship between the distance to the winter road 

and levels of stress hormones.

Table 2.5 Model coefficients, SEs, Z, and P for the top model of the relative dominant behaviour 

of caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada. The 

coefficients for the Standing and Walking/Trotting categories are interpreted relative to the 

Foraging category (i.e., reference category). The predictive accuracy for the top-ranked model 

was poor (AUCstand = 0.498, SE = 0.06, AUCwalk/trot = 0.537, SE = 0.06). Thus, model coefficients 

should be interpreted with caution.
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Table 2.6 Ranking of fractional logistic regression models (with robust SEs) representing the 

proportion of time that individual caribou spent foraging near the Tibbitt to Contwoyto Winter 

Road, Northwest Territories, Canada.

Model K AICc ΔAICc

Table 2.7 Ranking of linear regression models representing the level of stress hormones cortisol 

and corticosterone observed from barren-ground caribou fecal pellets collected near the Tibbitt 

to Contwoyto Winter Road, Northwest Territories, Canada. Results are presented for models of 

both cortisol (left columns) and corticosterone (right columns).

Model K Cortisol Corticosterone

AICc ΔAICc AICc ΔAICc
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Figure 2.7 Model results from the set of a priori models on the levels of stress hormones cortisol 

and corticosterone observed from barren-ground caribou fecal pellets collected adjacent to the 

Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada. The asterisk indicates 

confidence intervals that do not overlap 0.

This is one of the first studies to report a negative response of migratory caribou to 

industrial winter roads in the Arctic. Both focal and scan sampling revealed that barren-ground 

caribou foraged less and walked more when near the Tibbitt to Contwoyto Winter Road. Despite 

marked variation in observed levels of cortisol and corticosterone, neither of these measures of 

stress showed a relationship with distance from disturbance features. Findings from our 

research are consistent with past studies that reported that human disturbances influenced the 

behaviour of migratory caribou (Murphy and Curatolo 1987, Tyler 1991, Wolfe et al. 2000, 

Reimers and Colman 2006). 
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Previous work in the Northwest Territories has focused on the relatively coarse-scale 

distributional effects of the diamond mines and supporting roads (Johnson et al. 2005, 

Boulanger et al. 2012). The response of caribou to the winter road that supports these mines is 

less studied but is a wide-spread disturbance feature with the potential to influence caribou 

across a much larger geographic area. Roads influence ungulates in a variety of ways, including 

effects on movement rates (Wilson et al. 2016), use of space at broad scales (Johnson and 

Russell 2014), level of stress hormones (Joly et al. 2015, Zbyryt et al. 2018), and behaviour 

(Murphy and Curatolo 1987). 

The relationship between adjacency to winter road and behaviour substantiates the 

hypothesized presence of a ZOI for the Tibbitt to Contwoyto Winter Road, as has been found for 

the associated diamond mines (Boulanger et al. 2012). We, however, did not attempt to 

estimate a novel ZOI. This requires a sophisticated analysis and the results can vary substantially 

based on ecological circumstance (Ficetola and Denoël 2009, Boulanger et al. 2021). Nor did we 

attempt to measure a change in the abundance of caribou in proximity to industrial features. 

Instead, we measured a change in behaviour that increased with adjacency to the winter road. 

That relationship is consistent with the definition and interpretation of ZOIs as applied to 

project decision making and mitigation. Also, the findings of our work provide some mechanistic 

explanation of broader-scale disturbance-avoidance responses that were measured with GPS or 

satellite collar data (Johnson et al. 2005, Boulanger et al. 2012). The mechanistic relationship 

between disturbance and behaviour provides new avenues for guiding mitigation designed to 

minimise the disturbance effects of the winter road (Leblond et al. 2013). Also, those 
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relationships provide new insights on methods to monitor the response of caribou to road 

placement and traffic.

Results from the observational data suggested that caribou moderated their behaviour 

when adjacent to the winter road, spending less time foraging and more time walking. The 

predictive accuracy from models of focal activity was poor. Nonetheless, models showing a 

response of caribou to the disturbance environment near the winter road were ranked high 

relative to a null model using AIC (Anderson et al. 2002), consistent with ecological theory of 

response by animals to disturbance (Johnson and St-Laurent 2011), and in line with previous 

research (Murphy and Curatolo 1987, Lesmerises et al. 2016). Despite their weak predictive 

ability, these models are useful for drawing inference about disturbance-response relationships. 

These findings indicate that caribou are engaging less efficiently in their forage-rest 

cycles (van Oort et al. 2005), which could have implications for their energetic balance during 

winter. That time of year is energetically difficult, as caribou must contend with the challenges 

of cold weather and foraging through crusted snow for liches that are low in digestible protein 

(Fancy and White 1985, Trondrud et al. 2021). The increased walking that we observed could be 

a response to disturbance, as caribou are known to move away from traffic (Plante et al. 2018), 

snowmobiles (Seip et al. 2007), and other forms of human disturbance (Lesmerises et al. 2018). 

The magnitude of a disturbance’s effect on energy balance can be inferred from behavioural 

measurements (Tyler 1991, White et al. 2014). The unknown amount of time that caribou spent 

near the winter road, however, precluded a detailed examination of the energetic implications 

of the behavioural data. Energetic modelling for barren-ground caribou could incorporate these 

findings (White et al. 2014).
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A physiological reaction to a perceived threat is part of a hypothetical continuum of 

responses to disturbance (Johnson and St-Laurent 2011). Thus, the change in behaviour 

observed for caribou near the winter road implies a corresponding change in stress physiology. 

We did not, however, detect a signal in the fecal glucocorticoids, a proxy for physiological stress 

that has been employed in numerous other studies (Wasser et al. 2011, Joly et al. 2015, Ewacha 

et al. 2017, Özkan Gülzari et al. 2019). The lack of an observed relationship between stress 

hormones in fecal pellets and distance to the winter road does not lead to an irrefutable 

conclusion that caribou do not have a physiological response to the disturbance caused by 

vehicle traffic or hunters. The data we collected revealed a high degree of variation in cortisol 

and corticosterone after controlling for distance from road (Figure 2.3). Similarly, other studies 

focused on migratory caribou have reported significant inter-animal or inter-sample variability 

in measures of the same stress hormones (Joly et al. 2015). In our study, that variability could 

be caused by a number of ecological or environmental factors that were related to nutritional or 

environmental stress, but not measured (Millspaugh and Washburn 2003). 

