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Abstract
The Bathurst barren-ground caribou herd of Northwest Territories and Nunavut declined
by 98% between 1986 and 2019; from an estimated population of 470,000 animals to just 8,200.
Although caribou herds are known to fluctuate greatly between high and low populations, the
recent population low has raised fears that this herd may go extinct. There are many factors
which influence herd health, and disentangling how each contributes to decline is difficult. Our
research goal was to examine broad scale spatial-temporal trends in range-use of the Bathurst
herd from 1997-2019, in order to better speculate on how these caribou may be responding to
external factors. We conducted a Residence Time movement analysis on animal collar data to
determine specific timing of seasonal range-use. We used this timing information to create
Brownian Bridge maps that capture seasonal ranges unique to herd behavior each year, as well as
mapping their annual ranges. We applied linear regression models to our annual and seasonal
range maps to explore temporal trends of habitat-use across space. We found significant
decreases in the size of annual (90%) and seasonal (35 - 91%) ranges that mirrored the herd’s
population decline. The duration of the herd’s spring migration significantly decreased, with
caribou reaching their calving ground eight days earlier over the study period; potentially in
response to an earlier onset of vegetation green-up. The time spent on the post-calving range
increased over the monitoring period by thirteen days, suggesting that caribou have become more
active; potentially as a mechanism to deal with insect harassment. Geographical analyses of the
calving range showed that, unlike other ranges, there was little change in size and range-use. The
consistent nature of this range may indicate that resources there are disproportionately important
to caribou, relative to the other ranges. These temporal and geographic changes are not consistent
with changes observed in other declining herds; a discrepancy that may indicate the Bathurst
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caribou are responding specifically to unique regional changes, such as timing in snowmelt,
vegetative phenology, changes in insect activity, and industrial activity.
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Chapter 1
Introduction
1.1 Context
The Bathurst barren-ground caribou (Rangifer tarandus groenlandicus) herd of the
Northwest Territories (NWT) and Nunavut (NU) experienced a rapid population decline from
approximately 470,000 to 8,200 caribou between 1986 and 2018 (98% decline; GNWT, 2019).
Although barren-ground caribou naturally cycle between high and low populations, the length of
time between high and low populations are not predictable, ranging anywhere from 20-60 years
(Zalatan et al., 2006; Adamczewski et al., 2009). Nonetheless, the Bathurst herd is currently well
below expected minimums and is at risk of population collapse (GNWT, 2019).
The socio-cultural effects of this collapse are substantial to the Dené and Inuit peoples of
the NWT and NU who have relied on the Bathurst caribou herd for thousands of years (Gordon,
2005). The Bathurst caribou is life itself to all Indigenous groups that co-evolved with this herd
(Gordon, 2005). The Dené people derive their cultural identity from barren-ground caribou, even
being nicknamed Caribou People (Kendrick et al., 2005; GNWT, 2019). Traditional education
for the Dené people focuses on caribou movement and range-use (Kendrick et al., 2005; GNWT,
2018). The Dené have lived in continual contact with this herd for generations, and at one point
in time, moved synchronously with the caribou throughout the year (Kendrick et al., 2005). Until
more recently they have relied on the caribou herd for food, tools, and cultural practices (e.g., Kǫ ̀
ghàts’eèdi: the act of gifting caribou meat to ancestors through fire) (Walsh, 2015). If this herd
were to go extinct, then the cultural devastation to all the Indigenous groups tied to it, will be
incalculable.
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Barren-ground caribou have co-evolved with both vegetation and predators across the
Arctic (Klein, 1987; Hansen et al., 2013). The decline of the Bathurst herd is hypothesized to be
influencing changes in the regional ecology (Andruko et al., 2020), and if the herd does not
recover it may cause long-term ecological change (Bonney et al., 2018). Barren-ground caribou
play an integral role in shaping plant and predator communities in Arctic ecosystems (Sharma et
al., 2009). In some respects, they act as a keystone species in ecosystem function as they
comprise the largest vertebrate biomass in northern Canada (Sharma et al., 2009), altering
terrestrial landscapes through grazing (Henry and Gunn, 1991). When caribou reach high
population densities (i.e., one caribou per 18 km2) they have been known to overgraze lichen
resulting in range abandonment and population crashes (Klein, 1987). However, eventual
revegetation can happen in twenty years or more (Klein, 1987). Barren-ground caribou
populations are affected by many other factors other than their own presence, including (but not
limited to) predation, changes in habitat, forest fires, insect harassment, and human activity. The
complexity in understanding herd health has led many researchers to consider the cumulative
effects these factors have on caribou populations.
The tundra wolf (Canis lupus) is the main predator of barren-ground caribou and can
have large effects on their populations (Sharma et al., 2009; Klaczek et al., 2016). Tundra wolves
continually follow caribou herds across the landscape on an annual basis (Calef, 1981), except
when birthing and rearing their litters. A high wolf density will limit the density of caribou and a
low population of caribou will result in a low recruitment of wolf pups (Klaczek et al., 2016).
Ecological changes may be a threat to caribou population health because the animals
migrate annually and conduct different parts of their annual life cycle in vastly different habitats
separated by long distances, based largely on the seasonal timing (phenology) of food resources
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(Fancy et al., 1989; Mallory and Boyce, 2018; GNWT, 2019). Herds have multiple ranges
(specific areas for different seasonal activities) that they use through the year, including (but not
limited to) their calving, late summer, and winter range (GNWT, 2019). Climate warming has
altered the timing of vegetation productivity on these ranges (Fauchald et al., 2017; Chen et al.,
2018) and has been shown to influence the Bathurst herd’s range-use (Rickbeil et al., 2017). The
composition of plant species on the tundra within the late summer ranges of the Bathurst caribou,
is thought to be shifting from graminoid and lichen-dominated systems to shrub-dominated
systems (Rickbeil et al., 2017). It is believed these changes in habitat have contributed to the
decline in many caribou populations (Post et al., 2003; Fauchald et al., 2017).
Forest fires are a large part of barren-ground caribou ecology and have historically
influenced how caribou utilize their habitats (Barrier and Johnson, 2012). Forest fires decrease
the quality of winter forage, which causes caribou to switch feeding sites to areas not recently
burned, which can have an effect on population growth (Barrier and Johnson, 2012). These
boreal forest fires are therefore intrinsically linked to caribou ecology. However, forest fire
regimes are changing, with fires burning larger and increasing in frequency as a result of climate
warming, having a potentially negative effect on caribou ecology (Groot et al., 2013).
Insect harassment has long been known as a regulating factor in caribou health and
population growth (Klein, 1991). Insects that bite caribou, like the black fly (Simuliidae) are
active in the summer months, causing caribou to react through quick movement, reducing the
time available for them to feed (Toupin et al.,1996). Insect harassment is a natural part of caribou
ecology; however, research has shown that climate warming is linked to an increase in
harassment in Arctic regions, potentially compromising the health of caribou herds (Brotton and
Wall, 1997; Witter et al., 2012b).
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Hunting and industrial development can have large effects on caribou population health
(Fullman et al., 2017; Reimers and Colman; 2006; Plante et al., 2018). Hunting can have adverse
effects and has previously caused significant declines in caribou populations (Bergerud, 1974).
Similarly, industrial projects have a “Zone of Influence” that can alter caribou migrations and
their access to quality habitat, which has negative health consequences (Reimers and Colman,
2006). Hunting and industrial development have had large effects on the Bathurst herd, but are
likely not the sole causes of the collapse (Adamczewski et al., 2009; Boulanger et al., 2012;
Gunn et al., 2019). The observed decline in the Bathurst caribou population is likely not the
result of only one or two factors but the cumulative effect of many factors (Gunn et al., 2019).
Indigenous elders within the range of the Bathurst caribou have noted that the way
caribou migrate seems to be deviating from normal patterns (Kendrick et al., 2005). Regions
these caribou use also seem to be changing (Kendrick et al., 2005). Research that explores broad
scale trends in these geographic changes of these caribou is important for understanding the
many factors that may be affecting herd health. For example, if there has been a shift in habitatuse in recent years, then this can be compared to changes in industrial development, timing of
insects, locations of forest fires, and human activity. Virgil et al. (2017) conducted a spatialtemporal analysis on the Bathurst caribou range-use and found significant geographic changes in
the range-use of these caribou through time. Most notably they found a massive decrease in areal
use in a few of the seasonal ranges of the Bathurst caribou. However, Virgil et al. (2017) did not
conduct any type of movement analysis to determine how timing of range-use has changed,
which is important information for determining if migratory patterns are influenced by changes
in vegetative phenology or climate. This research seeks to build on the results of Virgil et al.
(2017) by conducting a more in-depth spatial-temporal analysis of the Bathurst caribou by
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incorporating a movement analysis, robust mapping techniques, and a spatial analysis of rangeuse trends to explore migration and habitat-use of the herd during the population decline.
1.2 Research Goal and Objectives
The overarching goal of this research was to explore how the timing and distribution of
range-use of the Bathurst caribou changed during the period of recent population decline (19972019). Three objectives were identified to accomplish this goal:
Obj. 1.) Analyze caribou location data using a movement analysis to determine if the
start, end, and duration of seasonal habitat use (i.e., herd phenology) has changed during
the study period;
Obj. 2.) Conduct home range mapping using caribou location data to determine how the
size and location of annual and seasonal ranges of the herd changed over the study
period;
Obj. 3.) Undertake an exploratory spatial analysis of annual and seasonal home ranges to
identify what areas, if any, changed in frequency of use as a result of the population
decline.
It is expected that the data derived from these analyses will be useful for determining
how trends in biological behaviours including (but not limited to): migration, calving, foraging,
and reproducing, have changed as a result of population decline. This data may also indicate if a
range-use has increased or decreased as a result of population decline.

5

Chapter 2
Literature Review
This literature review considers three main topics: General Caribou Biology, Biological
and Geographical Changes of the Bathurst caribou, and Movement Analyses and Home Range
Mapping. The first two topics explore aspects related to caribou life-history and the external
factors that influence it. The last topic is thematically much different than the first two, as it
compares technical methodologies used to describe and map movement of animals.

2.1 General Caribou Biology
2.1.1 Subspecies of Caribou
There is only one species of caribou or reindeer (Rangifer tarandus) around the world.
However, many different subspecies and ecotypes are recognized. In Canada, three subspecies
are often recognized: mountain caribou/woodland caribou (Rangifer tarandus caribou), peary
caribou (Rangifer tarandus pearyi), and barren-ground caribou (Rangifer tarandus
groenlandicus), (Festa-Bianchet, 2011). The main differences between these subspecies are
related to migratory habits, group-size, and habitats.
Woodland caribou form small groups (< fifty animals; Jung et al., 2019), have seasonal
ranges that occupy small areas (hundreds of km2), and live almost exclusively in boreal forest
environments (Festa-Bianchet et al., 2011). Mountain caribou are the same subspecies as
woodland caribou, and they also reside in boreal forest environments during the winter.
However, these caribou migrate to alpine environments for calving (where they give birth) and
summer foraging (Festa-Bianchet et al., 2011). Peary caribou form small groups (generally < 12

6

animals), have small annual ranges (hundreds of km2), conduct small migrations, and live
exclusively in Arctic tundra environments (Festa-Bianchet et al., 2011; COSEWIC, 2015).
Barren-ground caribou are the most gregarious of all subspecies, forming groups of up to tens of
thousands of animals (Festa-Bianchet et al., 2011). Barren-ground caribou migrate the longest
distances of any of these subspecies, often thousands of kilometers in a year (Fancy et al., 1989;
Festa-Bianchet et al., 2011). Barren-ground caribou migrate to the Arctic tundra for calving and
to forage during the summer, and then migrate below tree-line in the winter (Festa-Bianchet et
al., 2011). This research looks solely at the Bathurst barren-ground herd, and therefore from the
remainder of this thesis when describing caribou, we are referring only to barren-ground caribou
(Rangifer tarandus groenlandicus).

2.1.2 Caribou Life History
Caribou are circumpolar animals that typically live beyond tree-line in the summer and
below tree-line during their winters (Murie, 1935). They have concave hooves with sharp edges
designed for walking on snow and weigh an average of 90 kg (Murie, 1935). Caribou are
ungulates, meaning they have cloven hooves (split into two), and a four chambered stomach
(Murie, 1935). Like other ungulates these animals chew their cud (partly digested plant material)
into order to fully process their food (Murie, 1935).
Caribou have a heavy and elaborate set of antlers used in defense and reproductive mate
attraction (Thomas and Barry, 2005). These elaborate antlers also serve a function in social
recognition for hierarchical purposes (Barrette and Vandal, 1986). Adult male caribou grow large
antlers with a velvet lining in the late winter/early spring, then lose their antlers after their fall rut
in the early winter (Calef, 1981). Some female caribou will also grow antlers in the summer
(around June) and do not shed them until a year later (Calef, 1981). Females use their antlers to
7

defend food resources during nursing, but there is also evidence they use antlers to help dig
craters for food in the winter (Calef, 1981; Schaefer and Mahoney, 2001).
Tundra wolves are the main predator of caribou, but caribou are also preyed on by eagles
(attacking their calves), grizzly bears, black bears, and wolverines (Calef, 1981; Kendrick et al.,
2005). The main defense of caribou is sight, smell, and distancing from predators; if they can
detect predators approaching then they have a strong ability and possibility to outrun them
(Calef, 1981; Hayes and Russell, 1998). Caribou are most easily ambushed in forested
environments (Calef, 1981).
There are four demographic classes associated with caribou: calves, yearlings, mature
bulls (male), and mature cows (female) (Bergerud, 1971; Boulanger et al., 2011). Calves are
defined as newborn caribou that stay with their mothers for up to 9 months (Boulanger et al.,
2011). Yearlings are defined as caribou between 1-2 years old (Calef, 1981; Boulanger et al.,
2011). Adults are defined as mature caribou that have survived past their first two years and
capable of reproduction (Boulanger et al., 2011) (Figure 1).
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Figure 2.1 Photos of barren-ground caribou taken by Yukon photographer Malkolm Boothroyd.
Panel A is a photo of an adult female with antlers, panel B is a photo of an adult male, panel C is
a photo of an adult female from the side, and panel D is a calf. Permission for reproduction
granted by the photographer.
2.1.3 Caribou Survivorship
Caribou survivorship is influenced by many factors, including climate change, predation
cycles, and harvesting rates (Zalatan et al., 2006; Klaczek et al., 2016; GNWT, 2019). A study
examining survivorship of female caribou over several years (1980-1987) found that caribou at
age two had the highest survivorship (89% survivorship on an annual basis) (Thomas and Barry,
1977). Survivorship steadily declines after age two: 84% at age seven, 66% at age twelve, and
25% at age fourteen (Thomas and Barry, 1977). It is rare to find a living caribou older than 14
years (Thomas and Barry, 1977).

2.1.4 Reproduction
Immediately prior to the fall rut (the time when caribou mate), male caribou remain
aggregated together. During this time mature bulls rub the soft velvet lining on their antlers
against trees to scrape it off (Pruitt, 1960; Lent, 1965). Bulls are not antagonistic towards each
9

other at this time, but they soon separate from their male bands (Pruitt, 1960; Lent, 1965). When
bulls regroup they become incredibly antagonistic, and will tend to fight to the point of injuring
or even killing their competition. Following this fighting, the strongest bulls rejoin the female
bands, the victorious males display their courtship behaviours, and then they mate with the cows
(Pruitt, 1960; Lent 1965). The bulls and cows then separate and migrate back to their winter
grounds (Pruitt, 1960).
The probability of pregnancy is positively correlated with the caribou body weight score
(an index of ideal body weight health) (Gerhart et al., 1997). It is not uncommon for more than
80% of mature females to get pregnant and give birth. However, this pregnancy rate can vary
substantially as fertility is linked to proper nutrition and health (Gerhart et al., 1997).
Calves are born on the calving range in mid-June (Gerhartet al., 1997). This event is
highly synchronous as up to 50% of the herd may give birth on the same day (Chen et al., 2018).
It takes about fifteen minutes for the full birthing process. After the calves are birthed, mothers
provide milk to newborn calves for three to five months (Gerhart et al., 1997). Mothers who
lactate longer than this show decreased fertility in the following reproductive year, as a result of
the high nutritional stress of producing milk over a long period of time (Gerhart et al., 1997).
2.1.5 Diet
Caribou are both grazers and browsers and are very particular about what they eat
(Bergerud, 1972; Boertje, 1984). In the winter, lichen is the main forage eaten by caribou as it is
highly digestible (Bergerud, 1972; Boertje 1984; Adamczewski et al., 1988). However, it is not
nutritious enough for caribou to gain weight, instead only working to slow weight loss (Calef,
1981; Adamczewsk et al., 1988). In the early spring (mid-May), caribou feed on both lichen and
remaining-overwintering berries until new vegetation appears on the tundra (Bergerud 1972;
10

Boertje 1984; Adamczewski et al., 1988). When caribou calve their diet is based on the
phenological timing of plant species (Tveraa et al., 2013). The flush of nutrients associated with
spring is timed perfectly for calving (Tveraa et al., 2013). Caribou feed on new leaves, catkins,
and the buds of shrubs, graminoids, and forbes (Bergerud 1972; Boertje, 1984); they have an
incredible need for calories and nutrition after their long migration (500-600 km) and their need
to lactate during calving (Fancy et al., 1989). Some of the main species eaten during this period
include Vaccinium uliginosium (bog bilberry), Betula nana (dwarf birch), Arctostaphylos spp.
(bear berry), Salix pulchra (diamond leaf willow), and Eriophorum vaginatum
(cottongrass)(Boertje, 1984; Johnstone et al., 2002). Willow or Salix catkins/buds are the
preferred food at this time.
In summer (June 25- August 18 annually) caribou continue to selectively forage but they
barely feed on lichen during this time. The palatability of forbs and graminoids decreases in the
summer and the amount they ingest decreases (Bergerud, 1972; Boertje, 1984). However,
caribou continue to eat Salix leaves during this time, and there is an increase in the amount of
mushrooms the caribou eat as well (Bergerud, 1974; Boertje, 1984). In response to vast numbers
of insects the caribou encounter on the tundra, they tend to eat less and move more to escape
harassment (Boertje, 1984).
When biting insects disappear in the autumn (August 18 – October 11) the caribou rest
and continue to put on fat in order to restore reserves for the upcoming winter (Adamczewski et
al., 1988). This is when their diets are most varied (Bergerud, 1972; Boertje, 1984). During this
time, caribou eat forbs, mushrooms, graminoids, mosses, evergreen shrubs, and berries. Stellaria
longipes (Longstalk starwart) and Equisetum (Horsetail) are eaten at this time (Boertje, 1984). In
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the winter (October 11- May 9) lichen becomes the primary forage (~63%), with graminoids and
moss making up most the remaining diet (Bergerud, 1972; Boertje, 1984).
2.1.6 Seasonal Ranges of Barren-Ground Caribou
Barren-ground caribou exist over large spatial areas (over 200,000 km2) and can traverse
over 5000 km annually, making these the longest movements of any terrestrial animal (Davidson
et al., 2020). Barren-ground caribou have several distinct seasonal ranges: winter range, spring
migration, calving, post-calving movement, late summer, rutting season, and a fall migration
(Bergman et al, 2000; Calef, 1981) (Figure 2.2).

