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1.0 EXECUTIVE SUMMARY
In 2013, the University of Saskatchewan in collaboration with a consortium of industry and
government partners, launched a multi-faceted research program on the population dynamics and
critical habitat of woodland (boreal) caribou of the western Canadian shield ecozone of
Saskatchewan, also known as the ‘SK1’ caribou administrative unit and Saskatchewan Boreal
Shield. Our work was conducted from the western scientific tradition with the objective of
adding to our collective understanding of boreal caribou ecology and that of their predators,
including wolves and black bears. This report serves as the final summary report with respect to
our research program.
In addition to this report, primary literature developed as part of the program can be found in the
form of student theses and peer-reviewed journal articles. Please see http://mcloughlinlab.ca/lab
for links to and updates on research articles and defended theses, as they are published, in
addition to a copy of the November 2016 interim report for this program (McLoughlin et al.
2016). Our final report is structured around summary chapters on caribou population status and
trend (Chapter 3.0); genetic relatedness and links to adjacent caribou populations or management
units (Chapter 4.0); habitat conditions and forest successional dynamics (Chapter 5.0) including
the availability of lichen forage after wildfire (Chapter 6.0); and the response of caribou to
habitat including human-caused (anthropogenic) and natural disturbance (Chapter 7.0). Chapters
8.0 and 9.0 focus on the ecology and response of caribou predators including wolves and black
bears, respectively, to habitat and disturbance to help us understand the ecology of caribou
described in earlier sections. Chapter 10.0 summarizes our findings with relevance to policy and
management implications regarding boreal caribou conservation within Saskatchewan, western
Canada, and at the national level. This final report updates values presented in McLoughlin et al.
(2016) but generally only where additional analyses have been conducted.

1.1 Summary of Key Findings
In consideration of all data available at the time of writing, including information presented in
McLoughlin et al. (2016), we have come to the following conclusions with respect to the ecology
of boreal caribou of the SK1 administrative unit: (1) the caribou population occupies some of the
most pristine habitat available to non-migratory, forest-dwelling caribou in Canada, with very
low levels of anthropogenic disturbance (~3% of habitat occurs within 500 m of any industrial
footprint and linear features [roads, trails, transmission lines, etc.] mapped at 0.11 km of
lines/km2 within the range of monitored caribou]); (2) although being subject to a large fire
footprint in the past 40 years, the SK1 unit retains large tracts of high-quality habitat available
for caribou, with approximately half the land area (50.1%) characterized by >40 year-old stands
of jack pine and black spruce-dominated forest, and black spruce swamps (bogs) and open
muskegs that positively predicted caribou probability of occurrence at different scales; (3) the
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successional dynamics of the forest favours conifer-dominated stands at all seral stages, with
~7% of the landmass being mapped as deciduous or mixed-wood forest despite the young
average-age of the landscape; (4) jack pine stands are suitable for lichen colonization relatively
early after fire, with recovery occurring as early as 35 years post-disturbance; (5) selected habitat
supports relatively high densities of caribou, which we estimated at 36.9 caribou/1000 km2 (95%
CI: 26.7–47.2 caribou/1000 km2) or approximately 3380 caribou in our study area, and what we
expect to be around 4000 caribou across the Saskatchewan Boreal Shield; (6) at the same time,
wolf densities in the region are low, based on survey data (3.1 wolves/1000 km2) and low
estimates of ungulate (moose and caribou) biomass, and large territories of established packs
(2865 ± 595 km2 [𝑥𝑥̅ ± SE], 95% minimum convex polygon [MCP], pack size 4.00 ± 0.51
wolves/pack); while (7) black bear densities are also expected to be low, based on above-average
home range sizes (adult males: 316.5 ± 62.1 km2; females: 79.8 ± 13.2 km2, 95% MCP).
We also found that (8) caribou did not generally avoid linear features; (9) wolves avoided linear
features at the population scale, in the sense that territories where they occurred were placed in
general farther from lines; where wolves showed some selection for linear features, it occurred
weakly within territories, more strongly in winter than in summer; (10) wolves selected for
wetlands and patches of deciduous-mixed forest, and avoided stands of mature jack pine; (11)
wolves also avoided younger tracts of coniferous forest, suggesting that these areas did not
support high densities of other prey species, including moose, which like wolves occurred at
relatively low densities in the study area (45.7 moose/1000 km2, 95% CI: 37.8–53.6 moose/1000
km2); (12) during the calving and post-calving season, the strongest juxtaposition in habitat
selection patterns observed were between black bears and caribou, and bears and wolves (black
bears used mixed-wood forests as did wolves, but increasingly and throughout the summer and
especially in fall bears selected for younger stands of jack pine, likely because of the high
occurrence of berry-producing shrubs in this vegetation class); (13) black bears selected for
linear and anthropogenic features more strongly than did either caribou or wolves; (14) mortality
of adult caribou was biased towards the snow-free season, with 76% (19/25) of observed
mortalities occurring from April through October; and (15) hunter-harvest rates of caribou was
exceptionally low (1/94 caribou over four years).
In terms of demographic parameters, we observed that: (16) the population from 2014–2018 was
characterized by high average adult female survival rates (Sadf = 0.895, 95% CI: 0.855–0.933)
and moderate recruitment (0.192 calves per cow in March, 95% CI: 0.16–0.223), ranging from a
low of 0.134 calves/cow in 2016 to as high as 0.244 calves/cow in March of 2018; and high lateterm pregnancy rates (0.933 in March 2014, 95% CI: 0.878–0.978); and (17) the population was
also stable over time, with the geometric mean, unweighted population growth rate among the
first three years (2014–2017) being unity (λ = 1.0001). An unintended consequence of our
sampling regime, in which all caribou of the study (n = 94) were collared in March 2014, was
that we were unable to separate year effects of survival from that of age, an observation that has
ramifications for other programs that rely on radio-collared animals to estimate caribou survival
(i.e., senescence in the collared cohort being sampled). Annual survival of the aging cohort of
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caribou declined progressively after 2015–16 (0.966) to the end of the last interval of study
(0.839), in which the youngest caribou of the collared cohort was by then 5.8 years old.
A comprehensive analysis of genetic relatedness and substructure of caribou in the Saskatchewan
Boreal Shield, relative to other populations in Alberta (Cold Lake Air Weapons Range), the
Saskatchewan Boreal Plains (SK2 West, Central, East), and several units of eastern and central
Manitoba, indicated that: (18) caribou of the SK1 unit have greatest genetic overlap with caribou
of the SK2-Central range; and no substructure was detected within the SK1 unit, meaning that
there is no genetic evidence to subdivide the SK1 unit for management purposes. From genetic
information, we also observed that (19) migrants per generation was bidirectional but always net
positive into the SK1 unit from all other examined units. The latter suggests that the SK1 serves
as a possible refugia for boreal caribou immigrants from adjacent caribou populations.