In general, the stress hormones, cortisol and corticosterone, are involved in complex 

biochemical relationships between the individual’s environment and body condition (Carlsson et 

al. 2016). Maternal status, sex, the presence of predators, or nutritional status could influence 

hormone levels to a greater extent than adjacency to the winter road. Also, the dose-response 

relationship between vehicle traffic and stress hormones expressed in fecal pellets may not 

capture the transient nature of disturbance experienced by caribou near the road (Özkan 

Gülzari et al. 2019). 
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We did not identify or empirically establish the specific causes of the change in 

behaviour by caribou near the winter road. The environment around the winter road includes 

numerous sources of disturbance, of which only coarse data were available. In particular, the 

presence of hunters was estimated using the no-hunting zones established and enforced by the 

GNWT. This is a very broad measure of the spatial occurrence of hunters that does not closely 

measure the level of hunter disturbance experienced by caribou. Reports of the presence of 

hunters from enforcement officers were not available at the time of analysis; future work may 

use those data to develop a more detailed understanding of the effects of hunting activity on 

caribou. An obvious disturbance source on the winter road is traffic. An inability to record the 

amount of vehicle traffic at the same time scale as the deposition of stress hormones in fecal 

pellets prevented a direct analysis of the effect of traffic.

Our field efforts along the winter road as well as in the helicopter were limited by 

weather and daylight, resulting in a maximum 6-hr observation period. There is the possibility 

of variation in behaviour relative to the 24-hr day. Similarly, when traffic was restricted by 

adverse weather conditions, observations were not possible, limiting the variation in traffic 

levels during data collection. Our coarse-scale modelling of vehicle activity suggested that traffic 

volumes were relatively consistent when the road was open (see Chapter 3). Nonetheless, the 

behavioural data suggested a response of caribou to the road infrastructure (Murphy and 

Curatolo 1987, Dyer et al. 2002), the associated traffic (Leblond et al. 2013), or the hunters 

present along the winter road (Plante et al. 2017) though we cannot discount the possibility of 

other ecological factors, such as forage that is of lower quality or availability, influencing the 

activity of caribou that used habitats adjacent to the winter road.
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We demonstrated that monitoring of the behaviour and stress hormones of caribou is 

feasible in winter. There are, however, significant logistical challenges including short field days, 

the availability of helicopter transport, the inability to access field sites and to work productively 

during extreme weather, as well as the unpredictable and broad distribution of caribou. There 

are few caribou in the herds that range across the study area (Boulanger et al. 2019), with a 

corresponding low density of caribou near the winter road. With the possibility of a sparse 

distribution of caribou around the diamond mines and the difficulty working in winter, much 

time and effort are necessary to collect a large sample of behavioural observations or fecal 

pellets at regular intervals distant from disturbance sources. These methods may be applicable 

to community-led monitoring protocols. To obtain a sufficient sample for monitoring changes in 

caribou behaviour, however, will require a relatively large number of field days and considerable 

funding for that work.

Our results do not reveal the implications of changed behaviour for survival or 

reproduction of caribou, the two vital rates of most importance to population change. The 

behavioural data collected for this study can, however, help further parameterize the energy-

protein model of White et al. (2014) that has been adapted and applied to the Bathurst 

population. That model could provide insights on the population-level implications of reduced 

foraging and increased walking, as measured in this project. Our data suggested that 

measurements of stress hormones sampled from caribou fecal pellets were too imprecise to 

assess the physiological stress response of caribou to relatively dispersed or low-magnitude 

disturbance features such as the Tibbitt to Contwoyto Winter Road. There is, however, the 
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possibility that refinements in sampling protocol could improve the sensitivity or applicability of 

stress hormones as a measure of the response of caribou to human disturbance during winter. 

Improvements would include time-specific measurements of the intrinsic (e.g., body condition 

and maternal status) and extrinsic (e.g., human disturbance, hunting, predation) factors 

influencing stress levels. 

Previous ZOI research has indicated that barren-ground caribou in the Northwest 

Territories have avoided diamond mines and their related infrastructure (Johnson et al. 2005, 

Boulanger et al. 2012). This interaction occurs predominantly during winter when caribou are 

resident on the tundra or moving toward the more northerly calving ground and summer range. 

Our research confirms the relationships implied by the ZOI between barren-ground caribou and 

industrial infrastructure and provides an avenue for future research and mitigation. Given the 

broad extent of the Tibbitt to Contwoyto Winter Road, the potential effect on caribou could be 

large, affecting other ecological processes, such as habitat use and nutritional intake, the 

energetics associated with movement, and the timing and implications of seasonal migration. 

All of those outcomes could ‘scale-up’ to ultimately affect vital rates and population trend 

(Johnson and St-Laurent 2011). Future research could refine our measurements of caribou 

response to industrial disturbance to further understand the effects of this relationship. 

Mitigation that aims to decrease the response of caribou to industrial disturbances are an 

obvious avenue for future management of industrial activity in the central Northwest 

Territories.
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Barren-ground caribou are in steep decline due to the combined effects of climate 

change, natural population fluctuations, and anthropogenic disturbance. For the Indigenous 

peoples that rely on caribou for subsistence and cultural continuity, this decline presents a grave 

threat to a way of life. Wildlife managers are concerned about the potential effects of winter 

roads on the use of space by caribou. Roads, especially those with high levels of traffic, act as 

barriers to movement by ungulates. In the central Northwest Territories, Canada, the Tibbitt to 

Contwoyto Winter Road services diamond mines located on the winter range of the Bluenose 

East, Bathurst, and Beverly/Ahiak barren-ground caribou herds. Impeded movement could 

restrict the distribution or influence the habitats used by caribou during winter. We investigated 

the influence of traffic volume and other disturbance and environmental variables on the road-

crossing decisions of caribou. We used logistic regression to contrast observed and available 

crossing events by caribou that were recorded using high-precision geofence GPS collars during 

2018–2020. Of those 62 collared caribou, only 33 crossed the winter road, for a total of 100 

crossing events. We used vehicle dispatch records to estimate the location and volume of traffic 

along the road. Caribou rarely crossed the road with any level of traffic present. These results 

will help direct efforts to mitigate the impact of winter roads on the distribution and 

movements of barren-ground caribou.
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Animal movement occurs across a range of temporal and spatial scales, from foraging 

decisions to annual migration (Borger et al. 2011), and is a key ecological process that dictates 

the life-history requirements of mammals (Nathan et al. 2008). Movement choices are a 

fundamental building block of many ecological processes, including habitat selection, 

interspecific competition, and predator-prey interactions (Van Moorter et al. 2016). Thus, 

natural and unrestricted movement dynamics is a key process for maintaining fitness in many 

species.

Across many ecosystems, movement processes are limited or altered by rapid and wide-

spread anthropogenic development, which has contributed to population declines and a 

breakdown in key ecological relationships (Bolger et al. 2008, Tucker et al. 2018). Central to 

these changes are barriers that prevent or limit movement choices by animals. Such 

impediments to the timing of movement or choice of a movement path can alter distribution 

and habitat use, expose individuals to higher degrees of risk from predators or people, and 

potentially change or eliminate life history strategies such as migration (Beyer et al. 2016). 