Figure 2.2 Pie chart illustrating the percentage of time a barren-ground caribou spends in each of
its seasonal ranges throughout a year. This information is based on the averages obtained in our
own movement analysis.
Caribou spend their winters below treeline. Winter is the most sedentary time of the year
for caribou and they spend most of their time digging up snow and looking predominately for
12

lichen forage (Calef, 1981; Fancy et al., 1989). In the spring, female caribou migrate to the
tundra in the far north of their range where they calve (Fancy et al., 1989; Calef, 1981). Caribou
migrate to this remote location primarily to avoid predation and insect harassment (Calef, 1981).
After a period of about 10-15 days (de Vos et al., 1960; Fancy et al., 1989; Mårell et al., 2002),
the caribou move south (post-calving movement) where they spend their late summer remaining
on the tundra (de Vos et al., 1960; Fancy et al., 1989; Calef, 1981). During this post-calving
movement, insect harassment is at its peak, and caribou need to continually move to avoid being
harassed (Fancy et al., 1989; Toupin et al., 1996). During this time there is a reduction in their
ability to feed, nurse, and rest (Toupin et al., 1996). Caribou will wade into lakes and splash
water into the air to create a barrier of relief from insects (Pruitt, 1960). Once the insects start to
die off in the fall, caribou can spend more energy foraging and resting; which is time that is
integral for them to accumulate fat for winter survival (Bergerud, 1972; Pruitt, 1960).
After summer, caribou then migrate further south for mating season (also known as fall
rut) and spend about 10-15 days in late September/early October conducting their rut (Calef,
1981; Fancy et al., 1989). Fall migration is the last major activity of the year, where they move
south from their rutting grounds to go back into forested areas in their wintering grounds (Fancy
et al., 1989).
2.1.7 Herd Structure
Barren-ground caribou vary in group size, also known as band size, according to complex
social structures associated with their seasonal ranges (Bergerud, 1972; Pruitt, 1960). Band size
vary from 10 - 50,000 individuals (Pruitt, 1960). These animals are incredibly gregarious social
creatures who have evolved to move in synchrony (de Vos, 1960; Bergerud, 1972; Pruitt, 1960).
Caribou are highly efficient communicators that signal signs of danger, food, or discomfort to
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other members of the herd (Bergerud, 1972; Pruitt, 1960). Their survivorship decreases when
they break from herd structure and are more likely to be targeted by wolf predation (Bergerud
1972; Pruitt, 1960; Hansen et al., 2013). Therefore, there has been a directional evolutionary
force eliminating non-synchronous individuals (Pruitt, 1960).
Caribou form the smallest bands in the winter (>10 individuals) (Pruitt, 1960). Winter is
when animals are most spread out within forested environments in the southern portion of their
range (Pruitt, 1960). In the spring, small to medium bands (10 – 100 individuals) of female
caribou form during their spring migration (Pruitt, 1960). Male bands of caribou move slower
than females, starting their migration a few weeks after the females have already left (Bergerud,
1972; Pruitt, 1960). When female caribou reach their calving grounds, small bands congregate
and form the largest bands of the year (> 50,000 animals; Pruitt, 1960). Males do not migrate all
the way to the calving grounds, but stop within the summer range (Bergerud, 1972; Pruitt, 1960;
GNWT 2019). During the summer, bands reduce in size (10 – 100 individuals), with male bands
generally separated from female bands (Pruitt, 1960).
During the summer, new mothers and calves form important nursery bands, which have
distinct behaviours designed to maximize survivorship of newborn calves (Pruitt, 1960). For
example, nursery bands need to move slower, with more breaks for calves (Pruitt, 1960). There
are also bands of females known as maternity bands, which are defined as groups of female
caribou in the process of trying to drop their older mature yearlings (Pruitt, 1960). In the fall,
small bands of males join up with bands of females, all within relatively confined geographical
regions; they mate, and then separate and migrate back into their winter range, and the cycle
repeats (Pruitt, 1960).
2.1.8 The Influence of Snow on Behaviour
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The majority of annual caribou life is spent during winter months (about 2/3 of the year)
(Calef, 1981). Caribou evolution has revolved around surviving cold temperatures and life in the
snow (Saperstein, 1993; Calef, 1981). Caribou have hollow hair, which insulates and keeps them
warm in winter months, similar to the polar bear (Ursus maritimus) (Pruitt, 1959, Calef, 1981).
In the winter, caribou bed on the leeward side of lakes as less snow builds up on this side (Pruitt,
1960). This open lake environment also helps them from being ambushed by wolves (Hansen et
al., 2013; Pruitt, 1960).
The depth and type of snow has a large effect on caribou behaviour (Saperstein, 1993;
Maier and White, 1998). For example, deep hard snowpack (similar to firn or ice) prevents
caribou from foraging for food in those areas (Saperstein, 1993; Maier and White, 1998). In the
winter caribou spend their time digging pits, known as craters, to reach forage buried under the
snow (Fancy and White, 1985). Caribou will rarely use the same crater twice, as the snow soon
hardens, making it too difficult to continue foraging (Fancy and White, 1985).
Changes in the snowpack provide important signals for spring migration (Duquette,
1988). When caribou move through the snow, they do so in single file to minimize the amount of
energy lost by wading through deep snow (Calef 1981; Boertje 1984). In the spring, the snow
starts developing a crust as a result of warmer day temperatures in combination with cold night
temperatures (Pruitt, 1960). Caribou have been observed acting abnormally during this time,
often breaking from the group and trotting through the snow in large circles (Pruitt, 1960). This
behaviour has been attributed to the challenge and frustration of moving through this type of
snow. Once night temperatures begin to warm, the snow and ice on lakes saturates and turns to
slush, which signals the caribou to begin their spring migration (Pruitt, 1960).
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2.2 Biological and Geographic Changes of the Bathurst Caribou
The range of the Bathurst caribou spans 390,000 km2 annually over two federal
territories, the Northwest Territories and Nunavut. More importantly, this range is located within
the traditional territory of Dené, Inuit, and Metis Indigenous groups (GNWT, 2019). The
Bathurst caribou have been known to have a population exceeding 400,000 individuals in the
past (GNWT, 2019). There are seven major human communities within the greater range
including: Behchokǫ̀, Yellowknife, Wekweètì, Łutsel K'e, Whati, N’dilo, and Dettah (Figure
2.3)(GNWT, 2019). The Bathurst range consists of Taiga or boreal forest in the south and tundra
environments in the north (GNWT, 2019). These ranges are located on Canadian shield,
composed of little topographic elevation change (i.e., small hills with no larger mountains).
Unvegetated areas are comprised of rocky outcrops, exposed sand and gravel deposits in the
form of eskers, and numerous ponds and lakes (GNWT, 2019). Vegetation in tundra
environments is dominated by dry lichen ground cover, sedge meadows, and wet and dry shrub
communities. Vegetated areas below treeline are a mix of forest types comprised of black and
white spruce (P. mariana and P. glauca)(GNWT, 2019).
The Bathurst range exists within the Slave Geological province, an area rich in mineral
resources, and has thus been affected considerably by mineral development (GNWT, 2019).
There are currently three major operating diamond mines, Ekáti, Diavik, and Gahcho Kué,
located in the center of the range, one former diamond mine (Snap Lake), as well as numerous
other smaller claims and projects happening throughout the range (GNWT, 2019; De Beers
Group, 2020). Furthermore, there are multiple seasonal ice-roads dissecting the winter and late
summer ranges of the Bathurst caribou. Cumulatively, these factors are believed to have negative
effect on the Bathurst caribou population (GNWT, 2019).

16

Figure 2.3 The Bathurst Caribou Range planning extent with identified communities, mineral
projects, and roadways. Our fieldwork locations are shown with red circles. Location A is from
2018 fieldwork around Mackay Lake, and location B is from 2019 fieldwork around Daring
Lake. Image was modified from the Government of Northwest Territories Bathurst Caribou
Range Plan (GNWT, 2019).
2.2.1 Unique Survivorship Parameters of the Bathurst Caribou
Recent deterministic modeling of Bathurst caribou survivorship parameters, validated by
measured census data, successfully predicted parameters for all caribou demographic classes
(Boulanger and Adamczewski, 2016). The authors explored how high, moderate, and low
survivorship conditions might affect future populations (Boulanger and Adamczewski, 2016). It
was determined that normal adult male survivorship varies from 62% - 90%, normal adult female
survivorship varies from 77% to 90%, normal calf survivorship varies from 16% to 60%, and
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yearlings vary from 77% to 90% (Boulanger and Adamczewski, 2016). If calf survivorship is
less than 30%, the herd will continue to decline even if adult survivorship is high (Boulanger and
Adamczewski 2016; Boulanger et al., 2011).
Indigenous elders in the Northwest Territories (NWT) have observed that fetus and calf
health of some Bathurst animals has deteriorated in recent years (Kendrick et al., 2005). Fetuses
appear to be less developed; for example, smaller body with less hair than expected for their
stage of development (Kendrick et al., 2005). The Government of Northwest Territories has also
noticed considerable decreases in calf productivity; the product of calf survivorship and
fecundity (Adamczewski et al., 2019). Between the years 2011-2018, calf productivity has
averaged 25% which is considerably lower than years prior to 1997 when it was around 43%
(Adamczewski, et al., 2019). This drop-in productivity is deeply concerning and is well below
what is needed for a stable and sustainable population (Adamczewski, et al., 2019). Reasons for
the change in calving survivorship are not fully understood (Adamczewski, et al., 2019).
2.2.2 Changes in Phenology
Arctic phenology, which refers to the timing of annual biological phenomena, is changing
in response to climate change. Phenological changes have been observed across circum-Arctic
tundra environments (Post et al., 2009). Climate observations show that winters are becoming
shorter and spring has advancing flowering events (Post et al., 2009; Henry and Molau, 1997;
Blume-Werry et al., 2015). Barren-ground caribou have evolved to migrate according to regional
phenology (Mallory and Boyce, 2018), and asynchrony in migration and phenology can
negatively affect population health (Mallory and Boyce, 2018) and may therefore be a factor
contributing to the decline of the Bathurst caribou population.
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Two main phenological events related to vegetation that are particularly important to
barren-ground caribou are: (i) green-up, which defines the start of growing season; and (ii)
senescence, or the end of growing season (Lenart et al., 2002). Green-up is particularly
important, as it represents the onset of nutritional forage on the tundra (Tveraa et al., 2013). This
high-quality forage will quickly deteriorate into less digestible food so caribou need to consume
plant material before its nutrient content decreases (White, 1983; Tveraa et al., 2013). This
deterioration of nutrient content has been advancing earlier with warming temperatures,
decreasing the total nutrition available to caribou during calving, a key time for caribou
survivorship (Zamin et al., 2017).
Lactation is an energetically-taxing process for caribou, one that requires the nutritional
forage associated with the appearance of new vegetative growth on plants in the spring (Post et
al., 2003). Calves consume 1.4-1.7 L of milk a day, representing an estimated intake of 35004100 calories (McEwan and Whitehead, 1971). A significant decrease in calf survivorship occurs
when range migration does not align with the availability of nutrients and food resources
associated with green-up (Chen et al., 2018). There may also be a significant cost to reproductive
success when animals are nutritionally-stressed as female caribou have been shown to become
periodically infertile in years that they are nutritional stressed with a low body fat index
(Cameron, 1994; Gerhart et al., 1997). Even though pregnancy rates in female caribou of the
Bathurst herd are not fully quantified, recent observations suggest that successful pregnancy rate
(getting pregnant and giving birth) can fluctuate from less than 60% to near 100% in adult
females (Adamczewski et al., 2016). This fluctuation is thought to result from poor nutritional
condition in some years (Gerhart et al., 1997). Two decades ago, elders and community members
reported that the condition of calf fetuses harvested in the winter were less developed than in
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previous years (Kendrick et al., 2005). These observations of poor fetus quality may be linked to
nutritional stresses experienced by pregnant cows.
Phenological changes may also result in increased insect harassment in the calving range;
an issue that is increasing with longer, warmer, and wetter growing seasons (Witter et al.,
2012b). An increased amount of insect harassment means caribou need to move more often,
resulting in less chance to forage and rest; expending a lot of energy with little replenishment
(Toupin et al., 1996). Caribou give birth in a safe location away from predators like wolves, and
pestering insects (Calef, 1981). Calves are particularly vulnerable to insect harassment at this
time due to their thin skin (Witter et al., 2012b). Conditions in parts of the Arctic have become
warmer and wetter, contributing to the proliferation of black flies (Simuliidae) and warble flies
(Hypoderma tarandi) in the area (Witter et al., 2012b). Both of these insects feed continuously
on the caribou and can have negative effects on the health of both calves and adults, influencing
survivorship (Witter et al., 2012a). Therefore, it is thought that climate and phenological
changes, combined with increased insect harassment, will continue to contribute to the already
observed decreased survivorship in calves.
2.2.3 Changes in Habitat
Climate warming is linked to a new ecological change known as Arctic greening which is
defined as a significant increase in primary productivity of tundra vegetation (Forbes et al.,
2010). Greening is an ecological change that is becoming prevalent on the range of the Bathurst
caribou herd and may represent a threat to their health (Rickbeil et al., 2017; Fauchald et al.,
2017). The biggest threat to caribou health associated with greening is a change in plant
community composition, which could favour less palatable forage (Fauchald et al., 2017). At
fine spatial scales increased dwarf-shrub growth is expected with climate warming; more so than
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other flowering plants (Myers-Smith et al., 2011). Two shrub species, Betula glandulosa and
Betula nana, in particular, are increasing prolifically and are changing the regional ecology
through expansion and infilling (Bryant et al., 2014; Myers-Smith et al., 2011).
Although caribou will eat parts of Betula glandulosa in the spring these shrub species
become increasingly less palatable throughout the summer; as toxic phenols concentrate in them.
(Adamczewski et al., 1986). The spring window, when caribou will eat parts of shrub is
shortening as a result of a more rapid increase in phenol concentration associated with climate
warming (Zamin et al., 2017). These phenols deter browsing by caribou throughout the rest of
the summer making these shrubs one of the least important plant species to caribou (Zamin et al.,
2017). Vascular plants make up a small portion of their yearly diet, yet these nutritious plants are
integral in restoring fat reserves in the spring and early summer. Caribou will alter their diet
based on variability in forage, but this can reduce digestibility and the health of caribou
(Adamczewski et al., 1986). As a result, subtle changes in seasonal nutrients and digestible
forage can have a cascading effect on a population (White, 1983).
Although no studies have quantified the effect of greening on caribou habitat-use, it is
predicted that Arctic greening will negatively affect the Bathurst barren-ground caribou through
the expansion of less nutritious woody plants in their range (Fauchald et al. 2017). Arctic
greening is not spatially homogenous across the north; some areas are more prone to productivity
changes than others (Garonna et al., 2014; Stow et al., 2010; Scrantona and Amarasekare, 2017).
Because these trends have a spatial component to them, analyses of spatial trends in habitatchanges with trends in habitat-use are needed.
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2.3.4 Changes in Geographical Use and Movement
There have been few longer-term studies (≥ 30 years) on barren-ground caribou in part
due to the high cost of conducting research in remote parts of northern Canada. However, one
study has documented variation in two caribou populations (Bathurst and Beverly herds) over a
period of two hundred years (1760-2000; Zalatan et al., 2006). In order to accomplish this, the
authors developed population models using trampling scar intensity in black spruce trees as an
indicator of population (Zalatan et al., 2006). The authors determined that caribou herds naturally
cycle between high and low population numbers. However, unlike the consistent ten-year return
interval between the snowshoe hare and the lynx (Krebs, 2018), caribou cycles do not have a
consistent return interval (Zalatan et al., 2006). This study provides evidence that caribou
populations are not static, and therefore it is unlikely their range extent is static through time.
Furthermore, there is inherently a possibility that caribou may reach a critical minimal threshold
and not rebound (GNWT, 2019).
It is difficult to say what the expected population high and low numbers should be for the
Bathurst herd. Although Zalatan et al., (2016), explored cyclical patterns in the Bathurst caribou,
they did not explicitly link high and low abundance to specific population numbers. It is,
however, likely that the current population low of 8,200 is outside the normal cycle.
Adamczewski et al. (2009) anticipated that by 2014 the Bathurst caribou would be entering a
population high, which did not happen and may indicate these caribou continued to decline,
when they should have been rebounding (Adamczewski et al., 2009). Indigenous elders and
community members, who are deeply concerned about the health of the Bathurst caribou, have
said that the current population low is “fewer caribou than seen in living memory”, which should
also be testament to this decline being outside the normal population cycle (GNWT, 2019).
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In a follow-up study the authors compared caribou population cycles to the Arctic
Oscillation (AO) index during their study period (1760-2000; Zalatan, 2006). They found a
strong correlation between low populations of caribou when the AO was in a positive phase and
high populations of caribou with the AO was in its negative phase. The positive phases were
typically associated with higher than normal atmospheric pressure, warmer temperatures, and
increased precipitation in the Arctic (Zalatan, 2006). The negative phase was associated with
lower than normal atmospheric pressure, colder temperatures, and decreased precipitation
(Zalatan, 2006). This study was the first study with evidence that caribou population cycles may
be strongly linked to large-scale atmospheric circulation and climate change (Zalatan, 2006).
Another source of long-term data comes from Kendrick et al. (2005) (>30 years). The
authors compiled traditional knowledge from numerous elders and community members relevant
to the Bathurst herd. Dené elders reported that caribou will periodically disappear from certain
regions (especially within their winter range), but that they eventually come back (Kendrick et
al., 2005). These disappearances can last anywhere from 3-7 years and are considered normal
(Kendrick et al., 2005). Elders understand “normal” long-term cycles in population, as well as
patterns in migration and range-use (Kendrick et al., 2005). For example, they report that broad
scale migratory routes are consistent each year, but that the exact route fluctuates annually
(Kendrick et al., 2005). Similarly, elders reported interannual variability in the areas used for the
winter range and fall staging grounds (after fall rut and before fall migration). Elders
distinguished between these expected variations and recent geographic and temporal changes in
the caribou range-use and movement, observing that range-use and migratory patterns are
deviating from expected interannual variation. Many elders identified that the reason for these
changes were the cumulative result of environmental and anthropogenic change, in particular
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industrial development. For example, one of the environmental changes that they strongly
believe is causing an earlier migration is later winter freeze-up of lake ice and earlier spring
break-up (Kendrick et al., 2005). This observation is consistent with research across the Arctic
that shows spring break-up is occurring earlier in Arctic environments in response to climate
change (Cooley and Pavelsky, 2016).
Scientists have also documented considerable recent changes in range-extent and
migratory timing of the Bathurst caribou (GNWT, 2019; Kendrick et al., 2005). Virgil et al.,
(2017) found significant areal declines in the post-calving and autumn ranges of the Bathurst
caribou, as well as a northward movement of range centroids in recent years.
Elders recall when the herd would remain consistently above tree-line and did not winter
within forested areas (“normal” behavior), and recent observations show that caribou are
wintering further north than they have in the past (Kendrick et al., 2005; GNWT, 2019). Elders
have observed the caribou wintering above tree-line in the past, but they believe recent trends in
intense forest fires may be disproportionately affecting their habitat, as caribou will avoid areas
that have experienced severe burns (Kendrick et al., 2005; Anderson and Johnson, 2014).
One of the factors controlling caribou winter range-use and habitat selection is the
availability of lichen (Anderson and Johnson, 2014). There can be as much as four times as much
lichen cover in areas that have not recently burned within the last 50 years (Joly et al., 2010).
Boreal forest fires regimes are important for ecological systems and climate warming is expected
to increase the frequency, intensity, and areal extent of fires (Groot et al., 2013). This change in a
natural regime is predicted to have longer-term and permanent effects on the distribution of
barren-ground caribou (Joly et al., 2012).
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It is clear that the environment in which caribou live has a large effect on how and when
they move and use their landscapes. Climate change is both directly (e.g. via seasonal timing)
and indirectly (e.g. via forest fires) influencing how and when caribou use their ranges. Yet, no
study has evaluated the interannual variability in seasonal range-use and movement; these types
of changes are integral to understand the effect environmental changes are having on the caribou.
Distinct seasonal ranges have been mapped based on the total spatial extent of Bathurst herd
caribou from 1996-2012 (Nagy, 2011) and seasonal range-use from 1996-2013 (Virgil et al.,
2017). However, interannual variability in timing of range-use has not been explored in depth,
nor has there been an attempt at any type of temporal analysis of habitat use. In order to improve
our understanding of these changes, as well as to build on work by Virgil et al., (2017), there is a
need to identify changes in both spatial and temporal trends in range-use and relate those to
changes occurring within their range. By identifying spatial and temporal trends, we can better
speculate on how these caribou might be responding to external factors such as range phenology,
Arctic greening, and industrial development.
2.3 Review of Movement Analyses and Home Range Mapping