1.2 Policy and Management Implications
It is within the northern shield and taiga of Canada where the majority of our nation’s boreal
caribou exist. This includes approximately 62.5% of extant boreal caribou range (1.5 million
km2) classed as western and eastern Canadian shield, north of where most commercial forestry
operations occur and where moose are the only alternate ungulate prey available to predators and
there are few (if any) white-tailed deer; forests are characterized by generally low net primary
productivity (<0.3 kg C/m2/year); linear features occur at levels similar to that of the
Saskatchewan Boreal Shield (0.1–0.5 km lines/km2); and wildfires are by far the dominant agent
of disturbance. However, it is in these environments that we know the least about caribou
ecology. We show here that the ecology of caribou of the Saskatchewan Boreal Shield differs
markedly from what we know about caribou in the southern shield and boreal plains or mountain
foothills, with management implications relevant to other northern populations.
Of particular importance, we present evidence of a decoupling of key components of habitatmediated apparent competition (responses of predators and ‘alternate prey’ like moose or deer to
disturbance) necessary to invoke the hypothesis as a principal limiting factor to caribou. Habitatmediated apparent competition refers to how landscape disturbance might increase the
abundance of alternate prey by reducing the seral age of forests, promoting predator (primarily
wolf) numbers with negative impacts on caribou through heightened predation risk. The concept
has been demonstrated to be an important factor in the ecology of caribou in areas where high
densities of moose and deer coexist and industrial disturbance is prevalent. It is widely assumed
to be the key mechanism driving declines in caribou populations across the country. The
hypothesis features prominently in why we are managing for total disturbance in Environment
and Climate Change Canada’s (2012) federal Recovery Strategy for boreal caribou.
Taking into consideration our summary findings reviewed in Section 1.1, we conclude that
managing for total natural + anthropogenic disturbance (in additive combination) in northern
shield and taiga ecozones will not likely yield expected responses in caribou populations,
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including increased recruitment as a function of reduced fire footprint. Critical to the latter is
whether populations of alternate prey like moose, and hence predators like wolves and bears,
numerically respond to natural disturbance in the same direction and magnitude as is known
from more productive forests (a corollary we term the ‘productivity hypothesis’). We present
multiple lines of evidence that the expected hallmarks of habitat-mediated apparent competition
as it relates to caribou limitation are not present in the Saskatchewan Boreal Shield, including
that: 1) high fire disturbance did not lead to high availability of early stage stands of deciduous
or mixed-wood forests amenable to alternate prey; 2) despite the early age of forests, moose
remained at low abundance on the landscape and ungulate biomass in kg/km2 was low (deer did
not occur); 3) wolves maintained large territories and small packs at low density; 4) black bears
also remain at low density; and 5) caribou recruitment in the study area was not unusually low,
but as expected from models of covariance of natural adult female survival and recruitment.
While footprints of fire and anthropogenic disturbance are not likely to impact on caribou in
additive fashion in our study area, the same is true for linear features when considered in
isolation. We show that wolves did not strongly respond to linear features, and in most cases
avoided them, consistent with what might be expected if wolves demonstrate a functional
(habitat) response to human disturbance (i.e., their affinity to use a road, trail, or other line more
than expected from chance increases as lines become more widely available). If the response of
wolves to linear features is functional to the availability of these features, the nature of caribou
responses to linear features may also not be universal throughout the boreal. This may explain
why caribou of the Saskatchewan Boreal Shield did not avoid linear features in the same manner
or extent as observed in regions with higher linear-feature densities. There are management
implications to this conclusion. We advise caution with respect to the management of linear
features in low-density environments: avoidance/attraction responses by caribou and their
predators may be non-linear (exponential) with increasing line density. We advise further work
on this topic, which may include rationale to explicitly incorporate functional responses by
wolves and caribou to lines for the application of flexible-width management buffers around
linear features (e.g., by linking buffer widths in m directly to line density in km lines/km2).
The evidence suggests that the status of caribou in the Saskatchewan Boreal Shield is currently
one of a large and self-sustaining population that is arguably one of the more secure populations
of boreal caribou in Canada. This is good news, as our data on gene flow suggests the region
likely plays an as yet unappreciated but potentially critical role in the long-term persistence
probabilities of several adjoining caribou units in eastern Alberta, southern Saskatchewan, and
western Manitoba. Conservation objectives aimed at preserving the integrity of the
Saskatchewan Boreal Shield will therefore likely benefit multiple caribou units in western
Canada, especially the SK2-Central unit for which connectivity with the SK1 unit is greatest.
Understanding the role of naturally regulated, northern populations of boreal (and mountain)
caribou in the functioning and conservation of adjoining southern caribou populations is an
important area of future research.
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2.0 PROGRAM BACKGROUND
In 2013, the University of Saskatchewan launched a multi-faceted and collaborative research
program on the population dynamics and critical habitat of woodland (boreal) caribou of the
Saskatchewan Boreal Shield (Fig. 2.1). When we initiated our program, we knew little about the
population dynamics of boreal caribou (Rangifer tarandus caribou; hereafter ‘caribou’) in areas
of relatively high natural disturbance but low human activity. Prior to our work, almost all
research on caribou—a Threatened species listed on Schedule 1 of the Canada Species at Risk
Act (SARA)—had been directed at highly modified landscapes where forestry and oil and gas
projects contribute to the majority of the disturbance footprint (Environment Canada 2011,
2012). However, for caribou of the Saskatchewan Boreal Shield (the ‘SK1’ caribou
administrative unit [187,000 km2] as delineated in the October 2012 federal Recovery Strategy
for the Woodland
Caribou, Boreal
Population, in Canada
[Environment Canada
2012]), anthropogenic
contributions to
cumulative effects are
minor compared with
natural disturbance from
wildfire.
The SK1 range is noted
for its short fire-return
interval (Parisien et al.
2004), with 55% of the
region having been
mapped as burned in the
past 40 years1; while at the
same time only 3% of the
area occurs within 500 m
of industrial features (e.g.,
roads, transmission lines,
settlements, and mines
[Environment Canada
2012]).

Fig. 2.1. Boreal Caribou Administrative Units in northern Saskatchewan,
Canada. Map from SME (2017).

Using different methods compared to how fire data were initially provided by the Saskatchewan Ministry of
Environment to inform Environment Canada (2012), Kansas et al. (2016) showed that this is likely an overestimate
as a result of including post-fire residuals and water bodies as burned habitat.

1
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Plate 2.1. With very little human disturbances, the landscape of the Saskatchewan Boreal Shield is dominated by
wildfire, as pictured in the centre of our study area in autumn, 2015. The conditions of the western boreal shield
ecozone is relatively dry, with the well-drained soils supporting conifer-dominated forests even at early seral stages
(Chapters 5.0, 6.0, 7.0). Photo credit: Tom Perry.

Plate 2.2. The Saskatchewan Boreal Shield in spring, 2015. Photo credit: Tom Perry.
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In comparison, percentage area burned (<40 years old) and buffered by industry (500 m)
averages 16.7 ± 15.7 [2.2] and 33.3 ± 26.6 [3.7] (𝑥𝑥̅ ± 1 SD [SE]), respectively, across all caribou
units in Canada (data in Environment Canada 2012). The Saskatchewan Boreal Shield also
comprises an ‘intact’ ecosystem (Fig. 2.2): all of the expected predators (e.g., wolves [Canis
lupus], black bears [Ursus americanus]) and alternate prey (moose [Alces alces], beaver [Castor
canadensis]) occur, but without the invasive species (e.g., coyotes [Canis latrans], white-tailed
deer [Odocoileus virginianus]) known from more southern ranges (e.g., Latham et al. 2011b;
Environment Canada 2011, 2012; McLoughlin et al. 2016). Initiating research on the ecology of
caribou of the Saskatchewan Boreal Shield presented an opportunity to study the species in a
region little modified by humans where historically natural processes dominate—the conditions
in which boreal caribou evolved.