Mitigating the effects of movement barriers requires an understanding of the mechanisms by 

which those barriers alter movement.

Movement is central to the life history of barren-ground caribou, a subspecies of caribou 

(Rangifer tarandus groenlandicus) found across an area greater than 4,000,000 km2 in northern 

North America (COSEWIC 2016). These caribou migrate many hundreds of kilometers from 

wintering grounds in or near the boreal forest to calving grounds near the Arctic Ocean (Gunn 
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and Miller 1986). This migration evolved under various selective pressures (Dingle and Drake 

2007) including seeking nutritional resources and avoiding predation (Fryxell and Sinclair 1988).

The annual and seasonal ranges of caribou vary with herd size (Klaczek et al. 2016), food 

availability (Rickbeil et al. 2018), landscape disturbance from fire (Barrier and Johnson 2012, 

Anderson and Johnson 2014, Rickbeil et al. 2017) and human activities (Johnson and Russell 

2014). In particular, their winter ranges are relatively large and variable, as caribou seek access 

to adequate forage to maintain body condition through cold northern winters in a resource-

poor habitat. Restrictions to available winter range or increased energetic costs to access winter 

range could reduce the fitness benefits of such a highly mobile life history.

Of the factors affecting range use of barren-ground caribou, human activities and 

disturbances are of great concern to management authorities (Government of the Northwest 

Territories 2019). Though present declines of barren-ground caribou are not directly 

attributable to human disturbance (Vors and Boyce 2009), the potential for disruption to their 

use of space is cause for concern. Caribou alter their distribution in response to human 

activities at both broad (Johnson and Russell 2014) and fine (Bradshaw et al. 1997, Seip et al. 

2007, Lesmerises et al. 2018) spatiotemporal scales. In the Northwest Territories, research has 

demonstrated that caribou avoid diamond mines for up to 14 km (Boulanger et al. 2012). The 

area across which caribou change their use of space in relation to disturbances, known as a 

Zone of Influence (ZOI), is the result of many fine-scale interactions with disturbance (Johnson 

and St-Laurent 2011). Zones of Influence do not provide a mechanistic understanding of how 

the movement of caribou or other wildlife is influenced by human activities and infrastructure. 

Nonetheless, ZOIs are commonly used to assess and regulate industrial practices to reduce 
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impacts to wildlife. That includes the management and mitigation of the effects of mining 

infrastructure relative to the movements and habitat used by caribou (Government of the 

Northwest Territories 2019).

Relative to other jurisdictions, many industrial developments in the Northwest 

Territories are remote and are often supported by seasonal winter roads. These “ice roads” are 

built in mid-winter, with short over-land portages linking the more easily cleared and 

maintained lake sections. Roads are an industrial feature with a relatively small spatial footprint, 

but considerable extent and much capacity to obstruct caribou movement. Resource roads are 

known to act as semi-permeable barriers to caribou movements, particularly when traffic 

intensity is high (Dyer et al. 2002, Leblond et al. 2013). Roads can delay caribou during 

migration, sometimes by weeks (Wilson et al. 2016), and have been shown to cause avoidance 

of portions of seasonal range in reindeer (R. t. tarandus) (Nellemann et al. 2001). Roads also 

facilitate hunting by both humans and other predators, increasing risk for caribou that are 

distributed nearby (Plante et al. 2017, Blagdon and Johnson 2021).

We investigated the crossing choices of barren-ground caribou for an industrial winter 

road in the Northwest Territories. We quantified where and when caribou crossed the Tibbitt to 

Contwoyto Winter Road and the ecological factors and type and intensity of human-caused 

disturbances that affected that choice. We predicted that the road would act as a semi-

permeable barrier to movements of caribou, with crossing decisions negatively related to the 

level of traffic and hunting activity at crossing sites. Understanding how movement is affected 

by human disturbances is an important goal for managing and conserving highly mobile or 

migratory wildlife. Findings from this research can inform the placement of winter roads or the 
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mitigation of the barrier effects of roads faced by caribou and reindeer that range across Arctic 

ecosystems. 

We investigated the disturbance factors hypothesized to influence the selection of 

crossing events (including both the crossing location and time) by barren-ground caribou on an 

industrial winter road. For this analysis, we used logistic regression to contrast observed 

crossing events with a set of randomly identified available crossings events. We hypothesized 

that the road-crossing decisions of caribou would be influenced by human disturbance in the 

form of traffic and hunting pressure as well as factors known to influence caribou movement, 

such as weather, time of year, and previous movement by the individual animal.

We developed a set of a priori models that represented a combination of factors that we 

hypothesised to influence the road-crossing decisions of caribou. The modelling approach 

parallels methods used in resource selection analyses (Boyce et al. 2002), where observed 

events are contrasted against ecologically realistic opportunities (i.e. available movements or 

locations). These observed and available crossings of an industrial winter road were derived 

from GPS collar data for caribou in the Bathurst, Bluenose East and Beverly/Ahiak herds. Using 

these methods, we quantified relationships between the observed road crossings of caribou 

and a range of human and ecological disturbance factors.

Caribou crossings were observed for the Tibbitt to Contwoyto Winter Road in the 

Northwest Territories, Canada. This is a seasonal ice road constructed annually to supply mines, 
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primarily Diavik, Ekati, and Gahcho Kué, located on the tundra north of Great Slave Lake. The 

road is a joint venture between De Beers Group, Rio Tinto, and Arctic Canadian Diamond 

Company. Several camps support the construction and maintenance of the road, as well as the 

industrial traffic that uses the road. Road construction begins in mid-December for a late 

January or early February opening. The road is closed in late March or early April and melts off 

the landscape over the spring. The majority of industrial traffic is present during February and 

March during the official open period. The volume and timing of industrial traffic on the road 

can be inferred through vehicle dispatch records (Rudolph Swanepoel, Det’on Cho Logistics, 

personal communication). These are records kept by the company responsible for traffic 

management along the Tibbitt to Contwoyto Winter Road, and include the date, time, and 

locations of each vehicle’s trip along the road, from start to end. Recreational use of the winter 

road is permitted, though given the remoteness and lack of support along the road this is 

primarily limited to self-sufficient hunters that drive along the road, camp, and hunt by 

snowmobile.

Crossing events of the Tibbitt to Contwoyto Winter Road by barren-ground caribou were 

observed from movement paths generated from GPS collar data (Telonics and Iridium; model 

TGW-4577-4s) provided by the Government of the Northwest Territories (GNWT). This ongoing 

program of caribou collaring started in 1995 (Gunn et al. 2013, Adamczewski and Boulanger 

2016). The collars were programmed to gather locations 3 times per day, with some collars 

programmed to collect 24 locations per day when in proximity to the Tibbitt to Contwoyto 

Winter Road and the diamond mines in the area (so-called “geofence” collars). We used only 

the data from the geofence collars, resulting in a relatively high-precision estimate of the time 
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and location of crossing events. Dispatch records for industrial traffic were only available for 

2018–2020. Consequently, we limited the analyses to GPS collar data collected during that 

period. 