2.3.1 Introduction to Movement Analyses
A movement analysis is powerful tool for understanding how an animal is interacting
with their environment. A movement analysis can describe and predict how an animal moves, or
will move through its habitat based on how each successive location varies through space and
time. The way animals move through their environment can reveal: (i) their preferred habitat, (ii)
when and why they migrate, and (iii) regions they are trying to avoid. Animals typically are
searching for something specific when they move (e.g, food, a mate, a safe location, or a
seasonal range; Bartumeus et al., 2005). These searches are scale dependent; for example, an
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animal might be looking for food on a short-time scale (days), but also looking for a mate on a
longer timescale (weeks). Movement analysis seeks to quantify how fast, directed, or random
these searches are at different temporal and spatial scales.
Analyzing how animals search reveals much about the animal’s interaction with their
environment. For example, Brownian motion (random movement), is usually associated with
foraging behaviour because animals do not always have knowledge about where the best food is
located (Bartumeus et al., 2005). As a result of not knowing where this food is, animals need to
make small scale random searches. Conversely, if an animal is moving linearly in a single
direction for a long period of time, it likely has prior knowledge about its destination. This
animal might be moving to safety, a different seasonal range, or a better habitat to find food
(Bartumeus et al., 2005). Migration behaviour is defined as highly directed movement over long
periods of time (Schick et al., 2008).
It is important to note that using movement analyses to study animals is a growing field
with many new techniques continually being innovated. This field has progressed with
technological advancements in satellite and GPS receivers, making it possible to obtain precise,
accurate, and frequent positions of animals as they move through their habitats. For example,
these technological advancements have made it possible to track movements of small insects,
like butterflies, across fine scales (200 m2), which was previously not possible (Fisher et al.,
2021).

2.3.2 Comparison of Movement Analyses
Common types of movement analyses include Location-based migration analyses,
Random Walk analyses, and Residence Time analyses; which are briefly reviewed here for their
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appropriateness of use in this study. We have reviewed how these four prominent movement
analyses work and how they are used in Table 2.1.

Table 2.1 Review of prominent movement analyses commonly used to describe behaviour in
animals. The four methods include, location – based migration methods, Random Walk models
(RW), Correlated Random Walk models (CRW), and Residence Time models (RT).
Movement How they work
Analysis

Applications

Example

Location –
based
migration
methods

This process allows the
researcher to determine
average velocity for a
group of animals during
migration. Using
locations to determine
timing in migration is a
simple analytical
method. The method
does not require complex
modeling.
A predicted RW model is
compared with and the
observed outcome to
describe how movement
in an animal differed
from purely random
motion (Bergman et al.,
2000). If an animal is
moving through an area
in a way that is not
random, this may tell you
that the animal
movements are being
affected by the habitat.

A study by Clark et al.,
(1996) used acoustics
of whales using
hydrophones at
successive points to
determine speed and
distribution during
bowhead whale
migration.

Random
Walk
(RW)

These are simple methods
that have been commonly
used for analyzing
migration. Location of
animals is determined
using either GPS (or some
other method) and velocity
of the animal is calculated
when animals cross known
locations along their
migration path.
Random Walk (RW)
analysis is a common way
to predict and describe
animal movements in their
habitats (Schick et al.,
2008). RW tries to account
for the stochastic
behaviour in animal search
behaviours (Bartumeus et
al., 2005). These models
predict animal movement
based on the assumption
that animals are searching
their environments
randomly (Bartumeus et
al., 2005). RW models
describe the path that an
animal may take by
describing movement in
discrete time segments
(Turchin, 1991). It is
assumed each successive
movement will be
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A study by Neigel and
Avise (1993) used
random walk models to
predict and compare
how lineages of
mtDNA geographically
drifted in two avian and
two marine species.

Correlated
Random
Walk
(CRW)

Residence
Time (RT)

completely random
(Turchin, 1991). If motion
is truly random, then each
direction will have an
equal chance of being
picked and animals will
exhibit Brownian motion
(Bartumeus et al., 2005).
Correlated Random Walks
(CRW) use discrete steps
similarly to RW models,
but weigh the directions an
animal may successively
move based on a
probability distribution
(Turchin, 1991). This
weighted probability is to
account for correlation in
each successive movement
(Turchin, 1991). Authors
claim migration behaviour
and foraging behaviour is
better modelled by CRW
models, rather than a
standard RW (Bergman et
al., 2000).
RT is defined as the
expected time for a
variable (like an animal) to
cross a predetermined
radius in combination with
a pre-determined time
threshold for re-entry
(Barraquand and
Benhamou, 2008). Both
the pre-determined radius
and the time threshold is
specific to the animal of
interest.

CRW’s are stronger
methods than RW. These
models have been used
to predict distribution of
animals in their habitats
(Bovet and Benhamou,
1988) and describe
migration timing
(Bergman et al., 2000).

A study by Bergman et
al., (2000) used CRW
models to describe
caribou movements
through a year. This
study measured
movements in caribou
and the direction they
moved every four days.
They looked for
correlation in angles
between each
successive step to
refine the probability
distribution in their
CRW model.

RT values are used to
distinguish between
movement types in
animals (Barraquand and
Benhamou, 2008). High
values indicate animals
are moving slowly in
their habitats, indicative
of feeding behaviour
(Corre et al., 2017). If
values are high for
extended periods it can
indicate animals are
foraging in their seasonal
ranges (Corre et al.,
2017). Quick directed
linear movements will
result in low RT values,
which may mean animals
are migrating (Corre et

A study by Torres et
al., (2017) used RT to
differentiate between
behavioural patterns in
albatross movements.
The authors looked at
individual tracks of
albatross and were able
to determine resting
and intense transit
behaviour based on RT
values.
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al., 2017). Authors will
cross reference these
values with ecological
knowledge (Corre et al.,
2017) and their extent in
space to have a better
understanding of their
movement behaviour
over time.
Location-based migration methods are typically the least robust models of the four
described in Table 2.1 as they only describe migration timing and velocity. These models do not
consider how movement is affected by landscape, nor do they distinguish between types of
movement. These techniques fail to consider that home ranges of animals may change each year
(Corre et al., 2017). Despite these downfalls, this method is still used, including use in a recent
paper evaluating yearly variability in the timing and speed of 55 species of birds as they seasonal
migrate (Sorte et al., 2017). These types of models are most appropriate for simple movement
questions that are purely about velocity and timing but are rather simplistic for use in more
complex applications.
Random walk (RW) analysis makes predictions of movement and compares the
distribution of animals but is highly criticized for not accurately predicating movement
behaviour at different spatial and temporal scales (Schick et al., 2008). These models are overly
simplistic, failing to model the intricacies of animal movement since they do not consider how
landscape or scale affects movement behaviours (Simon, 1986). As such, error can be easily
propagated and predictions will be less reliable (Bartumeus et al., 2005).
Correlated Random Walks (CRW) incorporates correlations into predictive models based
on prior knowledge of movement behaviour in animals. CRW’s are stronger methods than RW,
but they still have several limitations. For example, the step length is somewhat arbitrary and can
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bias the predicted results (Bovet and Benhamou, 1988). CRW’s are also affected by the scale
they examine (Morales and Ellner, 2002). Morales and Ellner (2002) note that a CRW model
might predict random motion at one spatial scale and linear motion at another. However, these
models only really distinguish between two different types of movement modes; migration and
foraging. The best way to use RW and CRW models are to compare observed movements with
predicted movements to determine if movements are truly random or if they are correlated. This
can identify how animals are utilizing an area.
Residence time (RT) models are powerful movement analysis models, that accurately
quantify movement states in animals (Barraquand and Benhamou, 2008; Wolfson et al., 2020;
Torres et al., 2017). The strength of RT models is in quantifying movement behaviour to
describe habitat-use (Pinaud, 2008). However, these models do not inherently incorporate
environmental co-variates, so RT modelling must be used in combination with other mapping
and spatial analysis techniques. The real strength of RT analysis is that spatial scale is defined as
the scale most pertinent to the animal (Barraquand and Benhamou, 2008). By defining the spatial
scale of analysis, some of the bias is reduced, rather than just arbitrary using a scale without any
thought to how that might affect observed movement patterns of the animal. By using RT, the
researcher can compare timing and duration of seasonal activities from year to year. If animal
movements are tracked in a GIS, then they can be related to the landscape itself.
2.3.3 Home Range Mapping
A home range is the total areal extent an animal or population of animals utilize during a
relevant time period (Alfred et al., 2012). Home range analyses are a common way to identify
preferential or important areas for animals, as well as showing how smaller groups or individuals
of the same species divide territory (Alfred et al., 2012; Howery et al., 1996; de Iongh et al.,
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1998). Kernel density methods have been used extensively to estimate home ranges for animals
using telemetry point-data (e.g., Wood et al., 2000; Vokoun, 2003; Rayment et al., 2009).
However, point-data from telemetered collars are highly correlated - as each successive point or
observation is correlated to the previous location – and often violate the assumption of
independent observations required for proper implementation of kernel density methods (Downs,
2010). Brownian Bridge models account for this issue by incorporating an animal’s directional
trajectory when generating a home range probability surface; unlike kernel density methods
which consider probabilities to be omnidirectional around each point (Downs, 2010; Benhamou
and Cornélis, 2010). Benhamou and Cornélis (2010) note that correlation in telemetry locations
are not “statistical flaw[s]” but actually a source of information. By considering how successive
locations are correlated, researchers can actually gain insight into movement patterns of the study
animal (Benhamou and Cornélis, 2010).
Silva et al., (2018) compared Brownian Bridge techniques with Kernel Density
Estimation (KDE) and Minimum Convex Polygons (MCP) techniques and found that KDE and
MCP perform much poorer than Brownian Bridge models. MCP and KDE failed to either
incorporate area that is known to be used by animals by under-smoothing small datasets or
incorporating too much area by over-smoothing large datasets (Silva et al., 2018). Silva et al.
(2018) also note that unlike MCP and KDE, Brownian Bridge models better account for spatially
correlated data by mapping trajectories of animals, rather than assuming locations are
independent observations.
Horne et al., (2007), explored how Brownian Bridge models compared to KDE when
mapping the home ranges of black bears (Urus americanus) using telemetry data. They found
that areas where bears were frequently moving were more likely to be connected in the home
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range map when using Brownian Bridge models but that these connections were often
completely missing with KDE. This means that KDE was not effectively capturing movement
corridors of the bears. In our research we decided to use Brownian Bridge models to map our
caribou telemetry data rather than KDE. This choice was made to ensure we were using a
technique that accounts for spatial autocorrelation, does not over smooth large datasets, and
captures areas caribou frequently move through.
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Chapter 3
Methods
3.1 Data Acquisition and Processing
The Government of Northwest Territories (GNWT) have conducted telemetry monitoring
for the Bathurst herd since April 1996 (Environment and Natural Resources, 2020). Adult
caribou are captured with netting using a netgun from a helicopter in winter and fitted with a
global positioning system (GPS) receiver. Animals are collared around the neck and typically
remain collared for up to three years before the collars detach automatically. The number of
collared caribou increased throughout the study period as the need for knowledge about the
declining population became more urgent. Data quality also increased; locational accuracy
improved from roughly ± 500 m to approximately ± 100 m throughout the monitoring period
(Table A1; Appendix A). The frequency of observation also increased; initially (1997-2004)
observations were obtained once every three to five days in order to save memory space on the
internal hard-drive of the collar. In later years (2005-2019), data storage was less an issue, and
observations were increased to more than three times daily. As a result, the dataset had ~
200,000 observations from 1996-2019, and included time-stamped (to the second) spatial
coordinates, data on GPS accuracy (for example locational accuracy could be +/- 100 m), and
animal identification.
We acquired the Bathurst herd collar data under terms of a data release agreement with
GNWT Environment and Natural Resources (ENR). Data were provided in geographic
coordinates and were converted to metres in the Lambert Conformal Conic projection, using
ArcGIS v.10.5. The data contained information for both male and female caribou, but we
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removed data for males for two reasons: (i) our study focuses on the group-movements of
caribou and therefore adopts a herd-based perspective. Female caribou are more likely to move
as a herd, and although the male’s life history is important to herd survival, males are more likely
to move independently from the herd (Calef, 1981); and (ii) male caribou do not take part in a
concentrated spring migration or calving activities which are critical life history events for the
herd (Calef, 1981; GNWT, 2019). Retention of male observations would skew our movement
analysis and reduce our confidence in the timing of seasonal range-use. Animals with less than
total 10 observations were removed from the data in order to improve our movement models.
The raw data also contained a significant number of duplicate time stamps which were removed
using a function we created in R software (version 4.0.3; R Development Core Team, 2020)
(Appendix B). The final database remained robust after data filtering, with an average of 21
individuals per year (Fig 3.1).

Figure 3.1 Annual number of individual caribou used in our data after filtering out males and
duplicate data. The average number of collared caribou was 21 per year (min = 8, max = 31).
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In addition to the collar data received from GNWT, I also conducted field work in 2018
and 2019 within the summer range of the Bathurst caribou. During these two summers, I was
also able to meet with several stakeholders and community members with vested interest in the
Bathurst caribou (Figure 2.3). Although data and information from my field work and those
meetings is not explicitly used in this thesis, these activities were extremely beneficial to my
research. First, by observing the Bathurst caribou move through their range I was able to better
understand how these animals search for food, and how quickly they can move through their
habitats. It was beneficial to see the type of geographical features these caribou must navigate
and the composition and diversity of forage available to them. Second, my meetings with
stakeholders, which were primarily to discuss my research intentions, helped me to refine my
research goal and objectives. These meeting allowed me to hear numerous perspectives on the
decline of the Bathurst caribou, all of which were valuable to my own understanding. These
stakeholders included members from the Łutsël K'é Dene First Nation, the Tłı̨ chǫ First Nation,
the Yellowknives Dene First Nation, the NWT Métis Nation, and the Government of Northwest
Territories.