Fig. 2.2. Large mammals of the Saskatchewan Boreal Shield that are resident year-round. A. Moose, B. Boreal
caribou, C. Wolverine; D. American black bear; E. Beaver; F. Timber wolf. Barren-ground caribou of the
Qamanirjuaq, Beverley, and Bathurst herds may also use the study area, especially wintering Qamanirjuaq caribou
along the northeast border of the study area. Rare sighting of cougars and white-tailed deer have occurred in recent
years north of La Ronge (Fig. 2.1). Photo credits: A and B. (Tom Perry); D. (Philip McLoughlin); F. (Clara
Superbie), and Wikipedia Creative Commons.
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The special nature of the Saskatchewan Boreal Shield was highlighted in the federal Recovery
Strategy (Environment Canada [2012]; Figs. 2.3–2.5). In this document, Environment and
Climate Change Canada (ECCC) assigned status and identified critical habitat for caribou ranges
nation-wide but noted that: “[…] northern Saskatchewan’s Boreal Shield range (SK1)
represent[s] a unique situation that falls outside the range of variability observed in the data that
informed the disturbance model used by Environment Canada (2011) [p. 4].” Consequently, a
status of ‘unknown’ was applied to the SK1 unit for both population viability (self-sustainability)
and critical habitat. SK1 was the only range of 51 in Canada to be classed as data deficient in the
Recovery Strategy (Figs. 2.4 and 2.5).
While the Saskatchewan Boreal Shield was the only range being pointed out as requiring
additional data for ECCC to complete identification of parameters of status, trend, and critical
habitat for the Recovery Strategy, the reality was that very little information existed for any
northern boreal shield caribou range in Canada to inform the Recovery Strategy. The relatively
pristine conditions that describe the Saskatchewan Boreal Shield are shared by other northern
boreal and mountain caribou populations in Canada (see Table F-1 of Environment Canada
[2012]). Common to these ranges are that natural disturbance is by far the dominant disturbance
agent (Fig. 2.5) and the predator-prey assemblage does not contain invasive large mammals like
white-tailed deer (see Fig. 8.7) or coyotes; i.e., regions that support boreal caribou within a
community structure that has not changed much from the historic. However, at commencement
of our program very little was known—from a western-science perspective—of the ecology of
boreal caribou living under these conditions. This is despite the fact that it is the northern boreal
caribou ranges that comprise the vast majority of extant boreal caribou range in Canada (NWT
[NT1], SK1, MB9, 8, 11, ON9, northern QC6, NL1–3; see Figs. 2.3, 2.4; compare with Fig. 2.5).

Fig. 2.3. Reproduction of Table 6 of the October 2012 federal Recovery Strategy for the Woodland Caribou, Boreal
Population, in Canada (Environment Canada 2012: p. 36), outlining a schedule of studies required to complete the
identification of critical habitat in the Boreal Shield (SK1) Caribou Administrative Unit of northern Saskatchewan.
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A.

B.

Fig. 2.4. A. Integrated risk assessment for boreal caribou ranges in the October 2012 federal Recovery Strategy for
the Woodland Caribou, Boreal Population, in Canada (Environment Canada 2012: p. 8). Lack of data for the Boreal
Shield (SK1) Caribou Administrative Unit of northern Saskatchewan precluded inclusion in the assessment model.
B. Critical habitat assessment for boreal caribou ranges in the October 2012 federal Recovery Strategy for the
Woodland Caribou, Boreal Population, in Canada (Environment Canada 2012: p. 33). Lack of data for the Boreal
Shield (SK1) Caribou Administrative Unit of northern Saskatchewan precluded estimation of critical habitat.
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As pointed out in Section 8.4, of 600 research articles published on ‘woodland caribou’ since
1980, more than half (159 and 160 have been directed at the provinces of Alberta and/or British
Columbia alone; followed by Québec [69], Ontario [44], and Newfoundland [31]). For studies
specific to the taiga and northern boreal shield and outside the zone of industrial disturbance
(Fig. 2.5), we could find very few articles (<10), with most relating to mapping fire in caribou
habitat (search on Web of Science [© 2019 Clarivate Analytics], accessed March 28, 2019). We
know the least about boreal caribou in the environment where they occur the most.

Fig. 2.5. The majority of boreal (woodland) caribou range in Canada occurs where human disturbance is low, and
natural disturbance is high. Our study area in the Saskatchewan Boreal Shield is indicated as the dotted polygon.
This map is based on the distribution of boreal caribou (National Boreal Caribou Technical Steering Committee and
Environment Canada 2007) across Canada, with the footprint of anthropogenic disturbance in red (which includes
all types, including water reservoirs, e.g., in northern Québec), and area burned within the past 40 years in yellow.
Anthropogenic disturbances were drawn from the shapefiles “Cumulative Anthropogenic Access, Western Canada”,
“Cumulative Anthropogenic Access, Central Canada”, and “Cumulative Anthropogenic Access, Western Canada”
(Global Forest Watch 2009; https://databasin.org/datasets/55ec942d370d49fb824bb662d66dfe32 accessed on 22 Jan
2019). Fire disturbances correspond to the non-anthropogenic disturbances derived from the file “2015 –
Anthropogenic disturbance footprint within boreal caribou range across Canada – As interpreted from 2015 Landsat
satellite imagery” (Government of Canada, https://open.canada.ca/data/en/dataset/a71ab99c-6756-4e56-9d2e2a63246a5e94, accessed on 22 Jan 2019).
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During the course of our research we learned much about what might be applicable to the
ecology of caribou living in northern shield and taiga environments, and how it is that what
applies in the south does not necessarily translate into caribou dynamics in the north. However,
at the outset, our program on boreal caribou of the SK1 unit was aimed principally at addressing
information gaps about caribou habitat and population dynamics closely aligned with
information required (in the tradition of western science) by ECCC as part of the federal
Recovery Strategy for boreal caribou (Figs. 2.3 and 2.4). This entailed building, from the groundup, a collaborative research program to obtain new information on caribou survival and
reproduction in the Saskatchewan Boreal Shield; understanding the genetic structure of the
population and gene-flow both within and without the SK1 unit; assessing habitat conditions and
the successional dynamics of the forest including dynamics and recovery of lichen forage after
fire; and understanding how caribou selected available habitat features in response to both
natural and anthropogenic disturbance, but also in relation to the populations and habitat
selection patterns of their predators including wolves and black bears. We describe the methods
and results of our comprehensive research program in the chapters that follow, ending with a
summary of our findings and management implications for policy with respect to caribou
conservation in Saskatchewan and at an inter-provincial and national-level in Chapter 10.0.