We used the GPS collar data to measure the location and time of each road crossing 

event by collared caribou. For each observed crossing event, we generated 5 available locations 

and times where caribou could have crossed the road (Northrup et al. 2013), termed the 

available crossing events. This high level of available crossings allows a reasonable measure of 

the variability in associated predictors. Though this high level of available crossing events results 

in a disproportionate ratio of observed to available crossings, and can change the magnitude of 

modelled relationships, it does not change the shape and resulting inference (King and Zeng 

2001). We used the available crossings to represent the range of ecologically realistic crossing 

opportunities for collared caribou during the study period. We generated the available crossings 

from GPS collar locations of caribou near the road during the study period. 

To generate each of these available crossings, the geographic origin of an available 

crossing was selected randomly from an observed GPS-collar caribou location that was within 

5.2 km of the road. That distance was defined by the 97.5th percentile of straight-line distances 

of caribou locations to the winter road which were recorded immediately before a road 

crossing. The location for each available crossing event was set as the point where a straight-line 

from the randomly selected location intersected the nearest segment of the winter road. The 

definition of resource availability can influence the strength of selection or avoidance of a 

resource (Johnson and Gillingham 2008). I chose an availability threshold (5.2 km) that was 

representative of the distribution of caribou that were adjacent to the road and represented 
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plausible crossing locations for comparison with the observed crossing locations. The dates and 

times for the available crossing events were taken from the timestamp of the random locations 

used to generate them.

Figure 3.1 Schematic representation of the sampling design used to identify available crossing 

locations using data from GPS collared barren-ground caribou. Locations were selected 

randomly from known locations within the 97.5th percentile distance to the road at the onset of 

observed crossing trajectories. The available crossing locations were the nearest points along 

the Tibbitt to Contwoyto Winter Road to these random points.

We used dispatch records to estimate traffic volume as well as the persistence of the 

road during each study year. We limited crossing events, both observed and available, to only 

s’ onset to the winter road
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those that occurred in a ± 2-week time window of estimated traffic presence at a crossing 

location. A preliminary review of satellite imagery for a section along Contwoyto Lake did 

confirm the presence of the road beyond the ± 2-week time window. Thus, restricting the 

crossing analysis to only that period for which vehicle traffic occurred (± 2-weeks) provided a 

conservative estimate of the effect of the road on caribou movements.

We identified factors that were hypothesized to affect the crossing choices of caribou for 

the Tibbitt to Contwoyto Winter Road. These included environmental and disturbance variables 

that were previously reported to influence the distribution, movements, and behaviour of 

caribou (Table 3.1).

Table 3.1 Description, mechanism, and predicted effect (positive or negative) of covariates 

hypothesized to influence the crossing choice of barren-ground caribou on the Tibbitt to 

Contwoyto Winter Road in the central Northwest Territories, Canada.

Covariate Type Description
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We used right-of-way data from the GNWT (J. Williams, Government of the Northwest 

Territories, personal communication), Mackenzie Valley Land and Water Board (Mackenzie Land 

and Water Board 2020), and De Beers Canada (Ryan Marshall, De Beers Canada, personal 

communication), along with a portion digitized from satellite imagery (NASA SENTINEL-2 

dataset) to develop a shapefile denoting an estimated annual alignment of the Tibbitt to 

Contwoyto Winter Road. The placement of the road right-of-way is limited by permits issued by 

the Mackenzie Valley Land and Water Board, with the exception of some variation year-to-year 

in the road alignment to bypass ice ridges and overflow. Consequently, the alignment of the 

road is very similar year-to-year.

We used dispatch records of industrial traffic provided by the company managing traffic 

on the winter road to estimate traffic trips along the Tibbitt to Contwoyto Winter Road. The 

dispatch records provided the location and times of departure and arrival of each trip. These 

trips were predominantly by large trucks moving material to and from the mines. From these 

data, we estimated the passage of industrial vehicles along the road. The trips were assumed to 

take the shortest path and travel at a constant speed. Using these data, we estimated traffic 

presence at 2-km intervals every hour.

We used the boundaries of the Bathurst mobile no-hunting zone to estimate the 

presence or absence of hunting activity. The Bathurst mobile no-hunting zone was established 

by the GNWT and Indigenous governments as a joint management action in response to the 

decline of the Bathurst barren-ground caribou herd (Government of the Northwest Territories 

2019). The boundaries of the mobile zones and the open and close dates were provided by the 

North Slave office of the Department of Environment and Natural Resources, GNWT.
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We used NASA’s Modern Era Retrospective Analysis for Research and Applications 

[MERRA-2] dataset to estimate wind speed and temperature (Gelaro et al. 2017). From these 

data, we modelled the windchill at the crossing site (eq. 3.1).

Equation 3.1: Twc = 13.12 + 0.6215Ta – 11.37v0.16 + 0.3965Tav0.16, where:

Twc: wind chill index (kg*cal/m2/h)

Ta: air temperature (°C)

v: wind speed (km/h)

The windchill equation (eq. 3.1) was developed for humans, not Rangifer (Osczevski and 

Bluestein 2005). Those values, however, do provide a measure of relative change in the 

combined thermal effect of air temperature and wind speed across the winter. We used the 

lowest calculated windchill over the 3 days prior to a crossing as an index of thermoregulatory 

stress experienced by caribou. 

We summarized the directional persistence of individual caribou prior to the observed 

or available crossing event. Directionality was calculated as the relative mean resultant distance 

of previous steps. We calculated this metric by summing the vector distance of 7 steps prior to 

the crossing event, setting each step to a distance of one and dividing the resulting distance by 

the number of steps. For the step direction we used the relative turning angles (i.e., the angle 

between successive steps). This value indicates the degree of tortuosity of movement, from 

which the type of movement the animal was engaged in can be inferred (Benhamou 2004). 

Values close to one, generated from consecutive steps in the same direction, indicate 

directional persistence in travel and values close to zero, generated from high angle turns, 
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indicate low directional persistence, possibly associated with foraging behaviour (Benhamou 

2004).

We used logistic regression to contrast observed and available crossings of the Tibbitt to 

Contwoyto Winter Road. We developed a set of a priori model hypotheses to test the factors 

that may influence the crossing choices of caribou adjacent to the winter road (Table 3.2). We 

used a random effect for each collared caribou to account for repeated crossings by individuals. 