3.2 Residence Time Analysis
We conducted Residence Time (RT) analyses on the filtered telemetry data to
characterize the herd’s seasonal movements (Barraquand and Benhamou 2008; Wolfson et al.,
2020; Torres et al., 2017). Barren-ground caribou move at different speeds and tortuosity
(measure of turn rate) during different times of the year (Calef 1981; Fancy et al., 1989;
Bergman et al., 2000). For example, during winter foraging (month to month) they move slowly
(< 4 km/day) with a high degree of tortuosity to optimize their search efforts for food (Fancy et
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al., 1989)(Bergman et al., 2000). In contrast, caribou move quickly (> 10 km/day) in a relatively
straight path during migration (Fancy et al., 1989)(Bergman et al., 2000). Slow tortuous
movements are associated with high RT values and quick, directed movement have low values.
By corroborating the RT analysis with a priori knowledge of caribou life history we can
determine the precise timing of seasonal events each year.
RT analyses calculate the cumulative time an animal spends within a predetermined
radius in combination with a pre-determined time threshold for re-entry into that radius (Fig 3.2;
Barraquand and Benhamou, 2008). The calculation is completed for each successive locational
observation in the data (Barraquand and Behamou, 2008). Therefore, there are two variables that
are important to consider in the analysis: (i) the size of the predetermined radius; and (ii) the
maximum time threshold for re-entering that radius. Torres et al. (2017) suggest that the radius
used should be the maximum area that an animal will search for resources before moving into a
new area known as the Area Restricted Search (ARS). Fauchald and Tveraa (2003) developed an
approach known as the First Passage Time (FPT) to objectively determine the ARS radius for the
animal of interest. Similar to RT, FPT is a movement analysis that calculates the time an animal
spends in a predefined radius. By obtaining the variance of the log of FPT values at a series of
increasing radius sizes, the user develops a profile with a peak variance across the range of radii
used in the analysis (Fauchald and Tyeraa, 2003). The radius associated with peak variance
represents the most intensely clustered spatial scale or the maximum area an animal will search
for food before moving to another area (e.g., the ARS) (Fauchald and Tveraa, 2003).
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Figure 3.2 An example of the radius used in RT analyses modified from Barraquand and
Benhamou (2008). A predetermined radius (r) is centered on one location of an animal (blue).
The RT analysis uses a time threshold for the animal to re-enter the radius before additional
movements are no longer considered for that circle. In this example, there are 6 successive
locations (numbered 1-6) that break the perimeter by either exiting or re-entering the pre-defined
radius (blue dashed line). The RT function makes notes of these breaks and only sums the time
spent within the radius (i.e., the red series only). Once the animal spends more time outside a
radius than the pre-determined threshold (blue dashed line), time is no longer added for that
observation.
We calculated First Passage Time values for forty randomly selected caribou using the
AdeHabitat package (Calenge, 2006) in R (R Development Core Team, 2020) as a preliminary
step to determine an appropriate radius for analysis of the Bathurst herd. We used a series of
radii ranging from 0.5 to 80 km in 0.5 km increments. The average peak variance of the log of
FPT occurred at a radius of 17 km. Using a similar approach, Corre et al. (2014), determined the
ARS for barren ground caribou in northern Quebec was 25 km. We therefore proceeded with our
analysis using a conservative value of 20 km. However, we also conducted a sensitivity analysis
using an ARS radius of 15 km, 17 km, 20 km, 25 km, and 30 km to determine if there were
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noticeable differences in RT values across this range. The differences were negligible, and we
were confident in our use of 20 km as the ARS radius.
The time threshold is the second variable important to consider in RT analysis and is
related to the animal’s speed (Barraquand and Benhamou, 2008). We used a four-hour time
threshold since: (i) it provided a sufficient amount of time for an animal to re-enter the radius
based on previously reported maximum daily speeds (Fancy et al. 1989), and (ii) it is still
sensitive to sudden changes in RT that might be associated with migration. To assess this, we
conducted a sensitivity analysis and found that changing the time threshold from 2-12 hours in 2hour increments had only minor effects on the overall trends in RTs for this herd.
We used the AdeHabitat package in R software (version 4.0.3) to conduct RT analyses
(Calenge, 2006; R Development Core Team, 2020). We then calculated the daily average and
standard deviation of the RT of all animals each year (Fig. 3.3). We created yearly RT profiles
based on an average value for the herd rather than a profile for each animal for two reasons: (i)
female caribou are highly gregarious animals who move and forage together so we assumed they
were moving similarly at the same times throughout the year (Calef, 1981; Bergman et al., 2000;
Corre, 2017); and (ii) taking a herd perspective allows us to identify how the movement
dynamics of a population may be changing rather than inspecting individuals on a case-by-case
basis.
We used the Lavielle segmentation method to objectively separate the seven seasonal
movement bouts (Lavielle, 2005; Barraquand and Benhamou, 2008; Corre, 2014). This method
groups bouts of data into segments of the most similar data (Lavielle, 2005) by using an
algorithm to minimize contrasting values in each segment. We specified a minimum number of
observations per segment as four (sensu Corre et al., 2014). We used between 10-20 segments
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each year in order to capture seven predefined seasonal events that are known to occur (see
definitions below). This process left us with data that was over-segmented (i.e. the data had more
segments than were needed to capture start and end dates associated with the seven seasonal
ranges). The reason we over segmented our data was because of high variability of RT values
within the data (especially in the winter) in some years of our study. This data variability meant
that the Lavielle segmentation function would over segment a time period into multiple distinct
bouts that might actually only represent one seasonal event. For example, high variability in RT
values in winter months would cause the Lavielle segmentation function to separate that time
period with two or more segments; when both segments were clearly contained in just one
seasonal event. We over segmented (i.e., more than seven segments) in some of our yearly data
in order for the Lavielle segmentation function to separate variable RT data that might be within
a distinct season while also ensuring that we clearly segmented all seven seasonal ranges we
were studying. We manually removed segments that were not associated with the change of a
season that we previously defined.
Barren-ground caribou have distinct seasonal ranges that include winter range, spring
migration, calving, post-calving range, late summer range, rutting season, and a fall migration
(Calef 1984; Bergman et al, 2000; GNWT, 2019). A cyclic pattern of high and low movement
bouts was evident in the annual RT plots that corresponded to these well-established ranges. We
classified winter range as the uniformly high RTs lasting from approximately November until
April (Bout A; Fig. 3.3). Caribou are most sedentary in the winter, with little directed movement,
which is why a high plateau of RTs is an indication they are occupying their winter range (Calef
1984; GNWT, 2019). We classified the start of spring migration as the rapid change in slope that
continues until late May or early June (Bout B, Fig 3.3). Spring migration is a sudden and
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synchronous event among barren-ground caribou that is characterized by the onset of fast and
directional movement of caribou (Fancy et al., 1989; Bergman et al. 2000).
Once caribou reach their calving grounds after spring migration, their quick and directed
migratory movement stops for a period of time in order to give birth (Calef, 1981). Therefore, we
identified calving as a period of higher RTs after the low values associated with spring migration
(Bout C; Fig. 3.3). After calving, the caribou move south to reach their summer forage (Calef,
1981). Post-calving was defined as a prolonged drop in RT proceeding calving, as this indicates
the caribou are moving quickly in a directed fashion (Bout D; Fig. 3.3).
We defined late summer as a return of higher RT values after a period of homogenously
low values. Late summer is not a common distinction for a seasonal range within the literature,
but we designated late summer as its own distinct period because of the consistency of an
extended period of higher RT values in our data that extends from late July until late September
(Bout E; Fig 3.3).
The data indicated a drop in RT in late September/early October before another
resurgence of higher RT values, which we defined as fall rut (Bout F; Fig 3.3). Fall rut is an
event that starts after caribou move to a rutting ground and then are relatively stationary for a
period of 10-15 days (GNWT, 2019; Calef, 1981). Finally, fall migration was classified as the
period of low RT values that followed fall rut, as this is when the caribou move quickly to reach
their winter grounds (Calef, 1981). RT profiles for each year are presented in Appendix C.
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Figure 3.3 Average Residence Time (black line) with standard deviation (blue ribbon) of 20
female caribou collared in 2011 plotted against day of the year. Data is plotted based on Day of
the Year, while months are labelled to more clearly orient the reader. Lavielle segmentation was
used to separate homogenous periods of movement. Each segment indicates the start/end of a
seasonal period in 2011. Seven repeated movement bouts labelled A-G were identified. A was
identified as the herd’s winter range period, B as spring migration, C as calving range, D as the
post-calving movement, E as the late summer range, F as fall rut, and G as fall migration.
3.3 Home Range Mapping
A home range is the total areal extent an animal or population of animals utilize during a
defined time period (Alfred et al., 2012). Home range analyses are a common way to identify
preferential or important areas for herding animals (Alfred et al., 2012; Howery et al., 1996; de
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Iongh et al., 1998). We examined three temporal scales of home ranges: (i) the area
encompassing all observations across all years of the study period (1997-2019); (ii) an area
encompassing all observations on an annual basis; and (iii) the area corresponding to
observations during each of the identified seasonal ranges on an annual basis. To date, the latter
approach has not been implemented for the Bathurst caribou herd but allows us to examine how
their seasonal ranges have changed geographically during the period of observation.
Brownian Bridge home range probability surfaces are the likelihood of finding an animal
at any one place at any given time (Horne et al., 2007). They are high around a point observation
but also between successive points (i.e., the “bridge” between points; Fig. 3.4).

Figure 3.4 An example of a Brownian Bridge probability map without telemetry tracks overlaid
(left panel) and with telemetry tracks overlaid (right panel). Each pixel in these maps indicates
the percent of total probability captured within a contour. The example illustrates how the
Brownian Bridge method estimates probability in the direction of travel, rather than producing
omnidirectional boundaries around individual points.
Using the AdehabitatLT package (R software version 4.0.3), we separated our telemetry
data into periods based on the annual timing of ranges identified in our RT analysis and Lavielle
segmentation. We then created trajectory files for all unique caribou to link successive points
through time, based on a unique animal identification. Brownian Bridge models were generated
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from these trajectory files using the function kernelbb from the package AdehabitatHR (Calenge,
2006). This process requires identification of two smoothing parameters, known as sig1 and sig2.
Sig1 controls the width of bridges between successive points and sig2 controls the width of the
estimation around each point based on the uncertainty in location (Calenge, 2006). These two
parameters were held consistent each year of analysis in order to better compare trends across
study years (see Appendix A for details and Section 5.5 for a discussion of this approach).
Brownian Bridge models output raw raster probability maps for individual caribou. We
overlaid these raster maps and calculated an average of probability values for the three periods of
analysis (e.g. the entire study period, on a yearly basis, and on a seasonal basis). This process
yielded 185 unique maps: one for the cumulative study period, 23 annual maps (Appendix D),
and 161 seasonal range maps (i.e., 7 seasonal events x 23 study years). We modified output
values using a function called getvolume in AdehabitatHR, so that each pixel was equal to a
percent value within a contour (Calenge, 2006). Each contour represents the smallest area to
capture a percentage of the raw probability. For example, pixels with a value of 0.95 connect
together to form a contour(s) that captures 95% of the probability in that distribution. Contours
with lower percentage (e.g., 75%) are nested within contours of larger percentages (e.g., 95%)
and represent smaller areas that capture a disproportionate amount of the total probability. This
method is consistent with home-range mapping implemented within the literature for a variety of
different wildlife species (e.g., Vokun, 2003; Rayment et al., 2009; Benhamou and Cornélis,
2010).
3.4 Data Analysis
We fit linear models to the annual start and end dates of the seven seasonal periods, as
well as to their cumulative annual duration, to determine if significant trends in the timing of
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these events (or phenology; periodic events in biological life cycles) occurred during the study
period. We calculated the total range area occupied during each seasonal period as well as the
total range area occupied on an annual basis. Calculations were based on the 95% use-probability
contour. We fit linear and exponential models to these areal data to determine if significant
temporal trends in range occupancy had occurred. In addition to total area, we determined the
geographical spread of these ranges using the directional distribution function within ArcGIS
v.10.5 (ESRI, 2016). This function determines how each range is spread across a region by
generating an ellipse whose two axes correspond to the standard deviation of x and y coordinates
in two directions (see Wang et al. 2015). We calculated the area of these ellipses in each year and
fit a linear model to the data to determine if there has been a trend toward either increasing or
decreasing spatial spread in the ranges. We used data generated through the production of each
ellipse to create a tracking file within ArcGIS version 10.5 (ESRI, 2016) displaying the position
of range centers over time.
To conduct an exploratory analysis on range-use, the annual and seasonal home range
maps were analyzed to identify spatial trends in the distribution of the herd over the duration of
the study period. To accomplish this, we stacked the raster images of our annual and seasonal
Brownian Bridge range maps in chronological order using ArcGIS version 10.5. We created
eight spatially-overlapping composite images: one composite image for each of the seven
seasonal ranges and one for the annual range. We then conducted a linear regression on each
pixel in these composite images using a function created by colleague Michael Stefanuk in R
(version 4.0.3) (Stefanuk, 2019). This function conducts linear regression methods on each pixel
in the composite image, where the explanatory variable is time (year), and the independent
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variable is the Brownian Bridge cell value (which represents a range percentage). The output of
the R function is a map where every raster cell has a value for slope, R2, and P-value.
Not every location on our maps had all twenty-three values (i.e., a value for each study
year), as some areas were not used by caribou every year during the study period. We filtered out
pixels with less than ten observations for two reasons. First, removing pixels with low numbers
of observations removed fringe areas of herd use (i.e., areas at the periphery of the range which
were only used periodically), and focused our analysis on core areas of use. Second, this ensured
a large enough sample size for a robust regression analysis (i.e., increase in statistical power). As
Cohen (1977) notes, the power to detect a significant R2 in regression analysis increases with a
larger sample size. Although there are different approaches to determine minimal sample size in
regression, Peduzzi et al., (1995) found that a minimum of ten observations is a good rule of
thumb for bivariate regression analyses. Therefore, we filtered out those pixels with less than ten
observations to avoid potentially misleading results created with insufficient data, thus making
out trend results more robust and increasing our confidence in interpreting these results.
Slopes for each pixel which were returned from the linear regression were used as an
indicator of the degree to which use of the pixel changed over time. P-values were used to assess
whether the trend over time was statistically significant (based on ! = 0.05). For visual purposes
we standardized all maps based on the maximum and minimum slope values detected in any one
of these maps. Our minimum value was -2.2, indicating that area had decreased in Brownian
Bridge use percentage by 2.2% each year, which actually means it is becoming more frequently
used (as lower percent values indicate higher degrees of use). Our maximum value was 2.2
indicating the area had increased in Brownian Bridge percentage value by 2.2% each year, and
therefore decreased in use.
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Chapter 4
Results
4.1 Range Phenology
The timing and duration of annual range periods varied from 1997-2019 (Fig 4.1), with
significant temporal trends evident in the data (Table 4.1). The calving period trended toward a
significantly earlier start date in the year, at a rate of 0.35 days per year over the monitoring
period (Table 4.1). Spring migration had an earlier end date but also became significantly shorter
in duration at a linear rate of 0.38 days per year. The start of the late summer period trended
toward a significantly later date at a rate of 0.58 days per year. Similarly, the post-calving period
had a later finish date and also became significantly longer by 17 days over the course of the
study period (0.75 days per year; Table 4.1).

Figure 4.1 Timelines of seasonal ranges for each year of study. Timelines indicate the start, end,
and duration of each seasonal range as derived using Residence Time analysis and Lavielle
segmentation.
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Table 4.1 Trends in the timing and duration of annual range occupancy for the Bathurst caribou
herd from 1997-2019. Trends are summarized and accompanied by linear equations, regression
coefficients, and p-values.
Season

Start

Spring Migration

No significant change **Significantly
Earlier
2
Y=111+ 0.028x, R adj
=-0.047, P=0.8913
Y=154 - 0.35x, R2adj
=0.2, P=0.017
**Significantly
No significant change
Earlier
Y=173 - 0.17x, R2adj
2
Y=154 - 0.35x, R adj
=8.4 e -5, P=0.3283
=0.2, P=0.017
No significant change **Significantly
Later
Y=173 - 0.17x, R2adj
=8.4 e -5, P=0.3283
Y=209 + 0.58x, R2adj
=0.22, P=0.013
**Significantly
No significant change
Later
Y=270 + 0.049x,
Y= 209 + 0.58x, R2adj R2adj =-0.046, P=0.85
=0.22, P=0.013

Calving

Post-calving

Late Summer

Finish

Duration
No significant change
Y=43- 0.38x, R2adj =
0.098, P=0.0799
No significant change
Y=19 + 0.18x, R2adj =
0.0026, P=0.3153
**Significantly
Longer
Y=35 + 0.75x, R2adj =
0.28, P=0.006
No significant change
Y=62 - 0.54x, R2adj =
0.079, P=0.1036

Fall rut

No significant change No significant change No significant change

Fall Migration

Y=270 + 0.049x,
Y=730 - 0.22x, R2adj
Y=22 - 0.27x, R2adj =
2
R adj =-0.046, P=0.85 =-0.0069, P=0.37
0.028, P=0.2144
No significant change No significant change No significant change

Winter

Y=293 - 0.22x, R2adj
=-0.0069
P=0.37
No significant change

Y=336 - 0.12x, R2adj
=-0.043
P=0.77
No significant change

Y=43- 0.1x, R2adj = 0.046
P=0.846
No significant change

Y=336 - 0.12x, R2adj
=-0.043, P=0.77

Y=111 - 0.069x, R2adj
=-0.044, P=0.75

Y= 142- 0.13x, R2adj =
-0.045, P=0.75
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4.2 Range Size
The cumulative range mapping indicated the Bathurst herd range from 1997-2019 had a
cumulative areal extent of between 39,000 km2 at the 95% probability level and > 177,000 km2
at the 99% probability level; Fig. 4.2. Three distinct areas of high probability areas of cumulative
use were apparent (Figure 4.2). These high-use areas are associated with the herd’s calving (A)
and post-calving ranges (A), their late summer range (B), and their winter range (C).