Artwork courtesy of and © Jean Polfus
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3.0 STATUS AND TREND OF CARIBOU OF THE
SASKATCHEWAN BOREAL SHIELD
3.1 Introduction
The relatively pristine nature of the Saskatchewan Boreal Shield (SK1 caribou administration
unit; Figs. 2.5., 3.4) presented us with an opportunity to identify several ecological ‘benchmarks’
with respect to what we might historically have expected for the dynamics of a large boreal
caribou population in northern Canada. This included natural rates of survival and reproduction
(pregnancy rates, productivity, recruitment), population trend, and region-specific densities of
caribou and that of their main predators (wolves and black bears) and other naturally occurring
prey (moose) in the system. Our aim was to both understand the ecology of the species living in
an environment that had not changed much from the historic conditions under which the species
evolved, but also to inform as to how disturbance modelling as part of the federal Recovery
Strategy (Environment Canada 2012) might predict status and trend of caribou populations when
provided novel data particularly in the context of northern boreal shield habitat. As noted in
Chapter 2.0, the northern boreal shield has thus far received little attention in terms of the
ecology of boreal caribou.
At the outset of our work, given the high amount of natural disturbance in the Saskatchewan
Boreal Shield (55% of habitat was mapped as burned in the past 40 years; Environment Canada
2011, 2012), initial projections for the caribou population were dire. Although this level of
natural disturbance was expected for the region (99–104 year fire-return interval for the
Saskatchewan Boreal Shield vs. 263–288 years for the Saskatchewan Boreal Plain [Parisien et al.
2004]), the population was initially estimated as ‘unlikely’ to be self-sustaining (Environment
Canada 2011). This finding reflected the general rationale of Environment Canada (2011, 2012)
that, for the average caribou range in Canada, <35% disturbed habitat (natural + anthropogenic
footprint) presented a 60% probability for a local population of caribou to be self-sustaining.
This was based largely on the premise that “…habitat alteration (i.e., habitat loss, degradation,
and fragmentation) from both anthropogenic and natural sources, and increased predation as a
result of habitat alteration have led to local population declines throughout their distribution
(Environment Canada 2012: vi).”
The above conclusion followed from decades of research on the linkages between declines in
populations of boreal and mountain caribou and the role that (primarily anthropogenic) habitat
disturbance has played in increasing predator (primarily wolf) numbers, which track increasing
abundances of alternate ungulate prey (especially white-tailed deer and moose). This hypothesis
has since generally been termed ‘habitat-mediated apparent competition’ (e.g., Hervieux et al.
2014; Serrouya et al. 2017, 2019). Policy based on the premise is currently being acted on
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throughout the country as Canada moves toward developing local range plans in response to
Environment Canada (2012).
So what is habitat- or disturbance-mediated apparent competition? Understanding the history and
rationale for the hypothesis is important, as it has been widely adopted within the literature as the
explanation and principal cause of declines in boreal and mountain caribou populations, and why
northern caribou populations even in relatively pristine conditions—like that of the
Saskatchewan Boreal Shield—were initially predicted to be non-self sustaining (Environment
Canada 2011). Our findings to the contrary presented in this chapter, and their basis of
explanation (Chapters 4.0–9.0), have wide-ranging implications for why we believe we need to
rethink our approach to conservation strategies in northern caribou ranges that remain founded
on habitat-mediated apparent competition as it generally applies in the southern boreal forest and
Rocky Mountains (Chapter 10.0).
3.1.1 THE HYPOTHESIS OF HABITAT-MEDIATED APPARENT COMPETITION
Habitat-mediated apparent competition is a form of apparent competition (Holt 1977). With
respect to caribou, it is a corollary to Bergerud et al.’s (1984) ideas on how caribou might use
habitat selection as an anti-predator tactic (often termed the ‘spatial separation hypothesis’; see
James et al. 2004). The latter has been used to explain why at a landscape scale, caribou select
for areas of low productivity like old-growth black spruce forests, bogs, and muskegs, or higher
elevations in the mountains—areas that typically do not support browsing ungulates like moose
and deer, and hence high numbers of predators like wolves. At higher orders of selection
(Johnson 1980), adaptations to a lichen-based diet by caribou, especially in winter, reflects the
selective use of these habitats and resources therein (Thomas et al. 1994; Thompson et al. 2015).
Caribou have been shown to die from predation at higher rates when selecting for greater
amounts of habitat more amenable to alternate prey, like upland mixed-wood forests in eastcentral Alberta relative to lowland bogs and fens (McLoughlin et al. 2005); and mountain
caribou have long been known to avoid predation by migrating to higher elevations away from
moose and wolves (Seip 1992).
Habitat-mediated apparent competition relates to the spatial separation hypothesis by invoking
landscape disturbance, either as a result of human activity or natural disturbance (especially
wildfire), to increase the overall abundance or biomass of alternate prey by reducing the age of
forests and increasing the amount of deciduous browse, and hence abundance of predators. This
diminishes the effectiveness of habitat selection strategies by caribou to minimize predation
through spatial separation. Edwards (1954) described the mechanism when observing the
response of mule deer and moose to wildfire in Wells Gray Provincial Park in British Columbia,
which led to increases in cougars and wolves, while caribou declined in abundance (also see
Hypothesis II of Bergerud 1974). The mechanism has since been invoked numerous times
primarily with respect to anthropogenic disturbance (e.g., Wittmer et al. 2007; Peters et al. 2013;
Ehlers et al. 2016; Hornseth and Rempel 2016; but for wildfire see Robinson et al. 2012).
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While population growth in predators that track increasing densities of alternate prey exacerbates
predation risk to caribou (e.g., Serrouya et al. 2015a,b), the very nature of anthropogenic
disturbance (which invariably increases the amount of linear features on a landscape: roads,
trails, geophysical survey cut-lines, transmission corridors, etc.) may also facilitate the efficiency
at which wolves can hunt caribou (e.g., by increasing rates of travel [Latham et al. 2011a, Dickie
et al. 2017]). Good examples of how habitat-mediated apparent competition can directly
influence caribou demography includes experimental reductions of moose abundance to reduce
wolf densities and stabilize mountain caribou populations (Serrouya et al. 2017; 2019), and
DeMars and Boutin (2018) recently demonstrated that inability to avoid linear features by female
caribou negatively impacted survival of their neonate calves. However, little is known about the
response of caribou and their predators in areas with low levels of anthropogenic disturbance
(Fig. 2.5).
Recent work suggests that predators like wolves may not show the same attraction to human
features, including roads and cutblocks, when they are rare on the landscape relative to when
they are ubiquitous (Hebblewhite and Merrill 2008; Muhly et al. 2019). Understanding this
relationship is critical given that the vast majority of extant boreal caribou range occurs in
regions where anthropogenic disturbance occurs at levels that may be an order of magnitude less
than where the impact of these features to caribou and predators is best known: e.g., up to 16 km
of linear features per km2 (Latham et al. 2011a; Dickie et al. 2017; DeMars and Boutin 2018),
compared to places like northern Saskatchewan which presents lines at 0.11 km/km2 (see
Chapter 5.0). The contrast between the landscapes of boreal caribou range in British Columbia
or Alberta, or southern Ontario and Québec, is strong compared to the northern Canadian shield
ranges of caribou from Saskatchewan to Labrador (compare Fig. 2.4 to Fig. 2.5)
Even less is known about the demographic responses of caribou to disturbance by wildfire,
which dominates in the northern caribou ranges (Fig. 2.5). We should expect a higher, more
natural fire return interval in northern areas with low human footprint like the SK1 range, if fire
suppression is generally directed at areas holding infrastructure and linear features provide fire
breaks. Strong, negative relationships exist for % area burned vs. buffered by industry for ranges
of Environment Canada’s (2011) assessment of boreal caribou habitat in both Alberta and
Saskatchewan (Fig. 3.1).
While fire is expected to influence the distribution of caribou (Environment Canada 2011, 2012),
effects of fire on caribou habitat and how it may render areas unsuitable (e.g., by loss of mature
conifer stands, lichens, and other forage, and increasing barriers to movement) has received
much less attention compared to effects of anthropogenic disturbance. COSEWIC (2014a)
identified fire as a ‘low risk’ to boreal caribou in terms of a limiting factor, and acknowledges
that caribou co-evolved with forest fires; further, the effect of fires on caribou range occupancy
is complex and subject to conflicting reports in the literature. Indeed, how disturbance plays a
role in modifying the relationship between demography of caribou and habitat use is poorly
understood, particularly with respect to habitat responses of fire in areas of non-commercial
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forests like those of the Saskatchewan Boreal Shield. The assumption that fire will directly affect
forage availability and habitat quality for woodland caribou is one that is frequently cited
(Coxson and Marsh 2001; Dunford et al. 2006; Rupp et al. 2006; Dalerum et al. 2007; Collins et
al. 2011), but demographic responses of loss of forage availability are not well known. Further,
the assumption that fire might also indirectly affect caribou demographics through habitatmediated apparent competition (Hervieux et al. 2014) has never been tested. We also do not
know whether the mechanism of habitat-mediated apparent competition functions the same
regardless of disturbance type (random polygons of fire vs. cutblocks vs. linear disturbances
[roads, cutlines]).
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Fig. 3.1. The extent to which forests in boreal caribou habitat in the western provinces of Saskatchewan and Alberta,
Canada, are subject to wildlife is inversely related to the extent to which they are subjected to anthropogenic
disturbance. Data points describe the amount of habitat within 500 m of an industrial feature (roads, trails, well sites,
pipelines, mines, communities, etc.) vs. the amount of forest burned by wildfire within the preceding 40 years, for
the province of Saskatchewan (green circles) and Alberta (blue circles). Pooling provincial datasets, the line is
described by the equation y = −0.509x + 52.03; the slope is significantly different from zero at P < 0.0001. R² =
0.503. Data in Environment Canada (2011).