We used the variance inflation factor (VIF) to test models for multicollinearity. No parameters 

had a VIF > 10, which is a common threshold to determine problematic multicollinearity 

(Vittinghoff et al. 2012). We used an information theoretic approach to identify the most 

parsimonious models of the set as ranked by the Akaike Information Criterion (Anderson et al. 

2002, Burnham and Anderson 2002) corrected for small sample sizes (AICc; Hurvich and Tsai 

1989). The top-ranked model has the greatest degree of fit to the data with the fewest 

parameters. We reported the ΔAICc, the difference between the AICc for each model and the 

smallest AICc from the top-ranked model. We considered all models with a ΔAICc of <2.0 as 

informative and we included them in the best set of models. 

The AICc provides a relative measure of model fit, but not predictive accuracy. We used 

the area under the curve (AUC) of the receiver operating characteristic (ROC) curve to measure 

the predictive accuracy of each model (Boyce et al. 2002). We used a leave-one-out cross-

validation (LOOCV) to generate independent predicted probabilities for each observed and 

available crossing event (Fielding and Bell 1997, Pearce and Ferrier 2000). Using that procedure, 

each predicted value was generated after sequentially withholding the respective crossing event 
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from model estimation. Area under the curve values between 0.7 and 1 were considered to 

have good predictive ability, and models with an AUC of approximately 0.5 were assessed as 

having no predictive capacity (Fielding and Bell 1997, Boyce et al. 2002). We used 95% 

confidence intervals to assess the strength of model covariates. Confidence intervals that 

included a value of zero were assumed to have some combination of small effect size and low 

precision. All data generation and modelling were conducted using R (R Core Team 2021) and 

ArcGIS (ESRI 2020). Mapping was conducted using the QGIS software (QGIS Development Team 

2022).
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Table 3.2 Candidate logistic regression models designed to test a range of factors hypothesized 

to influence the crossing choice of barren-ground caribou on the Tibbitt to Contwoyto Winter 

Road in the central Northwest Territories, Canada. Each model group may contain several 

models.

Model 
group

Hypothesis Model Structure

During the study period (2018–2020), a total of 62 barren-ground caribou equipped with 

geofence GPS collars were located within 5.2 km of the Tibbitt to Contwoyto Winter Road. Of 

those caribou, 33 engaged in a total of 100 crossings of the road. Crossing events were recorded 

during January–April of each year, with most crossings occurring towards the end of the winter 
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road season (Figure 3.1). The distribution of caribou equipped with geofence GPS collars was 

not uniform along the length of the winter road throughout the study period, and crossings 

predominantly occurred on the main trunk road and the Tundra spur, which is located north of 

the main trunk west of the spur to Gahcho Kué (Figure 3.2).

 

Figure 3.2 Histogram of crossing events (n = 100) by barren-ground caribou equipped with GPS 

collars for 2018–2020 on the Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada, 

displayed by the day of year. January 1st is day 1, and the study period extended up to the 

beginning of April, approximately day of year 100.
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Figure 3.3 Distribution of GPS collared caribou and crossing trajectories across the Tibbitt to 

Contwoyto Winter Road, Northwest Territories, Canada, 2018–2020. Collar locations were 

restricted to the approximate period of active use of the winter road (February–March). The 

Tundra spur is located north of the main trunk west of the spur to Gahcho Kué.
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Using the set of a priori models, we quantified the relationship between the observed 

road crossings of caribou and human disturbance and ecological covariates. Of that set, the 

traffic count (ΔAICc = 0) and global models (ΔAICc = 1.67) were the most parsimonious and top-

ranked models (Table 3.3). For all models, traffic volume had a negative effect suggesting that 

there was reduced relative probability of a caribou crossing the road when traffic was present 

(Figure 3.3). All top-ranked models (ΔAICc < 2) were very good predictors of the observed and 

available crossing events of monitored caribou (AUC > 0.8; Table 3.3.). The global model 

suggested that caribou were less likely to cross the road when within the no-hunting zone, 

though movement directionality and day of year were not significantly related to the road-

crossing decisions of monitored caribou. The fact that the no-hunting zone model was not 

included in the top model set indicates that this variable was less important than traffic for 

caribou crossing decisions.

Predictions from the top-ranked model (traffic count, Table 3.3) revealed that the 

relative probability of crossing declined rapidly with the presence of traffic and was near 0 with 

moderate levels of traffic (Figure 3.4). This relationship held across the study years, even with a 

strong year effect for 2020, when crossings were less likely when compared to 2018 and 2019. 
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Table 3.3 Ranking of logistic regression models representing the selection of crossing events by 

barren-ground caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, 

Canada. The standard errors (SE) of the AUC scores are presented in brackets.

Model K AICc ΔAICc AUC
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Figure 3.4 Coefficients of top-ranked models (ΔAICc < 2) for crossing of the Tibbitt to Contwoyto 

Winter Road, Northwest Territories, Canada. The asterisk indicates coefficients for which the 

95% confidence intervals did not overlap 0.
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Figure 3.5 Predicted relative probability of crossing the Tibbitt to Contwoyto Winter Road by 

GPS-collared barren-ground caribou across the range of estimated traffic levels. Predictions 

were generated from coefficients in the top-ranked logistic regression model (traffic count). 

Light lines indicate 95% confidence intervals. Count of traffic is the number of vehicles passing 

the crossing location in the 8 hrs prior to the crossing event.

Roads are known to have a wide range of effects on the ecology of caribou (Leblond et 

al. 2013, Johnson and Russell 2014, Plante et al. 2017, 2018). Although numerous studies have 

considered the barrier effects of roads, most of that work considered coarse-scale responses of 

individual animals that encountered roads (Beyer et al. 2016, Wilson et al. 2016). This is one of 
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the first studies to quantify the effect of fine-scale changes in traffic on the crossing behaviour 

of caribou on a seasonal winter road.

We used a novel method and dispatch records to estimate the location of individual 

industrial vehicles and traffic volume on the Tibbitt to Contwoyto Winter Road. Those data in 

combination with GPS collar locations suggested that a key industrial winter road in the 

Northwest Territories was a semi-permeable barrier to movement by barren-ground caribou. 

Monitored caribou rarely crossed the winter road, despite many available crossing 

opportunities. Crossing occurred primarily outside the main operating season of the winter 

road. The few observed crossings during the operating period occurred when low levels of 

traffic were present, typically during weather-related road closures.

Results from our study are consistent with previous work that has considered the barrier 

and disturbance effects of roads for both migratory and woodland caribou. For example, a 

strong barrier effect of a mining road was reported for the movements of caribou of the Leaf 

River population of northern Quebec (Plante et al. 2018). For that same study, the adjacent 

George River population did not demonstrate avoidance of a different mining road, but caribou 

increased their movement rate when crossing the feature. The movement rates, and ultimately 

the duration of migration, of caribou of the Western Arctic and Teshekpuk populations were 

also shown to be influenced by an industrial road (Wilson et al. 2016). A large number of other 

studies conducted over the past two decades have reported a disturbance effect of a range of 

road types for caribou or reindeer, often attributing traffic volume as an explanatory factor 

(Dyer et al. 2002, Polfus et al. 2011, Beauchesne et al. 2013, Leblond et al. 2013, Panzacchi et al. 
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2013, Johnson and Russell 2014, Johnson et al. 2015). In many cases, however, traffic volume 

was not measured, but instead considered constant or associated with road type.