A

B

C

Figure 4.2 Cumulative Brownian Bridge distribution map of the Bathurst caribou herd from
1997-2019 based on more than 200,000 collar locations from 220 animals. Each contour
represents the probability of locating a caribou at any one location. Contours with a lower
percentage represent smaller areas within the larger range that capture a disproportionate amount
of the total probability. Contours decrease by 1% after the 95% level until they reach the 80%
level. The 99% level (blue line) contains 177,791km2 of land and the 95% level (black line)
contains 39,000km2 of land. Three hot-spots of probability are identified and labelled A, B, and
C. Hot spot A occupies the calving and post-calving ranges; B is a hot spot south of Contwoyto
Lake within the late summer range; C is a hot-spot south of the community of Wekweèti used in
winter.
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In the beginning of the study period (1997-2000) the yearly ranges extended as far south
as northern Saskatchewan but have subsequently decreased in areal extent and have shifted north
during the monitoring period. For example, the yearly range was 142,794 km2 in 1997, 60,326
km2 in 2002, 5,717km2 in 2008, and 14,320km2 in 2019; representing a 90% decrease in areal
extent over the study period (95% probability level; Figure 4.3).

Figure 4.3 Yearly Brownian Bridge distribution maps of the Bathurst caribou herd for four
distinct years. A is range-use in 1997, B is range-use in 2002, C is range-use in 2008, and D is
range-use in 2019. This figure illustrates how the yearly range is shrinking and moving
increasingly north.

Seasonal range maps (Fig. 4.4 as an example) showed a general reduction in the size of
all seasonal ranges during the monitoring period (Fig. 4.5). Linear models were chosen to
describe trends in area for the spring migration, calving, post-calving, late summer, fall rut, and
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fall migration ranges (Figure 4.5). However exponential models were chosen instead of linear
models for the winter range and annual range as inspection of the data indicated a rapid
exponential decline in their area between 1997 and 2007, followed by little or no decline since
(Figure 4.5). Based on the 95% Brownian Bridge contour, the spring migration range decreased
by 90.2% over the study period, the calving range decreased by 35.2%, the post-calving range by
75.9%, the late summer range by 83%, the fall rut range by 87%, the fall migration range by
77%, and the winter range by 87.5%. The Winter range, spring migration, and the fall rut ranges
experienced the largest decreases, while the calving range experienced the least.

Figure 4.4 Map of seven distinct seasonal ranges based on 20 collared caribou from the Bathurst
herd in 2011. Black lines indicate the 99% use probability contour. Use probabilities ≤ 95% are
illustrated in colour, with progressively darker shades of each colour representing lower use
probabilities to a minimum of 80%.
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Figure 4.5 Changing area of the Bathurst caribou herd’s annual and seasonal home ranges from
1997-2019. A: spring migration, B: calving, C: post-calving, D: late summer, E: fall rut, F: fall
migration, G: winter, H: annual range. Areas are based on the 95% use probability obtained
from Brownian Bridge analysis. Linear models and standard errors are illustrated for
relationships A-H. Winter range (G) and annual range (H) were better represented using
exponential relationships. Each graph includes regression equations, adjusted R2, and p-values.
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4.3 Geographical Changes
Seasonal directional distribution ellipses showed that the geographic extent of seasonal
ranges vary (Fig. 4.6). Calving and fall rut consistently had the smallest extents, while spring
migration, fall migration, and winter had the largest (Fig. 4.6). Our results indicate a significant
reduction in the geographic extent of the herd’s total annual range as well as most of its seasonal
ranges (Fig. 4.7). However, unlike annual and seasonal area occupied, the directional
distributions decreased at a more consistent rate over the course of the study period and did not
appear to plateau after 2008 (Fig. 4.7). The results show shifts in the geographical center of
distribution in the winter range, fall migration range, fall rut range, spring migration range, and
total annual range all which have all progressively shifted northwest during the monitoring
period (Fig. 4.8).

Figure 4.6 Standard deviation ellipses of each seasonal range component for 2011. Ellipses were
produced using the function Directional Distribution in ArcGIS (v. 10.5) which calculates the
standard deviation in distance in both the X and Y direction and creates an ellipse based on the
spread of data.
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Figure 4.7 Changes in the area of directional distribution ellipses for the Bathurst caribou herd’s
annual and seasonal home ranges from 1997-2019. A: spring migration, B: calving, C: postcalving, D: late summer, E: fall rut, F: fall migration, G: winter, H: annual range. Linear models
and standard errors are illustrated for each relationship. Regression equations, adjusted R2, and pvalues are also included.
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Figure 4.8 Changes in the centre of each seasonal range based on directional distribution ellipses
for the Bathurst caribou herd’s annual and seasonal home ranges from 1997-2019. A: spring
migration, B: calving, C: post-calving, D: late summer, E: fall rut, F: fall migration, G: winter,
H: annual range. The red dot indicates the centre of each range in 1997 and the largest black dot
represents the centre of the range in 2019.
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In 2018 several collared caribou from the Bathurst caribou herd emigrated to the calving
range of the Bluenose east illustrated in Figure 4.9. This was an unusual phenomenon only
observed happening in 2018 (within our study period).

Figure 4.9 Annual Brownian Bridge map of the Bathurst caribou herd in 2018. The red circle
illustrates the path several caribou took when migrating to an entirely different calving range
(overlapping with the Bluenose East herd).
4.4 Spatial Trends in Range-Use
Results from the linear regression analysis conducted on our annual Brownian Bridge
maps indicates that there was a significant increase in range-use in the north-east and significant
decrease in the south-west portions of the annual range (Fig. 4.10). There was also a significant
increase in range-use around Contwoyto Lake within the center of the annual range, and
significant decreases in range-use in southern portions of the annual range (Fig. 4.10).
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Figure 4.10 Results of linear regression conducted on annual Brownian Bridge home range
maps. Composite raster images were created from our Brownian Bridge annual maps, through
chronological order from 1997-2019. Linear regression was conducted on pixel values
(representing 1km x 1km spatial resolution). Pixels with less than ten overlapping observations
were removed. Panel A shows the slope values of this analysis conducted on the annual range,
and panel B shows only pixels with statistically significant trends (P ≤ 0.05). Slope values
represent changes in Brownian Bridge percent values through time. Negative slopes indicate
areas where range-use increased through time, while positive slopes indicate where range-use
decreased.
Analysis of range-use during spring migration shows that significant changes were
predominantly associated with a reduction of range-use. In particular, two long corridors of area
underwent a significant decrease in range-use (1997-2019) (Fig. 4.11). These areas of change
stretch from the southern portion of the map and in one case almost all the way to the calving
grounds in the north (Fig. 4.11), which may indicate consolidation of two distinct migration
corridors into one.
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Figure 4.11 Results of linear regression methods conducted on our spring migration Brownian
Bridge home range maps. Composite raster images were created from our Brownian Bridge
spring migration maps, through chronological order from 1997-2019. Linear regression was
conducted on pixel values (representing 1km x 1km spatial resolution). Pixels with less than ten
overlapping observations were removed. Panel A shows the slope values of this analysis
conducted on the annual range, and panel B shows only pixels with statistically significant trends
(P ≤ 0.05). Slope values represent changes in Brownian Bridge percent values through time.
Negative slopes indicate areas where range-use increased through time, while positive slopes
indicate where range-use decreased.
Range-use in the calving range has largely stayed consistent with the exception of some
significant decrease in the southwest and a small area of significant increase in the northeast
(Fig. 4.12).
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Figure 4.12 Results of linear regression methods conducted on our calving Brownian Bridge
home range maps. Composite raster images were created from our Brownian Bridge calving
maps, through chronological order from 1997-2019. Linear regression was conducted on pixel
values (representing 1km x 1km spatial resolution). Pixels with less than ten overlapping
observations were removed. Panel A shows the slope values of this analysis conducted on the
annual range, and panel B shows only pixels with statistically significant trends (P ≤ 0.05). Slope
values represent changes in Brownian Bridge percent values through time. Negative slopes
indicate areas where range-use increased through time, while positive slopes indicate where
range-use decreased.

There are small patches in the post-calving range where significant increases and
decreases of range-use were evident (Fig. 4.13). Most notable of these is the significant increase
in use ~ 40 km southeast of Contwoyto Lake, and patches of significant decrease in the southern
portions of this range.
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Figure 4.13 Results of linear regression methods conducted on our post-calving Brownian
Bridge home range maps. Composite raster images were created from our Brownian Bridge postcalving maps, through chronological order from 1997-2019. Linear regression was conducted on
pixel values (representing 1km x 1km spatial resolution). Pixels with less than ten overlapping
observations were removed. Panel A shows the slope values of this analysis conducted on the
annual range, and panel B shows only pixels with statistically significant trends (P ≤ 0.05). Slope
values represent changes in Brownian Bridge percent values through time. Negative slopes
indicate areas where range-use increased through time, while positive slopes indicate where
range-use decreased.
The late summer range showed a significant increase in range-use at the south end of
Contwoyto Lake, with a significant decrease in use at the south-west end of this map (Fig. 4.14),
supporting results from our ellipse analysis that showed the core of the summer range shifting to
the northeast (Figure 4.8.D). The fall migration and fall rut analysis showed very little changes
that were statistically significant. The one notable exception was in the fall rut range at the southeast end of Contwoyto Lake where use increased significantly over the study period (Fig. 4.15
and Fig. 4.16)
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Figure 4.14 Results of linear regression methods conducted on our summer Brownian Bridge
home range maps. Composite raster images were created from our Brownian Bridge summer
maps, through chronological order from 1997-2019. Linear regression was conducted on pixel
values (representing 1km x 1km spatial resolution). Pixels with less than ten overlapping
observations were removed. Panel A shows the slope values of this analysis conducted on the
annual range, and panel B shows only pixels with statistically significant trends (P ≤ 0.05). Slope
values represent changes in Brownian Bridge percent values through time. Negative slopes
indicate areas where range-use increased through time, while positive slopes indicate where
range-use decreased.

Figure 4.15 Results of linear regression methods conducted on our fall rut Brownian Bridge
home range maps. Composite raster images were created from our Brownian Bridge fall rut
maps, through chronological order from 1997-2019. Linear regression was conducted on pixel
values (representing 1km x 1km spatial resolution). Pixels with less than ten overlapping
observations were removed. Panel A shows the slope values of this analysis conducted on the
annual range, and panel B shows only pixels with statistically significant trends (P ≤ 0.05). Slope
values represent changes in Brownian Bridge percent values through time. Negative slopes
indicate areas where range-use increased through time, while positive slopes indicate where
range-use decreased.
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Figure 4.16 Results of linear regression methods conducted on our fall migration Brownian
Bridge home range maps. Composite raster images were created from our Brownian Bridge fall
migration maps, through chronological order from 1997-2019. Linear regression was conducted
on pixel values (representing 1km x 1km spatial resolution). Pixels with less than ten
overlapping observations were removed. Panel A shows the slope values of this analysis
conducted on the annual range, and panel B shows only pixels with statistically significant trends
(P ≤ 0.05). Slope values represent changes in Brownian Bridge percent values through time.
Negative slopes indicate areas where range-use increased through time, while positive slopes
indicate where range-use decreased.
Despite the extent of the herd’s historical winter range, our analysis of changes in winter
habitat use was hindered by the fact that much (over 50%) of the region had fewer than ten
observations during the study period. This was partly a result of the rapid contraction of the
winter range prior to 2010, and partly because caribou are most spread out during winter range
(meaning less overlapping spatial observations). Nonetheless, there were some notable results
from the range-use analysis. We still see a trend toward reduced range-use in the south-east and
increased range-use in the north-west (Fig. 4.17), which supports the trend in northwest
movement of the core of this range indicated in our ellipse analysis (Figure 4.8.G).
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Figure 4.17 Results of linear regression methods conducted on our winter range Brownian
Bridge home range maps. Composite raster images were created from our Brownian Bridge
winter range maps, through chronological order from 1997-2019. Linear regression was
conducted on pixel values (representing 1km x 1km spatial resolution). Pixels with less than ten
overlapping observations were removed. Panel A shows the slope values of this analysis
conducted on the annual range, and panel B shows only pixels with statistically significant trends
(P ≤ 0.05). Slope values represent changes in Brownian Bridge percent values through time.
Negative slopes indicate areas where range-use increased through time, while positive slopes
indicate where range-use decreased.
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Chapter 5
Discussion
The results of this research indicate significant changes in the extent, location, and timing
of annual and seasonal range-use of the Bathurst caribou herd from 1997-2019. The areal extent
of yearly and seasonal ranges declined dramatically over the study period. There have also been
some major geographic changes in seasonal range-use including a shift in location of the spring
migration, late summer ranges, and winter ranges. Finally, the seasonal timing of these events
changed over the study period including a shorter spring migration, a longer calving season, a
longer post-calving period, and a shorter time spent on the late summer range. In this chapter we
discuss these specific geographic and temporal trends in range-use and propose reasons why
these changes may have occurred.