3.1.2 PREDICTIONS OF DEMOGRAPHIC RATES, TREND, AND POPULATION SIZE
As the Saskatchewan Boreal Shield is different compared to more southern caribou ranges in
Canada, we had little information upon which to base study predictions with respect to caribou
status and population trend. Following what is known or expected from other caribou ranges at
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the commencement of study, including what has been assumed for caribou in the SK1 range
based on modelling, we drafted the following initial predictions with respect to status, trend, and
population size for boreal caribou in our study area:
Prediction 1: Environment Canada (2011) reported that the national average for annual adult
survival of boreal woodland caribou was 0.852 (i.e., 85.2% of tracked adult females [ages 1+],
on average, survive from one year to the next). They also reported that the SK1 caribou unit was
characterized as being 55% burned within the past 40 years, with 3% lying within 500 m of an
anthropogenic disturbance, i.e., 58% of habitat was ‘disturbed’. This is substantially higher than
the 46.5% ± 23.9% [3.3%] (𝑥𝑥̅ ± 1 SD [SE]) average disturbance footprint across all caribou
ranges in Canada (Environment Canada 2012). Hence, we expected that the survival of adult
female caribou in the Saskatchewan Boreal Shield would be ≤0.85, as compared to estimates
obtained for other populations. This is because the mechanism purported to drive caribou
population dynamics in areas of higher disturbance is directly related to expectations of higher
predation rates by means of habitat-mediated apparent competition (Environment Canada 2011,
2012).
Prediction 2: Combinations of natural and anthropogenic disturbances do not seem to generally
result in changes in pregnancy rates nor body condition of woodland caribou. Pregnancy is
typically high in most caribou populations, even those in decline (Festa-Bianchet et al. 2011),
excepting populations initially declining as a result of density-dependence (e.g., decline phase of
George River caribou [Messier et al. 1986] or Newfoundland caribou [Morrison et al. 2012;
Mahoney et al. 2016]) . Wittmer et al. (2005) noted high late-winter plasma progesterone levels
indicating a 92.4% pregnancy rate across 8 sub-populations of caribou in British Columbia, with
no relationship to population density and thus range condition. Pregnancy rates (90–100%) were
relatively high in six ranges in northeast Alberta where populations were declining (McLoughlin
et al. 2003). Despite the high amount of disturbance in the Saskatchewan Boreal Shield, we
predicted pregnancy rates to be around 90% based on results from other jurisdictions.
Prediction 3: Environment Canada (2011) showed a significant, negative linear relationship
between winter calf:cow ratios as presented for 24 different study populations of boreal
woodland caribou and the non-overlapping, combined percentage of habitat within each unit that
is either <40 years of age and/or within 500 m of an industrial disturbance. The model predicting
self-sustainability of populations does not distinguish between type of disturbance (i.e., total
disturbance is used). Following Fig. 7 of Environment Canada (2011), we predicted that cow:calf
ratios in the Saskatchewan Boreal Shield would fall near a ratio of 0.20, i.e., 20% of females in
March would be accompanied by calves born the previous spring. Note, however, that the
recruitment vs. disturbance model of Environment Canada (2011) is strongly driven by variation
in anthropogenic disturbance, for which the SK1 unit has very little (only 3%). Environment
Canada (2011) stated that: “…nearly 70% of the variation in caribou recruitment across twentyfour study areas spanning the full range of boreal caribou distribution and range condition in
Canada was explained by a single composite measure of total disturbance (fire + buffered
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anthropogenic), most of which could be attributed to the negative effects of anthropogenic
disturbance (p. vi).”
Prediction 4: The finite rate of population growth (λ) is typically estimated for caribou
populations by balancing the recruitment of female offspring into the breeding age category
against the mortality of breeding females. The most commonly used equation is that of Hatter
and Bergerud (1991), 𝜆𝜆 =

𝑆𝑆

1−𝑅𝑅

(where S is survival and R is recruitment). This model assumes a

50:50 sex ratio in the structure of calves observed in March, when data on age and sex ratios
(and adult female survival) are typically collected. Here, R is adjusted to reflect the total number
of females of all age classes, including juveniles, counted at the end of a measurement year as
opposed to simple calf:cow ratios (DeCesare et al. 2012). Given an average survival rate of 0.852
and calf:cow ratio of 0.200 (predictions P1 and P3, above), we were prepared for a declining
population (geometric mean average) in the SK1 caribou range if Environment Canada’s (2011)
predictions and assumptions were true. Our naïve prediction was λ = 0.942 (estimated using
Hatter and Bergerud [1991] but using recruitment [R] as the adjusted age-ratio [X] as
recommended by DeCesare et al. [2012]). Note that values of λ < 1.0 indicate population decline,
values of λ > 1.0 indicate population increase, and λ = 1.0 indicates population stability. Hence,
the population was predicted to not be self-sustaining and potentially declining at a rate of up to
5.8% annually.

Prediction 5: We initially had little information on which to base a prediction of population
density or size for our study area, however we expected that caribou density estimates for the
SK1 administrative unit would fall within the range observed for other provinces and territories.
COSEWIC (2014a: pp. 36–37) cites the following average densities of boreal caribou across
mainland Canada: Alberta (15.9 caribou/1000 km2), British Columbia (4.3/1000 km2), Labrador
(18.7/1000 km2), Manitoba (7.3/1000km2), Northwest Territories (14.7/1000 km2), Ontario
(10.0/1000km2), and Québec (10.4/1000 km2).

3.2 Methods
3.2.1 ANIMALS AND TELEMETRY
In March, 2014, we engaged our field collaring program that saw to the deployment of 94 new
GPS-satellite tracking collars on caribou across the study area (Figs. 3.2–3.4). All caribou were
captured and equipped with collars after physical immobilization (net gun) through the tendered
services of Bighorn Helicopters Inc. (Cranbrook, British Columbia, Canada), following approved
animal care protocol 20130127 of the University of Saskatchewan (guided by the Canada
Council on Animal Care and the U of S Animal Research and Ethics Board) and permit
14FW037 of the Saskatchewan Ministry of Environment.
In all instances we only collared adult females (aged 1+), as female dynamics will determine λ as
long as there are enough males to mate with available females (Caughley 1977). All caribou
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A.

B.
Fig. 3.2. In March, 2014, the University of Saskatchewan captured 94 adult female caribou (min. age 1.8 years) by
aerial net-gunning (A) for biological sampling and fitting GPS-satellite telemetry collars (B). All captures conducted
by Bighorn Helicopters, Inc. Photo credits: A. (Tom Perry), B. (Marcy Bast).
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were physically immobilized by Bighorn Helicopters Inc. (Cranbrook, British Colombia,
Canada) using nets projected from a net gun and fired from a helicopter. Individuals collared by
the University of Saskatchewan were equipped with Global Positioning System (GPS) collars
including 25 Lotek Iridium® Track M 3D GPS collars (Lotek wireless Inc., Newmarket,
Ontario, Canada) and 69 TGW 4680-3 GPS/Argos instrumentation units with CR-2A autorelease mechanism (Telonics Inc., Mesa, Arizona, USA). GPS data were programmed to transmit
approximately every 4–5 hours and collars were provided with a Very High Frequency (VHF)
system to allow radio-telemetry tracking of caribou on the field. Upon capture we collected
biological samples (blood, tissue, hair, scat [rectal collection]) for use in analyses of diet,
parasitology, and pregnancy (progesterone, see Sections 3.2.2 and 3.3.2). Fecal samples and
whole blood spots on filter paper were submitted to the lab of Dr. Paul Wilson at Trent
University for microsatellite and mitochondrial DNA analysis, as part of collaborative research
with the University of Manitoba, Trent University, and the province of Saskatchewan on boreal
caribou genetics (Chapter 4.0). Remaining samples are currently stored in the freezers of the
Department of Biology, University of Saskatchewan (including those of animals captured by the
University of Saskatchewan and a related program by our industrial partners). Hair samples, red
blood cells, remaining serum sub-samples, and fecal pellets are retained at the University of
Saskatchewan for future potential analyses involving stable isotopes and contaminant analysis.