We demonstrated that the level of traffic and not just the right-of-way was a semi-

permeable barrier to the movement of caribou. The dispatch data revealed that there were few 

times over the three analysis years when the road was closed or relatively few vehicles used the 

road during each of the approximately 8-week operating seasons (Figure 3.6). From this we can 

infer that the winter road is a barrier to caribou for much of the road’s operation throughout 

February and March of each year. Highlighting this key finding is the Tundra spur: in contrast to 

the main trunk of the winter road, it had a consistent, but low level of traffic during 2018 and 

2019, providing a natural experiment of caribou response to variable traffic. During that period 

there was a high level of crossing relative to the busy main trunk of the winter road. 

The Tibbitt to Contwoyto Winter Road lies across much of the distribution of the 

Bluenose East, Bathurst, and Beverly/Ahiak barren-ground caribou herds. The footprint of the 

road is small compared to the size of these winter ranges, even when considering a liberal 

estimate for the ZOI. This area, in combination with the area disturbed by mines and other 

developments, is used to measure the risk to caribou populations and the level of management 

response required (Government of the Northwest Territories 2019). Given the barrier that the 

Tibbitt to Contwoyto Winter Road presents to caribou with normal levels of traffic, the risk to 

caribou could be greater than that anticipated from this area-based framework.
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Figure 3.6 Estimated traffic levels on the Tibbitt to Contwoyto Winter Road, Northwest 

Territories, Canada. The histograms capture the level of traffic each 8 hrs, the same window 

used in modelling of traffic intensity. Vertical green lines indicate the time of crossings along the 

indicated section of road. Note: 2020 was a leap year, so 2018 and 2019 have “missing” data for 

February 29th; few collared caribou were near the Lupin or Gahcho Kué spurs during the active 

season of the winter road.

The barrier effect of the winter road could limit access to forage (Nellemann et al. 2001, 

Vistnes et al. 2004), and increase vulnerability to hunters (Plante et al. 2017). At the most 

extreme, the road could alter the location, timing, and success of migration to the more 
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northern calving range (Veiberg et al. 2017). Calving is a critical time of the year, with high 

energetic demands to support lactation and the rearing of neonates. To support these activities 

caribou need to access high-quality forage, which requires matching the timing of calving to 

optimal plant phenology (Post and Forchhammer 2008). Consequently, the timing of migration 

is important (Gurarie et al. 2019). Barren-ground caribou are able to maintain sizeable 

populations due in large part to their long-distance migrations which provide access to this 

high-quality forage and a relatively predator-free environment (Fryxell and Sinclair 1988, Fryxell 

et al. 1988, Bergerud 1996, Klaczek et al. 2016). Any changes in successful use of the calving 

grounds could lead to population declines or at the least individual-level effects relative to 

nutrition, energy expenditure, and exposure to predation (Cameron et al. 2010).

The Tibbitt to Contwoyto Winter Road is likely a semi-permeable barrier to movement 

for caribou throughout the duration of its active season. The extent to which the barrier effect 

interacts with other disturbance factors is unclear. For instance, one of the top models indicated 

an effect of hunting activity on caribou crossing decisions – namely, being in the no hunting 

zone decreased crossings. This counter-intuitive finding could be the result of a strong spatial 

correlation between the level of traffic and hunting along the road, as the coarse-scale hunting 

zones coincide with the busiest portions of the road. Government staff monitor the winter road 

and record the presence of hunters. Those data were not available, but could be applied to 

future analyses focused on understanding the effects of hunting activity on caribou.

Only 62 individual collared caribou interacted with the road over three years of 

monitoring; thus, there were relatively few data to statistically represent the disturbance 

relationship. Nonetheless, I found a strong effect (Figure 3.5). As of 2021, there were an 
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estimated 6240 caribou in the Bathurst population, whereas in the 1980s, when the winter road 

was first constructed, there were approximately 203,800 caribou (Boulanger et al. 2011). A 

greater sample of caribou near the road would likely result in a more precise relationship 

between vehicle traffic and crossing decisions. However, there may be an interaction between 

caribou density and disturbance response that is difficult to test given the historic lows for the 

three herds that interact with the winter road. That may include a relationship between 

individual movement choices and the size of the group the caribou is travelling with. Also, this 

analysis does not distinguish between types of road or industrial traffic, nor the effect of the ZOI 

around mines. Despite these limitations, the key findings remain clear.

With herds of barren-ground caribou at drastic lows, there is concern for the future of 

these populations. The Northwest Territories Species at Risk Committee and the national 

Committee on the Status of Endangered Wildlife in Canada (COSEWIC) have assessed these 

caribou as Threatened. Concerns for the future of caribou in northern Canada come with a 

strong mandate for responsible management of the species. Unfortunately, many of the factors 

influencing barren-ground caribou populations are largely beyond the control of northern 

authorities: climate change and cyclical population dynamics. Human disturbance is an issue 

affecting wildlife that can be dealt with using existing regulatory and legislative tools and is 

therefore an important consideration.

The findings of our research suggest that the Tibbitt to Contwoyto Winter Road is a 

strong barrier to movement by barren-ground caribou. Furthermore, that barrier effect is not a 

function of the road right-of-way, but instead the presence of industrial traffic. While the 
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demographic and fitness consequences of the winter road are unclear, in the context of recent 

and dramatic declines of barren-ground caribou, this strong and broad-scale effect is 

concerning. Previous work has focused on barriers encountered during migration (e.g. Wilson et 

al. 2016), where the negative consequences can be dramatic (Bolger et al. 2008). The Tibbitt to 

Contwoyto Winter Road, however, is active only during approximately two months of the year, 

during a period in which caribou spend much of their time foraging and ruminating (Chapter 2) 

with few long-distance movements (Anderson and Johnson 2014).

We provided new insights on the fine-scale movements of caribou near the road 

including the associated barrier effect. Our research did not address potential changes in the 

broader scale ecology of caribou, such as deflection of movement paths (Wilson et al. 2016), 

changes in distribution (Fortin et al. 2013), or altered migration (Gurarie et al. 2017). Evidence 

of these effects could link changes in demography and fitness to the mine-road complex. 

Further exploration of how the changes in movement outlined in this paper affect broader scale 

distribution and population dynamics of caribou is crucial for responsible management.