5.1 Range Contraction and Population Decline
The results of our mapping and analysis show a 90% decrease in the core area being used
by the Bathurst herd over the twenty-three-year period. This range contraction coincided with the
population collapse; with an estimated 350,000 animals at the start of the study period (1997)
and 8,200 at the end (2019), representing a 97% population decrease (GNWT, 2019). Although
caribou herds naturally cycle between high and low populations (Adamczewski et al., 2009), the
Bathurst herd is currently well below expected minimums and is at risk of extinction (GNWT,
2019).
Range expansion and contraction are expected outcomes of population highs and lows of
caribou (Hinkes et al., 2005). For example, the George River herd in northern Quebec grew from
5000 to 400,000 caribou during the period of 1950-1984, and their annual range size responded
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by increasing from 160,000 to 442,000 km2 from 1971-1984 (the period for which areal range
extent was first monitored) (Messier, 1988). The George River herd later declined from 800,000
to 5,500 caribou from 1993 – 2018 and the annual range correspondingly declined from
700,000km2 to 66,000km2 (Dennis, 2018). Similar to the study by Virgil et al. (2017), which
used kernel density analysis to delineate home ranges, our study found overwhelmingly that as
the population of the Bathurst caribou declined so too did the core area used by these caribou.
Both of our studies also found a trend in the annual range moving north.
Caribou generally benefit from large herd sizes as theorized by Hamilton with the selfish
herd theory (1970). This theory states that herding animals increase their defense against abiotic
and biotic factors by being in tight formations (Hamilton, 1970). For example, the ability for
caribou to deal with insect harassment, move in deep snow, and escape predators increases when
population density is higher (Pruitt, 1960; Nixon and Russell, 1990). These benefits are
important to the caribou and are likely why annual ranges contract in size when caribou
populations decrease as it allows for the remaining caribou to still form dense aggregations.
Conversely, when caribou populations become too large, caribou can overgraze their
habitats resulting in a negative effect on herd health. Caribou have been observed to overgraze
their summer and winter forage at extremely high densities, which can take large amounts of
time (over twenty years) to re-vegetate (Messier et al., 1988; Henry and Gunn, 1991; Manseau et
al., 1996). Manseau et al. (1996) found that the negative impacts from caribou grazing were
most apparent in their winter range, as lichen takes much longer than shrubs, graminoids, or
forbs to recover. This phenomenon may have been a catalyst for herd decline of the Bathurst
caribou in the mid-1980’s when the Bathurst caribou was at its peak in population. Overgrazing
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and habitat degradation by the Bathurst caribou within their winter range may also be why the
herd is now wintering much farther north than it previously did.
Range contraction (or expansion) as a result of changes in population size is not a
phenomenon that necessarily occurs in all species. Some animals may capitalize on lower
population densities by spreading themselves out. For example, the Kestrel (Falco tinnunculus)
is a non-gregarious bird that fills unoccupied territory when other kestrels are killed or are
displaced (Horváth, 1975). Unlike Kestrels, caribou are gregarious animals that prefer dense
aggregations especially during times of low population (Nixon and Russell, 1990). When caribou
populations decline, so too does the area they occupy (Dennis, 2018). There may also be certain
areas, however, within the ranges of these caribou that contain specific resources that caribou
need to exploit; and in that case these areas may not change substantially in size.
One consequence of population decline is that caribou may be more likely to join other
herds in ranges adjacent to their own. Our results indicate that in 2018 some of the collared
caribou emigrated to the annual range of the adjacent Bluenose East herd, west of the Bathurst
range. This emigration could be an attempt of remaining Bathurst caribou to join a now larger
adjacent herd. This type of emigration into a new herd is a rare event, as barren-ground caribou
are philopatric and almost always return to their own calving grounds (Gunn and Miller, 1986).
Indigenous knowledge often mentions that caribou sometimes disappear, but that they always
eventually come back (Kendrick et al., 2005). It is possible these elders are referring to cases
when caribou emigrate to other populations. However, immigration and emigration are not
common in these herds and even traditional knowledge tells us each herd has their own unique
morphology, behaviour, and culture, which should be testament to the natural borders between
caribou herds (Kendrick et al., 2005). This emigration may be an attempt for the caribou to seek
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out optimal survival through larger herds and higher densities, which in turn only further
exacerbates the problem of population decline for the Bathurst caribou herd.
Prichard et al. (2020) examined how caribou move between adjacent ranges. They found
it was rare for caribou from larger herds to emigrate to another range; however, it was common
for caribou from small herds to emigrate to a different area. Their observations suggest that
relative herd size may change how likely a caribou is to emigrate and that when caribou
populations are small, caribou are more likely to “adopt” themselves into a different herd. While
not a cause of the herd’s precipitous decline, this phenomenon may be contributing to the
continued decline of the Bathurst herd, as individuals appear to be emigrating to adjacent herds
that are larger in size.
Another potential consequence of population decline, now being studied, is that range
contraction may be contributing to regional changes in caribou habitat. Andruko et al., (2020)
hypothesized that recent greening trends (increases in vegetative productivity) may be amplified
by the disappearance of caribou in certain areas. Caribou can have immense effects on their
landscape through grazing (Henry and Gunn et al., 1991; Fauchald et al., 2017), so habitats
might become more productive as a consequence of a population crash. Zamin and Grogan
(2013) showed that excluding barren-ground caribou from parts of their habitat, via fence
exclosure, led to a significant increase in shrub growth and a decrease in vascular plant diversity
in enclosed areas. However, more research will need to be conducted before we can concretely
link caribou disappearance to broad scale changes in their environment.
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5.2 Areal Decreases in Seasonal Ranges
We looked at areal changes in the annual and seasonal ranges of the Bathurst caribou
from 1997-2019, and found that all ranges significantly decreased. The area occupied during
spring migration declined by 90%, winter range by 87.5%, fall rut range by 87%, summer range
by 83%, fall migration by 77%, post-calving by 75.9%, and calving by 35%. As we have
previously mentioned the decline in all these ranges is the expected outcome of population
decline, however, it important to note that there are differences in the way each range declined.
Unlike most seasonal ranges, which decreased linearly, the annual and winter range decreased
exponentially during the study period, mirroring the exponential decline in caribou numbers
during that period. Our data also showed that the geographic center of these ranges also changed,
with spring migration, fall migration, and winter range moving considerable distances in the
northwest direction. The calving range, which declined in area the least, also moved in position
the least.
It is important to consider caribou ecology when understanding why some seasonal
ranges changed more than others. Caribou begin their spring migration spread across the winter
range before they make their way to the calving range. The area used during spring migration is
not critical for foraging; it is an ephemeral range that is used primarily for movement (Fancy et
al., 1989). Our data show that the winter range moved northwards in recent years and, therefore,
so did the starting location for both spring migration and fall migration. This geographic change
means caribou have a shorter distance to migrate in the spring to reach their calving range, and in
the fall to reach the new winter range. Because the distances for migrations have become much
shorter, the areal extent of this range correspondingly shrank over the study period. One
immediate outcome of a shorter spring migration (and closer proximity to the calving range) is
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that caribou may have greater control over the timing of their arrival on their calving range.
Mallory and Boyce (2018) and Chen et al. (2018) described the importance of synchrony in
calving and the start of the growing season for herd health. Vegetation at the start of the growing
season is a nutrient-rich source of food for caribou, but these nutrients rapidly degrade making
timing of acquisition incredibly important (Zamin et al., 2017). For example, Chen et al. (2018)
found that a delay in arrival time to the calving range led to a decrease in fall pregnancy rate, as a
result of not acquiring enough nutrition in the spring. A potential advantage of the winter range
moving north is that caribou do not have to migrate as far in either their spring or fall migration,
and therefore may expend less energy and have better control in their migration timing.
However, during the range contraction of the Bathurst herd, caribou numbers have continued to
plummet, meaning the potential positive outcomes of range contraction has not outweighed the
factors contributing to population decline.
One negative consequence of the decrease in areal extent of the spring migration range is
loss of cultural migratory routes important to the Dené people. As caribou stop using traditional
routes that extended further south, the herd may collectively forget their old migratory routes.
Migratory routes are consistent routes that caribou use from year to year (Nicolson et al., 2015).
One of the reasons caribou use these routes consistently, is that these routes have preferred snow
depths for moving through, as well as better foraging conditions (Duquette, 1988). Nicolson et
al., (2015) found that it was unlikely caribou would use migratory routes after they had been
fragmented by industrial development. Duquette et al. (1988) argue that the difficulty in
restoring migratory routes is because young caribou need to learn these routes from older
experienced caribou. Therefore, if enough time passes between generations of caribou,
knowledge of migratory routes may disappear from the collective memory of the herd. Dené
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elders from Łutselkʼe (a community with the range of the Bathurst herd) have observed abnormal
shifts in migration routes within the range of the Bathurst caribou (Kendrick et al., 2005). If
these traditional migratory routes disappear, cultural teachings may also disappear, as fewer
indigenous youth interact with caribou in those places (Tłı̨ cho Research and Training Institute,
2016). Many of the Tłı̨ cho communities, who were traditionally nomadic people, situated their
permanent communities based solely on traditional migratory routes of the Bathurst caribou
(Tłı̨ cho Research and Training Institute, 2016). If these routes are permanently altered then the
cultural loss to these communities would be incalculable.
The calving range declined by 35% during the monitoring period, which was the smallest
decline of any seasonal range. The already small calving range shrunk the least, because it is an
area that is disproportionately important for resources. At the start of our study (1997) the
density of caribou was approximately 157 caribou/ km2 within the core area of the calving range;
at the end the density was approximately 6 caribou /km2. It is somewhat surprising that density
of caribou on the calving range decreased during the study period given that caribou prefer dense
aggregations during this critical life stage, however, we feel the answer to this may actually be
contained within our data.
We tracked movements of individual caribou within ArcGIS (v. 10.5) (results not shown)
to better answer why density of caribou appears to be changing during calving. When examining
these tracking files, it became clear that caribou are actually still congregating in dense groups
during calving, only now these small groups are taking advantage of the larger calving range.
These caribou are still using most of the calving range, only in smaller groups.
Similar to the large decrease in areal extent of spring migration, the winter range shrunk
by a substantial 87%. Winter is when caribou form the smallest groups, which are spread out
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over the largest areas (Pruitt, 1960). This low density is in part so that caribou have adequate
access to winter forage (primarily lichens) (Pruitt, 1960; Bergerud, 1972). The decline in winter
range area during the study period was best approximated by a negative exponential model; and
closely mirrors the exponential decline of the caribou population itself. One reason the area
decreased so quickly is potentially a result of increased access to winter forage for remaining
caribou (Henry and Gunn, 1991). Winter forage is normally a limiting resource for caribou
(Henry and Gunn, 1991), but as this resource became much less critical for individual caribou,
there was less need for these caribou to expand into southern regions. These caribou did not need
to occupy nearly as much land as they had previously in order to acquire winter forage, and as
the population declined exponentially, so too did the area required during winter to sustain them.
The post-calving, summer, and fall rut ranges also all declined significantly, in tandem
with the population decline. This decline was best approximated by a negative linear model.
Caribou do not need to spread out during their post-calving and summer ranges like they do in
winter, and therefore they remain in dense aggregations that maximize survivorship (Pruitt,
1960; Lent 1965). The area in the post-calving and summer ranges has changed drastically, but
less drastically than the winter range, potentially as a result of caribou being spatially more
concentrated during post-calving and summer.
Virgil et al. (2017) also looked at spatial-temporal trends of the Bathurst caribou from
1996 – 2013 by examining areal declines in four seasonal ranges: spring, post-calving, autumn,
and winter ranges. They found significant areal decline in the post-calving and autumn ranges
but not in the winter or spring ranges; whereas we found significant decline in all ranges, but in
particular in the spring migration and winter ranges. The discrepancy between our studies is
likely a result of how and when we mapped the caribou. Virgil et al. (2017) used Kernel Density
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Estimation to map geographic trends until 2013, while we used Brownian Bridge mapping up
until 2019. We used a different type of mapping tool and we mapped six more years of
population decline, and therefore six more years of potential geographic changes. Virgil et al.
(2017) found substantial movement northwards in the winter and autumn ranges they studied,
which is similar to the movement we have seen in the spring migration, fall rut, fall migration
and winter ranges we studied. While there are clear similarities, our study greatly expands on the
work by Virgil et al. (2017) by utilizing improved mapping techniques and considering
comprehensive seasonal events as their own unique ranges.

5.3 Geographic Trends in Range-Use
Our results show that as the Bathurst caribou population declined, their total annual range
also shifted about 200 km northwards. We propose this shift is the result of population decline,
which results in range contraction among barren-ground caribou (Hinkes et al., 2005). However,
this shift in the annual range is likely disproportionately influenced by the large geographic
changes in the winter range, which previously extended much farther south, experienced the
second largest decline in total area, and moved further north than any other range (~300 km).
Davidson et al., (2020), found that range-use in many northern animal species, including
black bears (Ursus americanus), moose (Alces alces), gray wolves (Canis lupus), and barrenground caribou, were moving north in response to climatic habitat change. We have shown that
some of the seasonal ranges of the Bathurst caribou are also moving north, which may also be in
response to habitat change, and potentially to avoid new predators moving into their range, as
mentioned by Davidson et al., (2020).
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Like the winter range, the spring migration range has also moved approximately 300 km
north-west during the study period. Our spatial analysis of range-use indicated that two large
corridors stretching south to north within the spring migration range are significantly decreasing
in use. It is likely that caribou are abandoning old routes in favour of another or several other
routes. Kendrick et al., (2005) compiled observations from Dené elders, who hunt and live
among the Bathurst caribou. In this report, these elders reported the caribou are abandoning some
of their main migratory routes in exchange for lower quality routes (2005). Elders believe this
change is a response to industrial activity and road building (Kendrick et al., 2005). Parlee et al.
(2005) compiled Traditional Knowledge from community members and elders within the range
of the Bathurst caribou. They found that elders were deeply concerned about roads changing the
migration patterns of these caribou (2005), particularly the Misery road, which stretches through
their spring and summer migratory routes (2005). Our study agrees with many of the
observations of these elders as the data appear to be indicate abandonment of two major
migratory routes. The next step in this research would be to examine these migratory routes at a
finer spatial scale to determine if there are factors influencing abandonment of these routes, such
as industrial activities or changes in habitat.
Our data suggests that the size, location, and range-use of the calving range has not
changed dramatically like the other six ranges have during the population decline. Not only has
this range shrunk the least (by only 35%), our geographic ellipse and linear regression analyses
showed little change in where the range was occurring and their range-use on the range.
Migration to the calving grounds is conducted to escape predation during calving (Calef 1981;
Klaczek et al., 2016) and to reduce insect harassment by migrating to a remote northern region
(Calef, 1981; Witter et al., 2012b). Calving is an important time for caribou to restore fat
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reserves as nutritional content in plants is at its peak in the spring (Calef, 1981; Tveraa et al.,
2013). Unlike other seasonal ranges, there was very little abandoned area within the calving
range, suggesting the habitat within the calving range might be too important to abandon. Our
data indicates these caribou are spreading out on the calving range and using large portions of
this area opportunistically. In past years this range was shared by large numbers of caribou,
however, in recent years, caribou were able to spread and access large amounts of nutritional
forage at a time when it is critical for them. This may be why we are seeing little areal and
geographic change in this range; as remaining caribou are making use of the available habitat.
There is one exception in changes to range-use in the calving range. There was a decrease
in range-use in a small area in the southwest of the range and an increase in a small area in the
northeast. The increase in use in the north-eastern portion of the calving range may be a result of
increased proximity to the ocean; where caribou remain protected from predators while also
being closer to coastal winds (reducing insect harassment).
Range-use increased and decreased in small patches within the post-calving range but for
the most part, use of this range remained consistent through time. This result complements our
ellipse analysis which showed little geographic movement of this range. Post-calving is a time
when caribou are moving south from their small consolidated calving range (Bergman et al,
2000; Calef 1981). Because post-calving is also a smaller seasonal range, like the calving range,
spatial changes in range-use may be subtler than other larger seasonal ranges like the winter or
spring migration range. Our linear regression analysis on use of the post-calving range did,
however, expose a notable increase of use in an area (~400 km2) about 80 km south-east of
Contwoyto Lake. This area may have particularly valuable food resources, protection from
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predation, or some other important factor; therefore, it may be a valuable area to evaluate this in
the future.
Both our ellipse analysis and range-use regression analysis indicated that the summer
range shifted north-west (~100km) during the study period. The regression analysis showed a
large increase of range-use at the south end of Contwoyto Lake during the summer season. The
increase in habitat-use around Contwoyto Lake indicates this area may be particularly important
to caribou during population declines. The Tłı̨ chǫ-led “Boots on the Ground” project monitors
the Bathurst caribou during the post-calving and summer seasons (Tłı̨ chǫ Resarch and Training
Program, 2020). This monitoring program has observed that caribou use this area as an insect
refuge because of the high winds around the lake (Tłı̨ chǫ Research and Training Program, 2020).
Contwoyto Lake is one of the largest lakes in the late summer range and it is likely an important
refuge from insect harassment. Conditions for insect success have been increasing in summer
months (Witter et al., 2012b) and low caribou numbers make it difficult for these animals to
protect themselves from harassment (Nixon and Russell, 1990). It is likely that as the population
decreased and the animals became more susceptible to insect harassment, so too did their need to
find windy refuges. Therefore, the increase in habitat-use around Contwoyto Lake may be a
response to increased insect harassment in the summer.
Only a few small areas of the fall migration and fall rut showed significant change in use
over the twenty-three-year period. However, our ellipse analysis shows the centre of both of
these ranges moving large distances northwest and Dené elders have noticed changes in the
location of fall migration (Kendrick et al., 2005). The reasons for the differences may be due to
the changes in use intensity at a few small areas, rather than widespread change across these
seasonal ranges. One small area (~100 km2) on the fall rutting range at the south end of
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Contwoyto Lake has increased dramatically in use. Fall rut is a time when caribou coalesce into
dense aggregations to reproduce (Pruitt, 1960; Lent 1965). As the population declined so too did
the area needed to accommodate their reproduction. This small area may be a particularly
important area for mating and reproduction for numerous reasons including (but not limited to):
proximity to Contwoyto Lake (where range-use in the late summer range has increased), safety,
or food resources. It would be important to take preventative measures in managing this area to
minimize human impact (e.g., industrial activity), while also examining geographic features that
might help explain why it may have increased in range-use.
Our ellipse analysis and regression analysis confirmed that southeast portions of the
winter range decreased in use. As previously described, winter forage is a limiting resource for
caribou when populations are high (Henry and Gunn, 1991). Therefore, a likely driving force for
range abandonment in the south is the increased access to winter forage elsewhere that
accompanied the population decline. In the past the caribou expanded far south in order for all
caribou to gain access to winter forage. As the population declined, these caribou did not need to
disperse as far south to access adequate forage. Similarly, habitat degradation from boreal forest
fires (Anderson and Johnson, 2014) and overgrazing (Manseau et al.,1996) in southern portions
of their range may have also been catalysts for the winter range moving north. Chen et al. (2013)
found that there were some significant changes to lichen availability within the winter range of
the Bathurst caribou as a result of increased forest fires, and predicted it would have a negative
effect on the caribou. These fires are likely another factor that has driven caribou to abandon
habitat in the southern portions of their winter range.
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5.4 Phenological Changes
Our Residence Time movement analysis allowed us to determine how timing in seasonal
ranges changed over the course of the study period. To date this approach has not been
conducted on the Bathurst caribou. Barren-ground caribou are continually moving throughout
their environment, conducting the largest terrestrial migrations of any mammal on Earth
(Davidson et al., 2020). These animals time their seasonal movements in accordance with
snowmelt, food availability, insect harassment, and reproduction (Maier and White, 1998).
Therefore, timing of these activities is incredibly important to caribou ecology, and
understanding how timing is shifting is key to understanding how they are reacting to
environmental changes.
The duration of spring migration shortened significantly during the study period, driven
largely by an earlier end date of spring migration (0.35 days/year; a total of 8 days over the study
period). One obvious reason for this is geographical. Given that the winter range contracted and
moved north, the starting point for spring migration has moved approximately 200 km closer to
the calving range in recent years. Caribou now have shorter distances to travel in order to reach
their calving range, and it follows that the overall duration will be shorter.
The start date of spring migration has not changed significantly in the last twenty-three
years. Although there was no change in when the Bathurst caribou started migrating there was a
change in where they started their migration (much closer to their destination). Our data appears
to indicate a shift to an earlier spring migration. Even though the start date of spring migration is
not changing these caribou actually are starting their migration approximately 200 km further
along their migration corridor than at the start of the study period. Snow conditions (e.g., depth
and hardness) determine when caribou start their spring migration (Duquette, 1988). It is quite
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possible changes in snow conditions and advancing onset of spring vegetation in Arctic
environments (John et al., 2020) may be influencing their earlier spring migration.
Mahoney and Schaefer (2002) examined inter-annual variability in migration timing of
the Buchans Plateau caribou herd (Newfoundland), over a forty-year period (1960s-2000), and
found that the timing in spring migration trended towards an earlier start. Corre et al. (2017) used
methods similar to our Residence Time analysis and found that the start date of spring migration
in the George River caribou herd was occurring earlier but the end date was not. Our results are
similar to the results of both studies in that we found a shift towards an earlier spring migration
for the Bathurst caribou. Again, because the Bathurst caribou were starting their migration at
similar time each year, but were much closer to their destination, there is a shift in timing of
where they are along their traditional migratory corridor. We also found our results differ from
those of Mahoney and Schaefer’s (2002) study of the Newfoundland herd as the Bathurst caribou
were ending their migration significantly earlier during our study period. The differences
between the two herds in spring migration may be the result of local biological and geographical
factors, and evidence that caribou alter timing in their spring migration based on regional factors,
potentially including difference in snow-melt, temperature, or precipitation. These different
trends may be evidence that caribou are more resilient to changing factors than previously
proposed by Gunn and Skogland (1997).
One of the reasons the Bathurst caribou may be changing the timing of their spring
migration is in response to changes in snow condition. Barren-ground caribou start their
migration when the snow becomes a soft consistency (Pruitt, 1959; Pruitt, 1960). Prior to this
event the snow has a layer of ice that irritates the caribou (Pruitt, 1959; Pruitt, 1960). For
example, Corre et al., (2017) found that an earlier snowmelt was linked with earlier spring
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migration in the George River herd. Less is known specifically about snowmelt in the range of
the Bathurst, except that earlier seasonal snow melt was a major concern documented in the
range, in 2000, by Inuit elders (Thorpe, 2000). If the timing of snow-melt is happening earlier in
the Bathurst range, like it is in Alaska (Lader et al., 2020), Quebec (Corre et al., 2017), and
Greenland (John et al., 2020), then snowmelt may be a reason for a trend in an earlier migration
among the Bathurst caribou. However, increased research around snow-melt and migratory
timing of the Bathurst caribou is still needed before we can confidently link these phenomena.
Our data suggest that the Bathurst are ending their spring migration earlier and arriving at
their destination (the calving range) sooner, which we propose is in response to an earlier greenup. Green-up is an especially important time for caribou, and the literature suggests that caribou
need to be synchronized with this event in order for cows to maximize nutritional intake to
restore fat reserves and produce milk for newborn calves (Post and Forchhammer, 2008; Gunn et
al., 2019; Chen et al., 2018). Both Post and Forchammer (2008) and Chen et al. (2018) found
that calving for two different herds was not in synchrony with green-up and therefore represented
a nutritional loss for the respective herds. Chen et al. (2018) examined peak calving times based
on aerial surveys (i.e., when specifically, caribou were giving birth). In our study, however, we
defined calving as a period of time between their arrival to and from their calving range (using
movement data). According to Chen et al. (2018) the Bathurst caribou may be giving birth out of
synchrony with green-up, which may have an associated negative effect on their health.
However, our results differ as we found these caribou arriving earlier to their calving grounds
(by 8 days) and they may still be able to take advantage of the flush of nutrients associated with
green-up. What we have seen is very similar to the results of Mallory et al. (2020), who found no
evidence for a trophic mis-match in the Qamanirjuaq herd. Mallory et al., (2020) found that the
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caribou responded to an earlier green-up in their range, by adjusting their migration and calving
timing to happen earlier, demonstrating their resilience.
The post-calving period increased significantly during the study period, with the end date
occurring significantly later (0.58 days later each year, or 13 days later across the entire study
period). Our post-calving range maps from 1997-2019 indicate that caribou are not travelling
further south in later years, so we attribute this increased duration of movement associated with
the post-calving period to the caribou being more active in a localized area. Post-calving happens
in June and July, which is when insect harassment for caribou is at its peak (Fancy et al., 1989;
Toupin et al., 1996). Animals need to constantly move to try and reduce insect harassment
(Hagemoen and Reimers, 2002). The optimal conditions for insects like the warble fly
(Hypoderma bovis) and black fly (Simuliidae) have been increasing and lengthening as a result
of longer, wetter, and warmer summers in tundra environments (Witter et al., 2012b). Vigorous
insect harassment leads to increased running and movement activity in caribou (Hagemoen and
Reimers, 2002). The combination of a more intense and longer insect season could be causing
caribou to move more frequently and for a longer period of time following calving.
In the early summer (coinciding with post-calving), caribou form large, dense groups to
minimize the harassment each individual receives (Nixon and Russell, 1990). Since the caribou
population has crashed, the ability for large dense groups of caribou to form has decreased, and
potentially so too has their ability to withstand insect harassment. This increased duration of
post-calving movement may be a herd defense mechanism to better conditions for insects; as
quick movement is one of the last defenses of caribou against insects (Hagemoen and Reimers,
2002). However, Couturier et al. (2009) found that increased movement in the summer for calves
lead to a decrease in their survivorship. There has been a decrease in the survivorship of the
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Bathurst caribou calves (Adamczewski et al., 2019) and the increased movement caribou are
undertaking in the summer may be contributing to this decrease. This change in movement and
behaviour is most apparent during the summer months. After summer, the changes in movement
and habitat-use are not as distinct.
The periods of fall migration, fall rut, and winter range occupancy did not show significant
changes in timing or duration and were generally consistent from year to year. Despite spatial
changes in these seasonal ranges, caribou are still arriving and leaving them at similar times each
year. A study by Corre et al., (2017) on the George River caribou herd found that the start date of
fall migration was occurring earlier and the end date later (indicating the total duration was
becoming longer). Our results differ from this study as we observed no change in the timing of
fall migration. This difference from the George River herd may be due to differences in local
geographical variables, and that barren-ground caribou modify their behaviour based on the local
changes.
The colder months associated with fall migration and winter range occupation are not
opportunistic times for foraging and weight gain (Calef, 1981; Adamczewsk et al., 1988). As
previously mentioned, seasonal range timing is important to caribou, especially when they need
to access certain food resources, avoid insects, and reproduce. Winter forage is predominately
lichen which is ever present and always highly digestible (Bergerud 1972; Boertje 1984;
Adamczewski et al., 1988). Specific timing in acquiring lichen is not as critical as other forage. It
follows that precise timing in fall migration to the winter range is not as critical as timing in their
spring migration. Therefore, one of the reasons we may not have observed a change in fall
migration patterns in the Bathurst caribou, is that changing their migratory behaviour may have
little bearing on herd health.
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5.5 Review of Methodology
5.5.1 Review of Brownian Bridge Mapping
We feel it is useful to present a reflection on the methods we used in this research to aid
future research. The first method we want to reflect on is the use of Brownian Bridge mapping to
map caribou distribution. Benhamou et al. (2010) note that correlation in telemetry locations are
not “statistical flaw[s]” but actually a source of information. What they meant by this statement
is that correlation in location (recorded through telemetry) can actually be exploited to yield
insight into animal movement patterns. We found Brownian Bridge mapping was an effective
technique to capture several features of a caribou herd. The tool creates a probability distribution
by bridging successive locational points of each caribou. This creates a map that provides a
visual representation of directionality and movement of caribou through their landscapes. The
bridge becomes wider if the caribou are moving slower, which indirectly provides evidence of
movement speed. Because movement is built into the mapping technique, the user is able to
visually detect how caribou navigate around geographic features (e.g., bodies of water). This can
be achieved by comparing the Brownian Bridge map layer to shape files containing geographic
information. This tool is more robust than Kernel Density mapping, (a commonly used mapping
technique for animal telemetry data), which produces fuzzy boundaries around points by
incorrectly assuming each point is independent (Horne et al., 2007; Silva et al., 2018).
Combining Brownian Bridge maps from individual caribou into one map (either annually
or seasonally) allowed us to create a utilization distribution for the entire herd. One issue we had
to navigate with combining data from multiple years with different quality receivers, was how to
properly map the herd in a consistent way. Brownian Bridge mapping requires the user to define
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two smoothing parameters. It is important to note that one of these smoothing parameters
produces fuzzy boundaries around a location using information on the quality of the GPS
receiver. For example, if a GPS receiver has an accuracy of +/- 500 m, then the smoothing
parameter would create fuzzy boundaries with radiuses of 500 m around each recorded location.
Data from older receivers, with large uncertainty, will result in maps that capture more area, as a
result of having larger fuzzy boundaries. New receivers with smaller uncertainty will capture less
area, as a result of having smaller fuzzy boundaries.
We originally created our maps by averaging smoothing parameters on a yearly basis
based on the quality of receiver and behaviour of caribou in each year. However, when
comparing areal extent of maps for each year, it became clear that large portions of the
geographic variation we were seeing was amplified by the fact that the smoothing parameters
were also becoming more precise with time. We decided that it was better to use consistent
parameters throughout the study period based on a single average for data quality and a single
average for behaviour of caribou in order to compare trends on an annual basis (See Appendix
D). By using a smoothing parameter based on average receiver quality, maps produced from
early years of our study, become more precise (smaller areas) than they would have been, and
maps in later years become less precise (larger areas) than they would have been. We made this
compromise in order to ensure we were comparing trends each year in a consistent way.
The Brownian Bridge mapping technique was useful for our study, allowing us to learn
more about caribou movement through the Bathurst range. For example, this technique showed
us specific paths caribou would take when crossing lakes. Brownian Bridge techniques are more
frequently being used within the literature as an alternative to Kernel Density Estimation
(Downs, 2010; Benhamou and Cornélis, 2010; Silva et al., 2018). One down-side to using
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Brownian Bridge mapping is that it is requires an extensive pre-analysis to determine what each
smoothing parameter should be. This increases the time and effort required for an analysis
relative to a conventional Kernel Density analysis.