Key Lake Operation
Saskatchewan-Manitoba border

Fig. 3.3. Location data from 94 GPS-collared caribou obtained in a single year, Saskatchewan Boreal Shield, 2014.
The Key Lake uranimum operation is represented by the red star.
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We conducted relocations of collared caribou by helicopter annually during autumn to determine
whether collars were dropped by caribou, if collars were malfunctioning, or if animals were dead
(services provided by Helicopter Transport Services Canada Inc., La Ronge, Saskatchewan,
Canada). We also relocated collared caribou annually in March to determine the number of cows
observed with calves for estimating annual recruitment rates (below) from calf:cow ratios. In
determining these ratios, we considered all individuals observed in groups in which collared
females occurred. We determined the sex of observed caribou according to the presence (female)
or absence (male) of a black vulvar patch. When we were not able to determine the sex of at least
one individual in a group, we removed the entire group from our dataset to ensure that sex and
age ratios were accurately recorded.
3.2.2 ESTIMATING PREGNANCY RATES
Upon capture (Fig. 3.2) we collected biological samples (blood, tissue, hair, scat [rectal
collection]) for use in analyses of diet, parasitology, pregnancy (progesterone), and caribou
genetics. For this project, with respect to status and trend, our primary interest was in testing
serum progesterone levels to estimate pregnancy rates (late gestational) in our sample
population. On collection and prior to freezing at –20°C, whole blood samples were spun to
separate serum from red blood cells. We submitted serum samples to Prairie Diagonistic Services
Inc. at the University of Saskatchewan to determine progesterone levels in ng/ml. We assigned
pregnancy as positive where progesterone levels were >1.3 ng/ml (min. 1.34 ng/ml). Rehbinder
et al. (1981) reported annual maximum serum progesterone levels in non-pregnant captive
reindeer of about 0.4 ng/ml and minimum levels in pregnant animals (between 20 and 200 days
post conception) of about 1.3 ng/ml.
3.2.3 POPULATION STRUCTURE AND SIZE
We were interested in determining the standing (i.e., current) age and sex structure of the
population and population density to help interpret trends observed from analysis of survival,
recruitment, and population growth. McLoughlin et al. (2016) determined that there were 15
systematic and comparable aerial surveys conducted to survey ungulates (woodland caribou and
moose, no other ungulates being observed) in the SK1 caribou range applicable to where we
collared caribou since 2008. There was also a large survey conducted in January 1987 (Brewster
1988). Here, we report on surveys conducted since 2008 and use Brewster’s (1988) survey as a
comparator.
Surveys conducted since 2008 were located throughout the region where we had collared
caribou. Surveys were focused on areas of specific mining interests as opposed to regions biased
to where caribou or moose were already known to occur. Surveys varied in aerial extent (range =
320–2,285 km2; 𝑥𝑥̅ = 825 km2), coverage (percentage of study area flown within where animals
could be observed within 200 m [40–100%]), and intensity (km2 covered per minute of on-grid
flying time [range = 1.4–2.0 mins/km2; 𝑥𝑥̅ = 1.7 mins/km2]). Most were conducted in late winter,
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i.e., March (n = 10) or February (n = 4); two were conducted in December. All used helicopters
and in all cases ‘minimum counts’ of animals were obtained, from which bulls/100 cows and
calves/100 cows and density estimates (animals/km2) could be determined (n = 15 for caribou, n
= 12 for moose).
In March, 2015, the University of Saskatchewan also conducted a survey. We elected to use the
most common design of previous surveys (380 km2 survey area, 100% coverage); however, we
also conducted our survey in an area where within the previous 24 hours we had determined the
location of collared caribou and their groupings. The main purpose of this survey was to help us
to estimate ‘sightability’ of caribou during a survey, i.e., the extent to which caribou that were
known to be on the survey grid were missed by a 100%, minimum count survey.
Our survey area was located in the northeast SK1 range, near Courteney Lake. The study area
was systematically surveyed on 17–18th March, 2015, by helicopter (Bell 206B Jet Ranger). The
same pilot, navigator, and two rear observers were used for the entire survey. We flew west-east
parallel and immediately adjacent transects while maintaining an observation width of 200 m on
either side of the helicopter. The helicopter was flown 50 to 150 m above ground level with air
speeds ranging from 70 to 100 km/h. Speeds were reduced and heights were increased in areas
with particularly dense conifer canopy. A combination of the route navigation tool in the
helicopter GPS and maps were used for navigation and for mapping animal locations. Complete
turns were made when animals were observed. This provided additional time for age and sex
classification and an accurate count of the number of animals observed. Sex and age of moose
and/or caribou were determined by sight and using combination of the presence or absence of
antlers, antler scars, vulval patch, and nose colour. All animal observations were recorded using
hand-held GPS units and on maps. Survey conditions were considered to be excellent (e.g., close
to100% of stumps and downed logs covered with snow). Winds were low, ranging from 0 to 10
km/h, and temperatures ranged from –15°C to –30°C.
From these surveys, we were able to determine our initial estimate of abundance of caribou and
moose in the region corresponding with our tracked caribou as the average (minimum) density
for each species obtained across all 16 surveys conducted since 2008, and average age- and sexstructures (bull:cow; calf:cow; with calves = age 0 and all other categories aged 1+).
3.2.4 SURVIVAL, RECRUITMENT, AND POPULATION GROWTH
From our collared caribou datasets, we estimated adult female survival rates (Sadf) using the
staggered-entry modification (Pollock et al. 1989) of Kaplan and Meier’s (1958) survivorship
model:

𝑆𝑆(𝑡𝑡) = ∏𝒕𝒕(𝒊𝒊)≤𝒕𝒕

𝒏𝒏(𝒊𝒊−) −𝒅𝒅(𝒊𝒊)
𝒏𝒏(𝒊𝒊−)
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In this equation, n(t–) is the number of individuals at risk (collared and alive) just before time t
and d(t) the number of deaths recorded at time t. Individuals at risk were computed based on days
at risk, survival from day of mortality, and censoring according to days on which collars
malfunctioned or were dropped and hence caribou were no longer followed. Our measurement
year was from March 16 to March 15, which roughly corresponded with the timing of our
recruitment surveys.
We calculated recruitment (R) as the adjusted age-ratio (X) following DeCesare et al. (2012),
assuming a 50:50 sex-ratio in observed 10-month-old calves (which is less than the observed
calf:cow ratio; also reported):

𝑅𝑅 =

𝑋𝑋⁄
2
.
1 + 𝑋𝑋⁄2

We estimated the deterministic (snap-shot) population growth (λ) for each year from the equation
𝜆𝜆 =

𝑆𝑆

1−𝑅𝑅

(Hatter and Bergerud 1991). We determined λ over intervals of study as the geometric

mean of annual estimates. All estimations were performed using the R software (Version 3.2.4).

3.3 Results
3.3.1 GPS COLLARING AND COLLAR PERFORMANCE
Of the original 94 caribou collars deployed by the University of Saskatchewan in the study area
in March, 2014, 37 remained transmitting to March, 2018. All collars were scheduled to
remotely drop from caribou on April 30, 2018, based on the timed collar-release mechanism that
joined the collar webbing.
Among the 25 Lotek Iridium® Track M 3D GPS collars deployed in March, 2014, only six
collars transmitted to the end of study (24% of initial deployments). Sixteen collars
malfunctioned by falling offline while on live animals, and three collars were carried until the
death of a caribou. Further to these collars, we deployed 69 Telonics 69 TGW 4680-3
GPS/Argos satellite collars on female caribou. By March 2018, 31 functional Telonics collars
remained on caribou (45% of initial deployments). Twenty-two animals died, 13 collars were
dropped, one collar turned offline while on a live animal, and two collars that were transmitting
stationary could not be retrieved. While only 1/69 the Telonics GPS/Argos collars went offline
on a live caribou compared to 16/25 Lotek Iridium® collars, none of the Lotek collars
prematurely dropped by release of the drop-off mechanism which was an early problem for the
Telonics collars.
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Fig. 3.4. Extent of occurrence for GPS-collared caribou (University of Saskatchewan data) within the SK1
administrative unit (inset). The range was calculated over four years (March 2014 to March 2018) for 94 female
caribou. Range was delineated as the 100% Minimum Convex Polygon (MCP, Mohr 1974) for locations of tracked
caribou, buffered by 800 m which was the average daily step length for collared animals. The truncated range
covered an area of 90,700 km2. See Chapter 7.0 for data on caribou movements within home ranges.