Despite the uncertain implications of the barrier effect, it is clear that efforts for 

mitigation will need to be improved if unobstructed movement is a desired outcome of 

management. Our findings revealed that traffic was the disturbance causing the barrier effect – 

not simply the road’s right-of-way. This presents several options for mitigation that could 

include less traffic, scheduled gaps, or a shorter hauling season. An adaptive management 

framework could be used to investigate the response of caribou to changes in traffic volume or 

activity. 
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Resource extraction is expected to continue or increase across the seasonal ranges of 

barren-ground caribou. Those activities will require more roads and greater vehicle traffic. Our 

results provide some insights on the negative effects of such traffic for the movement and 

distribution of caribou. Further research will be required to understand how the consequences 

of these developments affect caribou, and how they can be mitigated.
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Barren-ground caribou, a migratory population of caribou, are in decline across much of 

their distribution (Vors and Boyce 2009). In Canada, they were assessed as Threatened at both a 

federal and territorial level (COSEWIC 2016, Species at Risk Committee 2017). Widespread 

declines of caribou have been the result of multiple interacting factors (Vors and Boyce 2009, 

Johnson et al. 2015), including the effects of climate change (Post et al. 2009, Mallory and Boyce 

2017), natural population fluctuations (Zalatan et al. 2006), and human disturbance (Wolfe et al. 

2000, Johnson et al. 2005, Plante et al. 2018). Wildlife managers are particularly concerned 

about increases of industrial infrastructure and human activity, as these disturbances have been 

linked to the decline and extirpation of numerous caribou types across southern Canada (Vors 

et al. 2007, Johnson et al. 2015). There is less human disturbance across the Arctic (Government 

of the Northwest Territories 2019). Nonetheless, barren-ground caribou have been shown to 

avoid human disturbance at broad spatial and temporal scales (Boulanger et al. 2012, Johnson 

and Russell 2014), though much of how they relate to disturbance at a fine scale is still 

uncertain. Describing caribou’s relationship to disturbance at multiple scales can help establish 

how the cumulative effect of development influences the distribution and abundance of 

Threatened populations of barren-ground caribou.

I investigated changes in behaviour, stress physiology, and movement of barren-ground 

caribou in winter near the Tibbitt to Contwoyto Winter Road located in the central Northwest 

Territories. Previous research has demonstrated that caribou avoided industrial disturbances 

near the road (Boulanger et al. 2012). Such disturbance-distribution responses were consistent 

with similar work on Rangifer more broadly (Nellemann et al. 2001, Johnson and Russell 2014, 
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Plante et al. 2018). The broad-scale changes in the distribution of caribou caused by disturbance 

implies fine-scale changes in the ecology of caribou, including the phenomena that I studied 

(Johnson and St-Laurent 2011). I demonstrated that caribou in proximity to the winter road 

changed their behaviour and movement, though I did not detect a relationship between the 

disturbance environment of the road and changes in the stress physiology of caribou. Caribou 

spent less time foraging and more time walking when adjacent to the winter road, and rarely 

crossed the road during the operating season. I demonstrated that the level of traffic was 

responsible for that barrier effect, not simply the road’s right-of-way. 

My findings corroborate previous research that demonstrated that caribou avoided 

industrial sites in the central Northwest Territories (Johnson et al. 2005, Boulanger et al. 2012, 

Johnson and Russell 2014). Of my findings, the most concerning was the barrier caused by 

industrial traffic on the Tibbitt to Contwoyto Winter Road. That barrier and associated changes 

in the movement or distribution of caribou could limit access to forage during a nutritionally 

difficult time of year (Nellemann et al. 2001, Vistnes et al. 2004), increase vulnerability to 

predators and hunters (Plante et al. 2017), and potentially influence the location, timing, and 

success of migration to summer calving grounds (Veiberg et al. 2017). The changes in behaviour 

that I recorded, including less foraging and more walking by caribou adjacent to the road, 

provide some mechanistic understanding of these effects of the road. My research could be 

used to parameterise energetics models, such as those developed for the Porcupine population 

and later adapted to the Bathurst population (Gunn et al. 2011, White et al. 2014), that would 

allow one to explore the population-level effects of altered behaviour and distribution near the 

Tibbitt to Contwoyto Winter Road. 
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Despite these measured responses to the winter road, the spatial extent of industrial 

infrastructure in the central Northwest Territories, including the Tibbitt to Contwoyto Winter 

Road, is small relative to the annual and seasonal ranges of affected herds of barren-ground 

caribou. The range plan for the Bathurst caribou herd, the most at risk population in the study 

area, uses the cumulative area of disturbance from both the footprint of development as well as 

the surrounding zone of influence to assess the level of risk to caribou, and advises a 

proportionate management response (Government of the Northwest Territories 2019). The 

current level of development for the range assessment area that includes the majority of mining 

activity is assessed at a “moderate” level of disturbance, which includes suggestions for 

“enhanced traffic management”. Despite this reference to the importance of managing traffic, 

the assessment of risk does not include a measure of the barrier effect from current or 

proposed roads. 

The demographic and fitness consequences of the barrier described in this study are 

unclear. The road is active during a short period of the year, during which caribou engage in few 

long-distance movements, and hunting of caribou is restricted along much of its length. Also, 

there are few reported collisions between caribou and industrial traffic. Present management of 

traffic on the road includes a convoy policy and mandatory right-of-way for wildlife, which may 

reduce disturbance to caribou. Nevertheless, in the context of recent and dramatic declines of 

populations across the Northwest Territories, this strong and broad-scale effect is concerning. 
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What follows are the full results from the analyses of chapters 2 and 3. This includes the 

model rankings, according to AICc, coefficient values with standard errors (SE), and an 

assessment of predictive accuracy of models using the AUC of ROC tests or an assessment of the 

difference between model predictions and Leave One Out Cross Validation (LOOCV) model 

predictions (Fielding and Bell 1997, Pearce and Ferrier 2000). The tables of model rankings are 

followed by the model coefficients, starting with the behavioural analyses, then the hormone 

analyses, and finally the crossing analysis.

Table B.1 Ranking and assessment of fractional logistic regression models (with robust SEs) 

representing the mean proportion of caribou in groups engaged in foraging or lying near the 

Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada. Leave-One-Out-Cross-

Validation (LOOCV) results are the P from a Mann-Whitney U test contrasting the LOOCV 

predicted values with the model’s predicted values.

ΔAICc



4

Table B.2 Model coefficients, SEs, Z, and P for the distance model of the mean proportion of 

caribou in groups engaged in foraging or lying near the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.

Table B.3 Model coefficients, SEs, Z, and P for the time of year model of the mean proportion of 

caribou in groups engaged in foraging or lying near the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.
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Table B.4 Model coefficients, SEs, Z, and P for the hunting pressure model of the mean 

proportion of caribou in groups engaged in foraging or lying near the Tibbitt to Contwoyto 

Winter Road, Northwest Territories, Canada.