5.5.2 Review of Residence Time Movement Modeling
We used a Residence Time (RT) movement analysis to capture information on how
caribou were moving through their habitats. As previously explained, RT models are more robust
than other common movement models previously used to examine telemetry data, including,
Correlated Random Walk models (Barraquand and Benhamou, 2008). RT models incorporate a
study radius that is ecologically relevant to typical movement patterns of the study species.
However, RT is not the most robust or complex movement model used in the literature. For
example, State Space models incorporate environmental or geographical variables into the
models to better predict how an animal will move through its habitat (Schick et al., 2008). State
Space models are much more complex than RT models but require more assumptions in their
use. We chose RT models because even though they are less robust than State Space models they
are much simpler to use, and require far fewer assumptions. The information gained from RT can
also still be compared to environmental co-variates in a later analysis. For example, Martin et al.,
(2015) conducted a RT movement analysis on the blue wildebeest (Conno-chaetes taurinus), and
then later used that information to determine how the animals were searching for food, and water
on a fine spatial scale.
Our RT models were implemented on caribou; which are animals that are constantly
moving through the year. Understanding the biology of the study animal is critical when using
RT models. This type of method may not be as insightful for a more sedentary and/or socially
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independent animal. Because caribou have different modes of movement that are predictable
throughout a year (e.g., foraging and migrating), deciphering movement data is simpler than it
would be for an animal that moves more randomly. RT analysis are typically conducted on
migratory species and may not be as useful for a non-migratory species. Caribou are almost
always moving together (Bergerud 1972; Pruitt, 1960); therefore, averaging results from multiple
caribou to obtain a herd-level response makes intuitive sense. But this may not be appropriate for
species that are more solitary.

5.5.3 Review of Lavielle Segmentation
We used the Lavielle segmentation technique to segment our RT yearly profiles. Lavielle
was a highly useful technique to segment stochastic data and therefore a more unbiased way to
determine the start and stop times of seasonal events. In our case, the RT analysis in combination
with Lavielle segmentation allowed us to objectively divide annual activities based on systematic
data-driven rules. Conducting a movement study instead of mapping caribou based on arbitrary
seasonal timelines increased our ability to repeat this method objectively throughout each year in
order to better compare timing of seasonal activities. We would highly recommend researchers in
the future conduct a movement analysis like RT in combination with Lavielle segmentation to
better determine the timing of seasonal events in their study animal.

5.5.4 Review of Linear Regression Analysis
The last method we want to review is the use of linear regression to explore temporal
trends of range-use. In order to maximize the number of observations for linear regression and
increase statistical power we removed pixels with less than ten observations; a minimum number
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of observations in regression analyses suggested by Peduzzi et al., (1995). This reduction meant
we focused on core areas of use, as less frequently used peripheral areas did not have enough
observations to be included. In some ranges, this filtering process eliminated a large portion of
the data. Nonetheless, our results were still useful in supporting our ellipse analysis.
A potential issue with using linear regression methods on spatial data is that this analysis
does not consider spatial or temporal auto-correlation (Brunsdon et al., 1998). Linear regression
methods should therefore be used as an exploratory analysis before preforming a more robust
spatial regression. Tools such as Geographically Weighted Regression (GWR) incorporate
spatial coefficients into the regression analysis and the output better accounts for data that is
spatially correlated (Brunsdon et al., 1998). We were not able to perform GWR on our data set,
as our computer could not process our large data files. Instead, we chose to conduct linear
regression as a preliminary step for future research.
The use of linear regression on composite imagery was a useful first step in generally
identifying spatial-temporal trends in range-use and supporting our ellipse analysis, but it was
not without error. We have endeavoured to take this potential error into account when
interpreting results and used the analysis to consider coarser scale spatial trends rather than
specific changes (i.e., individual spatial pixels).
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Chapter 6
Conclusion
Our research provides a broad scale examination of spatial-temporal trends of movement
and range occupancy by the Bathurst caribou herd from 1997-2019. We conducted a Residence
Time movement analysis on the Bathurst caribou, using telemetry data collected by the
Government of Northwest Territories, allowing us to determine timing in seasonal range-use and
to create unique seasonal range-maps according to precise timing in these activities. Mapping the
herd on both an annual and seasonal basis allowed us to determine trends in areal extent and
geographic spread of these ranges. Linear regression of the spatial data helped us determine
seasonal and annual changes in range-use.
The annual core range of the Bathurst caribou herd has decreased in size by 90% over the
study period, with most seasonal ranges declining from 75 - 91% (and the calving range
decreasing by 35%). As each of the ranges shrunk, the centroid of each seasonal range moved
northward, with the winter and spring migration moving the furthest distances (approximately
300 km north). Similar to other species that have undergone substantial population declines (e.g.,
Worm and Tittensor, 2011), as caribou decline in population so too does the size of their annual
and seasonal ranges.
Range contraction helps the caribou maximize their survivorship in times of population
lows by allowing them to minimize the distance they need to annually migrate, as well as helping
them form dense aggregations which aid in predation avoidance and insect defense. However,
this range contraction may also affect their habitat and contribute to greening trends that will
negatively affect caribou forage long term. As these range-uses change, the Indigenous culture
associated with these ranges may also disappear if enough generational time passes.
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Cotton (2003) showed that the migration patterns in twenty avian species were advancing
phenologically in response to advancing seasonal spring patterns. Similar to this, we have shown
that spring migration patterns in the Bathurst caribou have also been advancing. Our results
indicate that the Bathurst caribou are altering the timing in their spring migration, calving, postcalving, and late summer ranges. We speculate that these changes are in response to changes in
snowmelt, vegetative phenology, and increased insect harassment, but further research is needed
to fully compare these variables and evaluate these relationships.
We have identified several potential mechanisms for the observed changes in pattern,
including changes in vegetation phenology, changes in habitat due to fire, changes in insect
presence, and industrial activities. However, future research is required to examine these in more
detail. For instance, fieldwork comparing phenological events (such as flowering and budding) in
vegetation with caribou presence and foraging behaviour is needed to better understand why
there has been a temporal shift in calving. Comparisons of remotely-sensed Arctic greening
trends with on-the-ground measurements of plant growth and community composition would
also be useful and could be spatially linked with changes in range-use observed in the Bathurst
caribou collar data to better understand how greening is influencing geographical shifts in rangeuse (Dearborn and Danby, 2021).
We have speculated that insect harassment may play a significant role in the population
dynamics of the Bathurst caribou. Work by Witter et al., (2012a an b) are two of the few
foundational documents that explore trends in insect abundance in the Arctic. It would be useful
for additional research in this area. In particular, research that links insect harassment by black
flies, warble flies, and mosquitoes, to changes in movement of calves may illuminate why
calving survivorship has decreased in recent years.
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Finally, we additional studies are required that examine the effect of human activity
(roads and industrial development) on range-use and migratory behaviour of barren-ground
caribou. On-the-ground observations cataloguing how the behaviour of caribou is affected by
industrial development would be useful to determine how these activities may be influencing
herd health. Spatial analyses that link changes in migratory routes and range-use with changes in
industrial development, would also be useful.
We have shown in this research that some caribou herds, like the Qamanirjuaq herd, are
responding similarly to the Bathurst caribou. For example, calving times for the Qamanirjuaq
herd are also advancing (Mallory et al., 2020). However, other herds, like the George river herd,
are not changing the times they are calving (Corre et al., 2017). It will be important for future
research to consider how geographical factors that are unique to different herds are
disproportionately affecting each unique herd.
This research has shown that the Bathurst caribou are changing the way they conduct
seasonal activities throughout a year. There have been major shifts in when and where the
caribou utilize their seasonal ranges as their population has declined. We suspect that these
caribou are changing their behaviour according to changes in their local geography (e.g., changes
in snowmelt, insect conditions, lichen availability), further demonstrating their resilience as a
species. We have shown that as the herd shrunk so too did the core area that the caribou use. We
suggest this core area, and particularly the calving range and areas surrounding Contwoyto Lake,
be protected from anthropogenic activities that may further exacerbate population decline. It is
important that research build on our analysis and continue to relate shifts in range-use of the
Bathurst caribou to specific environmental variables in order to better understand the cumulative
impacts on this herd
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: Data Quality and Smoothing Parameters
In order to create Brownian Bridge maps, you need to define two smoothing parameters.
Sig1 controls the width of the bridges between each successive point (Calenge, 2006). Sig1 is
calculated from the speed of each animal in combination with the Sig 2 value (Calenge 2006).
Here, we used a maximum likelihood approach (Horne et al., 2007) to estimate the sig1 values
for all animals, based on the sig 2 value we used (Sig 2: 275). We averaged the estimated sig1
values from all animals’ data and came up with a parameter value of 22.5 (unitless). Sig2
controls the width of the estimation around each point based on the uncertainty in location
(Calenge, 2006). In any given year, there might be collars with different levels of uncertainty. To
overcome this issue, we averaged the uncertainty associated with collars on yearly basis, to come
up with one sig 2 value each year, and then took a final average to create one sig 2 value (Sig 2:
275). The reason we averaged the sig 2 values first on an annual basis first, rather than just
taking a data-set average, is because early years of data had much less observations and therefore
if we took an average based on all observations, the sig 2 value would be skewed based on the
quality from later years.
Table D.1: The average sig 2 values for each year of our Brownian Bridge analysis from
1996 - 2019, based on the quality of GPS receiver each year.
Year
Mean Sig 2 (meters)
1996
425.00
1997
500.00
1998
592.59
1999
611.11
2000
500.00
2001
483.33
2002
550.00
2003
392.86
2004
294.12
2005
272.73
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2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
Average