We were not able to separate cause of death as predation vs. any other cause, save human
harvest. The presence of hair and bones at sites from where collars were retrieved was
principally used to determine if the animal was dead. Signs of a dropped collar but living animal
almost always included an undamaged collar with premature opening of the timer-release
mechanism. When in doubt, animals were assigned as ‘dead’ rather than ‘censored’ for our
survival analyses (Section 3.3.4).
Indications of a collar malfunction while on a live caribou principally included the sudden end of
a transmission schedule with lack of a mortality (stationary) signal, with or without unusual
diagnostics, sometimes confirmed by the relocation of a still-collared live caribou using VHF
telemetry. We had anticipated a higher rate of censorship using the Lotek Iridium® Track M 3D
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GPS collars compared to the older generation Telonics TGW 4680-3 GPS/Argos collars, as the
former were relatively new to the market at commencement of study (for long-term use) and
were modelled to consume more power. While we had considered that the Lotek Iridium®
collars on death of an animal might lead to greater instances of censorship if transmissions from
those collars were relatively more sensitive to damage during a predation event, we observed no
difference in the likelihood of a confirmed mortality of caribou wearing a Lotek Iridium® collar
vs. a Telonics GPS/Argos collar (Fisher Exact Test, 2-sided, P > 0.90; 2/25 vs. 8/69 collars at
risk during the first two years of study).
Only one collared caribou of 94 initial animals at risk, over the four annual intervals of study,
was believed to have been harvested. The collar was turned in by the hunter. While tracking
wolves and black bears (Chapters 8.0 and 9.0) harvested animals almost always revealed collars
having fastening nuts removed, or a knife cut to remove a collar, combined with unusual GPStrack patterns after death (e.g., transport of a collar to a community). We did not observe any
instances of the above for collared caribou with the exception of the GPS collar that was turned
in to us.

Fig. 3.5. A Telonics TGW 4680-3 GPS/Argos collar that dropped off a caribou by opening of the automatic release
mechanism. Photo credit: Clara Superbie.
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3.3.2 PREGNANCY RATES
We were able to obtain pregnancy rates from 93 of 94 captured caribou in March, 2014. The
pregnancy rate was estimated as 0.933 (95% CI: 0.878–0.978). These high rates of pregnancy
agree with results obtained by our industrial partners for a sample of caribou captured in 2013,
with data available in McLoughlin et al. (2016).
3.3.3 POPULATION SIZE AND STRUCTURE
Ungulate aerial survey results are presented in Table 3.1 (also presented in McLoughlin et al.
2016). Of surveys conducted since 2008, 11/16 detected boreal (and not barren-ground) caribou
in their respective study areas. Over all 16 surveys conducted since 2008 (including surveys
where no caribou were observed), the average density was 36.9 boreal caribou/1000 km2 (95%
CI: 26.7–47.2 caribou/1000 km2). Thirteen surveys recorded instances of moose when observed
(3 surveys did not include counting moose as an objective of their survey). Of the applicable
surveys, the average density was 45.7 moose/1000 km2 (37.8–53.6 moose/1000 km2). Eight
caribou surveys reported the ratios of bulls per cow and calves per cow in their sample. The
average bull:cow ratio was 0.571 (95% CI: 0.444–0.699) and calf:cow was 0.195 (0.158–0.232);
see Table 3.2 for collar-specific data on cow:calf ratios in March for recruitment estimates.
The caribou-survey sightability test conducted by the University of Saskatchewan from March
17–18, 2015, indicated that identification of woodland caribou (n = 49) from the air was likely
biased low: only 7 of 11 collared caribou known to be in the survey area within the past 24 hours
were observed. There were four caribou near the edges of our survey gridlines, however, that had
potential to have moved off in the hours between relocations and surveys. Assuming that half of
those had as much likelihood as moving onto vs. off the survey grid, we computed that the
survey we conducted was biased conservatively (in terms of true density) by approximately 22%;
i.e., we suspect that our estimate was 22% below the true estimate. Nonetheless, we did not
adjust any survey result to reflect bias due to detection probability. We only caution that
estimates of density are minimum estimates and population density is likely higher than as
reported using the 100% coverage methods of Table 3.1, assuming that detection probability is
approximately constant across all surveys.
Extrapolating to the region in which we have collared caribou (90,700 km2; Fig. 3.4) including
lakes and rivers, we estimated that the area supported 3380 caribou (95% CI: 2436–4304
caribou). This estimate would be a minimum if we were to assume that surveys used to estimate
caribou densities (Table 3.1) were all biased low by the same extent as was our survey.
Extrapolating to the entire SK1 caribou administrative unit (187,000 km2) is more difficult due to
habitat differences in northwestern Saskatchewan compared to our study area (Fig. 3.4).
However, we can expect a minimum of around 4000 boreal caribou for the SK1 unit.
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Table 3.1. Ungulate aerial surveys conducted in the SK1 woodland caribou administrative unit in proximity to where the project has collared caribou, since 2008.
Data provided by industrial partners.
Study

Survey Timing

Survey
Area
(km2)

Coverage
(%)

Search
Intensity
(mins.
flown per
km2)

Species/km2

Woodland Caribou Population Structure

Moose

Caribou

Bulls:Cow

Calf:Cow

Calves as a % of
Total Population

1.7

0.040

0.005

1.600

0.000

0

Millennium TRSA 2014

Mar 2014

2,285

40

Millennium LSA 2014

Mar 2014

397

100

1.7

0.050

0.000

-

-

-

Key Lake 2014
(Unpublished)

Mar 3-12 2014

1616

40

1.7

0.030

0.030

-

-

-

Key Lake 2013
(Unpublished)

Mar 13-16 2013

1616

40

1.7

0.030

0.060

0.750

0.250

18

Key Lake 2012
(Unpublished)

Mar 15-17 2012

1616

40

1.5

0.050

0.090

0.310

0.130

9

Key Lake 2011
(Unpublished)

Dec 13-17, 2011

1616

40

2

0.040

0.060

0.714

0.330

12

914

Mar 2011

554

-

-

-

0.000

-

-

-

McArthur River 2011
(HAB-TECH 2012)

Feb 7-9 2011

400

100

1.8

0.050

0.040

0.270

0.270

18

914

Feb 2011

554

-

-

-

0.004

-

-

-

914

Dec 2010

410

-

-

-

0.027

-

-

-

Cigar Lake 2011 (HABTECH 2011)

March 7-9 2010

320

100

1.4

0.010

0.000

-

-

-

Four Bear 2010 (HABTECH 2010a)

March 5-6 2010

350

100

1.5

0.080

0.000

-

-

-

Key Lake 2010 (HABTECH 2010b)

Feb 23-24 2009

384

100

1.7

0.020

0.050

0.250

0.000

0

Virgin River 2009 (HABTECH 2009b)

March 21-24 2009

376

100

1.8

0.050

0.130

0.320

0.400

20

Courtenay Lake, U of S
2015
Tamarack 2009 (HABTECH 2009a)

Mar 17-18 2015

380

100

1.7

0.024

0.0950

0.357

0.180

11.1

Feb 27-29 2008

324

100

1.9

0.120

0.000

-

-

-
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3.3.4 SURVIVAL, RECRUITMENT, AND POPULATION GROWTH
Mortalities occurred most frequently in the late-winter and snow-free seasons (Fig. 3.6). Our
survival rates were based on 25 confirmed mortalities plus two collars (n = 27) for which we
were unable to conduct a site investigation because of logistical reasons (we carried out 38 site
investigations from 2014–2018). During the period in which these two collars signalled a
mortality signal, investigated collars had a 70.1% chance of being a dead animal, and 28.9%
chance of being a premature release or drop (based on 24 site investigations from 2015–18;
2014–15 excluded because of a high number of drops [n = 7] due to a defect in auto-release
mechanisms).

Fig. 3.6. Frequency of 25 mortalities of GPS-collared boreal caribou in the Saskatchewan Boreal Shield, by month,
2014–2018.