Table B.5 Model coefficients, SEs, Z, and P for the weather model of the mean proportion of 

caribou in groups engaged in foraging or lying near the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.
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Table B.6 Model coefficients, SEs, Z, and P for the global model of the mean proportion of 

caribou in groups engaged in foraging or lying near the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.

Table B.7 Ranking and assessment of multinomial logistic regression models representing the 

relative dominant behaviour of caribou near the Tibbitt to Contwoyto Winter Road, Northwest 

Territories, Canada. AUC scores are from ROC curves and are based on predicted outputs from a 

leave-one-out cross-validation procedure. The SEs of the AUC scores are presented in brackets.

Model Model structure K AICc ΔAICc AUCstand AUCwalk/trot
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Table B.8 Model coefficients, SEs, Z, and P for the distance model of the relative dominant 

behaviour of caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada.

Table B.9 Model coefficients, SEs, Z, and P for the hunting pressure model of the relative 

dominant behaviour of caribou near the Tibbitt to Contwoyto Winter Road, Northwest 

Territories, Canada.

Table B.10 Model coefficients, SEs, Z, and P for the time of year model of the relative dominant 

behaviour of caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada.
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Table B.11 Model coefficients, SEs, Z, and P for the global model of the relative dominant 

behaviour of caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada.

Table B.12 Model coefficients, SEs, Z, and P for the weather model of the relative dominant 

behaviour of caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada.
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Table B.13 Ranking of fractional logistic regression models (with robust SEs) representing the 

mean proportion of time spent foraging by caribou near the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.

Model Model structure K AICc ΔAICc

Table B.14 Model coefficients, SEs, Z, and P for the hunting pressure model of the mean 

proportion of time spent foraging by caribou near the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.

Table B.15 Model coefficients, SEs, Z, and P for the time of year model of the mean proportion 

of time spent foraging by caribou near the Tibbitt to Contwoyto Winter Road, Northwest 

Territories, Canada.

Estimate SE Z P
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Table B.16 Model coefficients, SEs, Z, and P for the distance model of the mean proportion of 

time spent foraging by caribou near the Tibbitt to Contwoyto Winter Road, Northwest 

Territories, Canada.

Estimate SE Z P

Table B.17 Model coefficients, SEs, Z, and P for the weather model of the mean proportion of 

time spent foraging by caribou near the Tibbitt to Contwoyto Winter Road, Northwest 

Territories, Canada.

Estimate SE Z P

Table B.18 Model coefficients, SEs, Z, and P for the global model of the mean proportion of time 

spent foraging by caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, 

Canada.
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Table B.19 Ranking of regression models representing the level of cortisol and corticosterone in 

fecal pellets from caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, 

Canada. Leave-One-Out-Cross-Validation (LOOCV) results are the P from a Mann-Whitney U test 

contrasting the LOOCV predicted values with the model’s predicted values.

Model K Cortisol Corticosterone

AICc ΔAICc LOOCV 
P

AICc ΔAICc LOOCV 
P

Table B.20 Model coefficients, SEs, Z, and P for the time of year model of the level of cortisol in 

fecal pellets from caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, 

Canada.

Estimate SE Z P
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Table B.21 Model coefficients, SEs, Z, and P for the weather model of the level of cortisol in fecal 

pellets from caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada.

Estimate SE Z P

Table B.22 Model coefficients, SEs, Z, and P for the hunting pressure model of the level of 

cortisol in fecal pellets from caribou near the Tibbitt to Contwoyto Winter Road, Northwest 

Territories, Canada.

Estimate SE Z P

Table B.23 Model coefficients, SEs, Z, and P for the distance model of the level of cortisol in fecal 

pellets from caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada.

Estimate SE Z P
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Table B.24 Model coefficients, SEs, Z, and P for the global model of the level of cortisol in fecal 

pellets from caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, Canada.

Table B.25 Model coefficients, SEs, Z, and P for the weather model of the level of corticosterone 

in fecal pellets from caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, 

Canada.

Table B.26 Model coefficients, SEs, Z, and P for the global model of the level of corticosterone in 

fecal pellets from caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, 

Canada.
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Table B.27 Model coefficients, SEs, Z, and P for the time of year model of the level of 

corticosterone in fecal pellets from caribou near the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.

Table B.28 Model coefficients, SEs, Z, and P for the hunting pressure model of the level of 

corticosterone in fecal pellets from caribou near the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.

Estimate SE Z P

Table B.29 Model coefficients, SEs, Z, and P for the distance model of the level of corticosterone 

in fecal pellets from caribou near the Tibbitt to Contwoyto Winter Road, Northwest Territories, 

Canada.

Estimate SE Z P
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Table B.30 Ranking of regression models representing the selection of crossing events by 

barren-ground caribou across the Tibbitt to Contwoyto Winter Road, Northwest Territories, 

Canada. The SEs of the AUC scores are presented in brackets.

Model Model structure K AICc ΔAICc AUC

Table B.31 Model coefficients, SEs, Z, and P for the traffic count model representing the 

selection of crossing events by barren-ground caribou across the Tibbitt to Contwoyto Winter 

Road, Northwest Territories, Canada.
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Table B.32 Model coefficients, SEs, Z, and P for the global model representing the selection of 

crossing events by barren-ground caribou across the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.

Table B.33 Model coefficients, SEs, Z, and P for the active road model representing the selection 

of crossing events by barren-ground caribou across the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.

Table B.34 Model coefficients, SEs, Z, and P for the open road model representing the selection 

of crossing events by barren-ground caribou across the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.
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Table B.35 Model coefficients, SEs, Z, and P for the weather model representing the selection of 

crossing events by barren-ground caribou across the Tibbitt to Contwoyto Winter Road, 

Northwest Territories, Canada.

Table B.36 Model coefficients, SEs, Z, and P for the movement combined model representing 

the selection of crossing events by barren-ground caribou across the Tibbitt to Contwoyto 

Winter Road, Northwest Territories, Canada.

Table B.37 Model coefficients, SEs, Z, and P for the time of year model representing the 

selection of crossing events by barren-ground caribou across the Tibbitt to Contwoyto Winter 

Road, Northwest Territories, Canada.
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Table B.38 Model coefficients, SEs, Z, and P for the hunting pressure model representing the 

selection of crossing events by barren-ground caribou across the Tibbitt to Contwoyto Winter 

Road, Northwest Territories, Canada.

Table B.39 Model coefficients, SEs, Z, and P for the directional persistence model representing 

the selection of crossing events by barren-ground caribou across the Tibbitt to Contwoyto 

Winter Road, Northwest Territories, Canada.