264.71
261.90
203.13
167.31
113.04
120.00
117.39
123.53
120.00
100.00
100.00
100.00
100.00
100.00
275
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: R Code
Intro
The following appendix contains some of the useful R (R core development team, 2020)
code we used to process our telemetry data, conduct our Residence Time analysis, and create
Brownian Bridges. It is not exhaustive of all the code and processing we did in this study, but it
highlights the main analyses we did. We did not include code for our linear regression analyses
as this code is the intellectual property of Michael Stefanuk (Stefanuk, 2019).
Telemetry Data
The telemetry data provided by the Government of Northwest Territories was a robust
data-set with information on time, location, receiver quality, and several other variables. Many of
the functions we used were created by Clement Calenge, and described in detail in the Home
Range Estimation in R Vignette (2006). Our telemetry data had numerous duplicate time stamps
which needed to be removed. Rosy Tutton (one of my colleagues from Queens) helped create a
function to look for duplicate time stamps, and also check the coordinates to see if the duplicate
were off by more than 10m in either the x or y direction. Most of the duplicates were in the exact
same coordinate position, and only a small fraction was off. In either case we averaged the
coordinates so that we could create trajectory files from each individual caribou. All coding was
done using the R programming language in the software R Studio.
Useful packages
Here is a list of useful packages we used: ggplot2, tidyverse, adehabitatLT,
adehabitatMA, adehabitatHR, lubridate, tideyverse, dplyr, raster, zoo, and tibble.
R Code
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###Remove Duplicate time stamps####
#Import collar data and filter according to only female collars, as well as removing a few
problem caribou###
##Import your data##
caribou <- read_csv(“file name")
####Here select female caribou from our dataset while filtering out a few problem caribou ###
caribou <- caribou %>% filter(Gender == "F" & animal_ID2 != "BGCA223"& animal_ID2 !=
"BGCA12410"& animal_ID2 != "BGCA12621"& animal_ID2 != "BGCA152"& animal_ID2 !=
"BGCA15223"& animal_ID2 != "BGCA183")
##drop filtered levels##
caribou = droplevels(caribou)
#select several variables from the previous dataframe to work with a shortlisted dataframe
cari <- data.frame(animal_ID2 = caribou$animal_ID2, X_Axis = ade$X_Axis, Y_axis =
ade$Y_Axis, location_d = ade$location_d, Year = ade$year_, Class = ade$location_c)
# Save as new matrix to compare processed cari (cari2) with original
cari2 <- cari %>% filter(!is.na(location_d))
## It is important that time stamps need to be in “posixct” class.
##Clean date-time format to make it %Y-%m-%d %H:%M and transform date into a "posixct"
class##
cari2$location_d <- as.character(cari2$location_d)
cari2$location_d <- str_replace(cari2$location_d, "T", " ")
cari2$location_d <- str_remove(cari2$location_d, "Z")
##ensure the timestamp is within the timezone you are working with#
cari2$location_d <- as.POSIXct(cari2$location_d, tz = "America/Denver", "%Y-%m-%d
%H:%M")
# Remove empty measurements
cari2 <- cari2[-which(is.na(cari2$location_d)), ]
cari3 <- rbind(cari2,ade2)
cari2 <- cari3
# Separate all of the animal ids into their own data frame to see if there are duplicate datetimes
for any ID
j<-unique(cari2$Year)
out <- split(cari2, f=cari2$animal_ID2, drop = TRUE)
master <- NULL
# To test certain animal id or to debug, set i
i <- out$BGCA12401
###Start the loop that looks for duplicate timestamps ###
for (i in out){
id1 <- data.frame(i[1], i[2], i[3], i[4], i[5], i[6])
id2 <- droplevels(id1)
title <- as.character(id2[[1]][1])
print(title)
# If any date/times are duplicates in the vector, flag them and determine how many flag means
there is a duplicate, and all good means no duplicate
if (anyDuplicated(id2$location_d)){
print("Flag")
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duP ≤- which(duplicated(id2$location_d))
# Unique duplicated date/times
uniduP ≤- unique(id2$location_d[dup])
# Test loop
# j <- unidup[1]
for (j in unidup){
# Determine which x/y coordinates correspond to our duplicated dates
ind <- which(id2$location_d == j)
xcoord <- id2$X_Axis[ind]
ycoord <- id2$Y_axis[ind]
# Determine the absolute difference between the duplicated values
dif_x <- abs(diff(range(xcoord)))
dif_y <- abs(diff(range(ycoord)))
# If the range is greater than 10 for x or y coordinates, flag and print out values. Either way take
average of all duplicate dates.
if ( dif_x >= 10 || dif_y >= 10) {
print(paste0("Alert! Range exceed 10 Your coordinates are ", xcoord[1:length(xcoord)], " ",
ycoord[1:length(ycoord)], "Check ID: ", title))
} else {
print("Difference is less than 10, continue on.")
}
# Take mean of the corresponding x and y coordinates
new_x <- mean(xcoord)
new_y <- mean(ycoord)
print(paste0("Averaged coordinates are: ", new_x, " and ", new_y))
# In the final duplicated call, set your old x and y coordinates to averaged values
id2[ind[length(ind)],]$X_Axis <- new_x
id2[ind[length(ind)],]$Y_axis <- new_y
# Delete the first two old values
id2 <- id2[-ind[1:(length(ind)-1)],]
# Review the surrounding values
# id2[(ind[length(ind)]-3):(ind[length(ind)]+3),]
}
} else { print("all good")}
# Combine all processed files into master file with animal_ID2, X_Axis, Y_axis and location_d
master <- rbind(master, id2)
id2_test <- as.ltraj(xy = id2[,c("X_Axis","Y_axis")], date = id2$location_d, id =
id2$animal_ID2)
assign(paste0(title,"_processed"), id2_test)
}

### Determining the Area Restricted Search based on the
variance of LogFPT ####
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##The main function “varlogFPT” is built into the package adehabitatLT####
##Create a blank dataframe##
rad_max <- NULL
###create a new data set containing all your unique caribou ID from your master cleaned
dataset##
unique_caribou <- unique(master$animal_ID2)
####I created this loop to determine peak variance for all the caribou in each the dataset###
####Start Loop###
for(caribou in unique_caribou) {
# Filter out by animal ID
rt <- master %>% filter(animal_ID2 == caribou)
rt = droplevels(rt)
# Do Ltraj transformation
rt <- as.ltraj(xy = rt[,c("X_Axis","Y_axis")], date = rt$location_d, id = rt$animal_ID2)
sumsum <- summary(rt)
nbloc <- sumsum$nb.reloc
#print(nbloc)
# Determine FPT based on radius sequence of starting at 500m going to 70000m by increments
of 500 on that caribou###
rtt <- fpt(rt, seq(500,70000, by=500))
##Populate values from individual caribou into one dataset which will contain values of all
caribou when the loop is finished##
VFpt <- varlogfpt(rtt, graph = F)
rad_max <- rbind.fill(rad_max, VFpt)
colnames(VFpt) <- as.numeric(seq(500,70000, by=500))
VFpt_mat <- t(data.frame(rbind(seq(500,70000, by=500), unlist(VFpt))))
colnames(VFpt_mat) <- c("radius", "vfpt")
VFpt_mat<-as.data.frame(VFpt_mat)
####Plot the Variance of FPT values of each unique caribou ####
f<-ggplot(VFpt_mat, aes(x=VFpt_mat[,1], y=VFpt_mat[,2])) +
geom_line(colour ="black", lwd =0.6, na.rm =TRUE)+
theme(panel.grid.major.x = element_line( size=.05, color="black"), axis.line =
element_line(colour = "black"), panel.background = element_blank()) +
scale_x_continuous(breaks = seq(from = 0, to =70000, by =2000)) +
theme(axis.text.x=element_text(angle =- 45, vjust = 0.5))
print(f)
}
#####End Loop###
###Example plot produced from this function. Each graph shows the variance of log FPT for
two different caribou###

103

### Determining the Residence time for individual caribou,
averaging and plotting####
#Set a seeded date so that we can merge later and we know this date is within our dataset
res_time2 <- data.frame(my = as.Date("1997-04-11"))
#create a zoo object, which indexes observations based on a date
res_time2 <- zoo(NULL, order.by = res_time2$my)
#create a new dataframe which contain each unique caribou
uniquecari <- unique(master$animal_ID2)
###start the for loop all unique caribou ids###
for(caribou in uniquecari) {
rt <- master %>% filter(animal_ID2 == caribou)
rt = droplevels(rt)
name = as.character(droplevels(rt$animal_ID2[1]))
# Do Ltraj transformation
rt <- as.ltraj(xy = rt[,c("X_Axis","Y_axis")], date = rt$location_d, id = rt$animal_ID2)
##Conduct the residence time function on your animal location using your Areas Restricted
Search radius, and the maximum time that animal could re-enter the radius###
res <- residenceTime(rt, radius = 20000, maxt = 4, unit ="hour")
# Turn the list from residence time into a dataframe
locs <- res[[1]]
locs <- as.data.frame(locs)
# create a zoo object by taking the residence time value and ordering by date
zL <- zoo(locs$RT.20000, order.by = date(locs$Date))
#Takes the daily average and save as a new zoo object
aL <- aggregate(zL, as.Date, FUN = mean)
#merge that with the other animals
res_time2 <- merge(aL, res_time2, all= TRUE, drop = FALSE)
#names the columns based on unique caribou
colnames(res_time2)[1] <- name
}
# Takes the mean of a resulting dataframe of residence time and creates a new dataframe with
the mean residence time
df2<-apply(res_time2, 1, FUN = mean, na.rm = T)
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dff2 <- as.data.frame(df2)
dff2 <- cbind(Date = rownames(dff2), dff2)
rownames(dff2) <- 1:nrow(dff2)
dff2 <- cbind(dff2, as.POSIXct(dff2$Date))
colnames(dff2)<- c("1", "Res", "Date")
#takes the standard deviation of the residence time on the caribou
dfsd<-apply(res_time2, 1, FUN = sd, na.rm = TRUE)
dffsd <- as.data.frame(dfsd)
dffsd <- cbind(Date = rownames(dffsd), dffsd)
rownames(dffsd) <- 1:nrow(dffsd)
dffsd <- cbind(dffsd, as.POSIXct(dffsd$Date))
colnames(dffsd)<- c("1", "sd", "Date")
#merges the standard deviation data frame with the residence time one
gh<- merge(dffsd, dff2, by = "Date")
#Add julian day in
gh <- gh %>% mutate(jul = yday(Date))
pdfs <- gh %>% mutate(year = year(Date))
#Add year as it’s own column
### We segmented our data set using the Lavielle segmentation, we will not add our code in here
because the process is better described in detail in the AdehabitatLT vignette (Calenge, 2019)###

### Brownian Bridge Loops####
##Load new data-set containing start and end dates of seasonal events each year based on the
residence time and Lavielle segmentation analysis###
BBmaps<-read_xlsx("residencetime_segmented.xlsx")
BBmaps $Event <- factor(mm$Event, levels = c("Winter Range", "Spring Migration" ,
"Calving" , "Summer Migration" , "Late summer range" ,"Fall rut", "Fall Migration"))
##Create a new data-set containing all the years in study period
years<c(1997,1998,1999,2000,2001,2002,2003,2004,2005,2006,2007,2008,2009,2010,2011,2012,2013
,2014,2015,2016,2017, 2018, 2019)
###Filter your seasonal start and end times for the seasonal event you want to make maps of###
BBmaps <- BBmaps %>% filter(Event == "Fall Migration")
y <- years[1]
z <- 1
#####Start Brownian Bridge Loop creating a map for each year in your study period######
for(y in years) {
print(y)
#Filter out observations specific to seasonal range that year##
cr <- mast %>% filter(date >= BBmaps $Start[z] & date <= BBmaps $End[z])
#Remove caribou who have less than BLANK observations ##
c <- cr %>% group_by(animal_ID2) %>% filter(n()>5)
c <- c %>% ungroup(.self)
c = droplevels(c)
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c <- as.data.frame(c)
c = droplevels(c)
##ltraj transformation
c <- as.ltraj(xy = c[,c("X_Axis","Y_axis")], date = c$location_d, id = c$animal_ID2)
##conduct Brownian bridge calculation using chosen smoothing parameters##
c <- kernelbb(c, sig1 = 22.5, sig2 = 275, grid = 1000, extent = 1.75)
###Standardize, turn into a raster file, stack and take a mean##
c <- getvolumeUD(c, standardize = TRUE)
c <- stack(lapply(c, raster))
c <- mean(c)
name <-paste("bigFRR_SP",y[1],".tif")
##Write raster into a tiff file to be used in ArcGIS##
writeRaster(c, format="GTiff", overwrite=TRUE, filename = name)
##Plot the results ##
plot(c, main = paste0("Brownian Bridge big F-", y[1]) )
z <- z[1]+1
}
###End Loop####
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: Residence Time Movement Profiles with Lavielle
Segmentation
In this appendix we have included graphs displaying our Residence Time profiles
capturing herd movements each year from 1997-2019.
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Figure A.1 Average Residence Time (black line) with standard deviation (blue ribbon) of 8
female caribou collared in 1997 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 1997.
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Figure A.2 Average Residence Time (black line) with standard deviation (blue ribbon) of 27
female caribou collared in 1998 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 1998.
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Figure A.3 Average Residence Time (black line) with standard deviation (blue ribbon) of 18
female caribou collared in 1999 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 1999.
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Figure A.4 Average Residence Time (black line) with standard deviation (blue ribbon) of 15
female caribou collared in 2000 plotted against day of the year. Lavielle segmentation was used
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to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2000.
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Figure A.5 Average Residence Time (black line) with standard deviation (blue ribbon) of 15
female caribou collared in 2001 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2001.
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Figure A.6 Average Residence Time (black line) with standard deviation (blue ribbon) of 15
female caribou collared in 2002 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2002.
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Figure A.7 Average Residence Time (black line) with standard deviation (blue ribbon) of 14
female caribou collared in 2003 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2003.
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Figure A.8 Average Residence Time (black line) with standard deviation (blue ribbon) of 17
female caribou collared in 2004 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2004.
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Figure A.9 Average Residence Time (black line) with standard deviation (blue ribbon) of 22
female caribou collared in 2005 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2005.
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Figure A.10 Average Residence Time (black line) with standard deviation (blue ribbon) of 17
female caribou collared in 2006 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2006.
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Figure A.11 Average Residence Time (black line) with standard deviation (blue ribbon) of 21
female caribou collared in 2007 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2007.
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Figure A.12 Average Residence Time (black line) with standard deviation (blue ribbon) of 32
female caribou collared in 2008 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2008.
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Figure A.13 Average Residence Time (black line) with standard deviation (blue ribbon) of 26
female caribou collared in 2009 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2009.
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Figure A.14 Average Residence Time (black line) with standard deviation (blue ribbon) of 23
female caribou collared in 2010 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2010.
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Figure A.15 Average Residence Time (black line) with standard deviation (blue ribbon) of 20
female caribou collared in 2011 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2011.
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Figure A.16 Average Residence Time (black line) with standard deviation (blue ribbon) of 23
female caribou collared in 2012 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2012.
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Figure A.17 Average Residence Time (black line) with standard deviation (blue ribbon) of 17
female caribou collared in 2013 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2013.
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Figure A.18 Average Residence Time (black line) with standard deviation (blue ribbon) of 20
female caribou collared in 2014 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2014.
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Figure A.19 Average Residence Time (black line) with standard deviation (blue ribbon) of 32
female caribou collared in 2015 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2013.

80000

Winter Range

Fall Rut

Fall Migration

Late Summer Range

100000

Post Calving

Spring Migration

Residence Time (min)

120000

Calving

140000

60000
40000
20000
0
n
Ja
c
De
v
No
t
Oc
p

Se

g
Au

l
Ju

r

n
Ju
y
Ma
r

Ap

Ma

b
Fe

n
Ja

Day of the Year

Figure A.20 Average Residence Time (black line) with standard deviation (blue ribbon) of 29
female caribou collared in 2016 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2014.
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Figure A.21 Average Residence Time (black line) with standard deviation (blue ribbon) of 30
female caribou collared in 2017 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2017.
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Figure A.22 Average Residence Time (black line) with standard deviation (blue ribbon) of 26
female caribou collared in 2018 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2018.
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Figure A.23 Average Residence Time (black line) with standard deviation (blue ribbon) of 27
female caribou collared in 2019 plotted against day of the year. Lavielle segmentation was used
to separate homogenous periods of movement. Each segment indicates the start of a seasonal
period in 2019.
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: Brownian Bridge Maps Annual Range Maps
In this appendix we have included annual Brownian Bridge range maps from 1997-2019.

Figure B-1 Yearly Brownian Bridge distribution maps of the Bathurst caribou herd for four
distinct years, labelled from 1997-2000.

Figure B-2 Yearly Brownian Bridge distribution maps of the Bathurst caribou herd for four
distinct years, labelled from 2001-2004.
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Figure B-3 Yearly Brownian Bridge distribution maps of the Bathurst caribou herd for four
distinct years, labelled from 2005-2008.

Figure B-4 Yearly Brownian Bridge distribution maps of the Bathurst caribou herd for four
distinct years, labelled from 2009-2012.
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Figure B-5 Yearly Brownian Bridge distribution maps of the Bathurst caribou herd for four
distinct years, labelled from 2013-2016.

Figure B-6 Yearly Brownian Bridge distribution maps of the Bathurst caribou herd for four
distinct years, labelled from 2017-2019.
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