Annual survival rates of adult female caribou were relatively high initially but progressively
decreased as the cohort of collared caribou aged (Table 3.2). Hence, in interpreting survival rates
we must be cautious as while the initial cohort of 94 GPS-collared females in March, 2014, was
likely representative of the standing age structure of the population of inference, due to aging as
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Table 3.2. Annual survival rates (Sadf) of adult female boreal caribou with approx. ages for which the annual rate is
applicable (minimum age of caribou in the sample in years at the start of the annual interval [March 15]); and calfcow ratios (X) and adjusted recruitment rates (R) based on all caribou encountered from March surveys (applicable
to caribou 1.8 years and older). Estimates and 95% confidence intervals (95% CI) are for the Saskatchewan Boreal
Shield from 2014–2018, as obtained from data collected from 94 adult female caribou captured in March 2014 by
the University of Saskatchewan. The number of collared animals is ncol, D the est. number of dead animals, C the
number of censored animals (i.e., those that dropped collars or had collars malfunction), nobs is the number of
observed cows during aerial surveys in March and ncalf is the number of observed calves during these same surveys.
Non-investigated collars (n = 2) were treated with a probability of 0.701 of being a dead animal (see text).

Year
2014–15
2015–16
2016–17
2017–18
̅
Geo 𝒙𝒙

Annual Survival

(minimum age of females in sample indicated)

Sadf [95% CI], min. age
0.914 [0.851−0.968], age 1.8+
0.966 [0.922−1.000], age 2.8+
0.872 [0.784−0.952], age 3.8+
0.839 [0.724−0.937], age 4.8+
0.895 [0.855−0.933]

ncol
94
79
68
51

D
8
2
8
7

C
7
8
9
6

Recruitment in March

U
0
1
0
1

(applies to all females aged 1.8+ years)

X [95% CI]
0.198 [0.139−0.260]
0.216 [0.163−0.274]
0.134 [0.083−0.190]
0.244 [0.175−0.317]
0.192 [0.160−0.223]

R [95% CI]
0.090 [0.065−0.115]
0.097 [0.075−0.121]
0.063 [0.040−0.087]
0.109 [0.080−0.137]
0.087 [0.074−0.100]

nobs
167
213
149
139

ncalf
33
46
20
34

the study progressed the remaining members of the initial cohort of collared animals became less
representative of the standing age distribution (Table 3.2). In March of 2014, the youngest
caribou of our 94 collared animals was 1.8 years and hence turning age 2 that May or June (as
we did not collar 10 month-old calves at heel). Because we only collared once, in 2014, the
collared cohort of caribou aged as: 2014–15 (min. age at start of interval: 1.8 years, all caribou
turning at least age 3 in 2015), 2015–16 (min. age at start: 2.8 years, all caribou turning at least
age 4 in 2016), 2016–2017 (min. age at start: 3.8 years, all caribou turning at least age 5 in
2017), 2017–18 (min. age at start: 4.8 years, all caribou turning at least age 6 in 2018). While
survival rates of females in any year also included an age effect, our cow:calf ratios (X) and
hence recruitment rates (R) of females in any year did not. We flew to collared females, and used
these animals to lead us to groups of caribou to assess cow:calf ratios. Hence, in each year, while
the collared sample was aging, we were still able to compute recruitment rates based on all
caribou encountered, i.e., the ratio of all calves at heel (aged 10 months or 0.8 years; turning age
1 in May/June) to all females encountered (minimum age 1.8 years).
The traditional approach of estimating the finite rate of population increase (λ) using the Hatter
and Bergerud (1991) equation inherently assumes that both the numerator and denominator
derive from the same random sample of the population, i.e., that survival (S, or 1 – M
[mortality]) and recruitment (R) balance deaths of a comparable age structure of females with
their annual recruitment. Typically this is applied (for caribou) as the balance of survival of adult
females aged 1+ (1.8 years in March) with the annual recruitment of all females aged 1+ (1.8
years in March), while assuming a 50:50 sex ratio in calves at heel. Due to our study design,
which relied on the tracking of a cohort of females throughout their lives (to match survival and
reproduction of individuals with habitat selection choices), our use of the Hatter and Bergerud
equation here should be interpreted cautiously. The method was only intended for estimating λ
from statistically precise and unbiased estimates of R and S (i.e., 1 – M), given its sensitivity to
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these parameters (Hatter and Bergerud 1991). In our case, while the denominator of recruitment
was always derived from all females aged 1.8 years and older in March of every year (i.e., was
insensitive to collar aging), the numerator of mortality is not. Due to senescence, we can expect
survival rates to reduce as years progressed (e.g., for the interval 2017–2018 we knew that no
female in the prime-age categories of 1.8 to 3.8 years was present in the sample; only older
females could be present). The result is increasing conservativeness in how λ is computed.
From our data we estimated annual population growth rates (λ) of 1.004 (95% CI: 0.934–1.070)
and 1.070 (95% CI: 1.012–1.119) for the first and second intervals of the study (2014–15 and
2015–16) using the Hatter and Bergerud (1991) equation, as modified by DeCesare et al. (2012).
In the third interval (2016–17), λ decreased due to both a drop in recruitment but also survival,
although by this time the youngest caribou in the collared sample was already turning age 5 in
May/June 2017. Survival rates of the collared and aging population continued to decline into
2018 (Table 3.2). The geometric mean, unweighted population growth rate among the first three
years (2014–2017) was unity (1.0001). We did not calculate λ in the last interval, when the
youngest caribou of our collar sampled would be turning age 6 in 2018.

3.4 Discussion
Our principal finding is that boreal caribou of the Saskatchewan Boreal Shield comprise a
relatively large population that while likely fluctuating due to variability in recruitment, is stable
in trend and characterized by high annual adult survival and moderate calf recruitment. Adult
female survival consistently ranked as being higher than predicted, averaging well above the
national mean of 0.852 for boreal caribou (Environment Canada 2011), despite the likely
conservative nature of our survival rates in later years of study (below). Pregnancy rates and
calf:cow ratios and hence recruitment rates were in line with what we were expecting from
results obtained across Canada. The balancing of recruitment and survival suggests one of
population stability on a deterministic basis, conclusively at least for the first three years of
study. In one interval (2015–2016) both our estimate of population growth (λ) and its confidence
interval exceeded 1.0 (Table 3.2). The best available evidence suggests that the population was
stable during the period of study.
While survival rates were high, our density estimates (Table 3.1) were also relatively high.
Across 16 aerial surveys in the SK1 unit conducted since 2009, we computed a mean density of
36.9 caribou per 1000 km2. Note that these surveys were not solely focused on caribou habitat,
and were located throughout the Saskatchewan Boreal Shield for various reasons. In fact, no
caribou were observed in grid samples for 5/16 surveys. Hence, we believe that the mean of
these surveys presents a rough picture of the density of caribou through much of the SK1 range.
The average caribou density from these surveys was 2–3 times as high as the average for most
other jurisdictions for boreal and mountain caribou in Canada (data presented in COSEWIC
2014a,b). Indeed, our data suggest that the population of caribou in the Saskatchewan Boreal
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Shield ranks among the highest densities (10th/40) and recorded population (unit) sizes (3rd/40) of
boreal caribou for the species in Canada (COSEWIC 2014a: pp. 37–39 ).
Densities of R. t. tarandus can far exceed that observed in the Saskatchewan Boreal Shield, as is
known for places like the island of Newfoundland or where herds are semi-migratory (i.e., of the
forest-tundra ecotype). For example, at the peak of the George-River herd expansion from 1954–
1984, densities reached 1110 animals/1000 km2 (472,200 caribou distributed over 442,000 km2;
Messier et al. 1988). The Newfoundland-wide population of woodland caribou reached a density
of 2100 animals/1000 km2 (94,000 caribou in 1996 [Morrison et al. 2012; Mahoney et al. 2016]
distributed over an area of occupancy of 44,781 km2 [est. in COSEWICa 2014]). Both
populations showed trade-offs in adult survival relative to recruitment at very high density, but
also with clear declines in pregnancy rates. While our data do not suggest low pregnancy rates,
relatively high adult female survival rates (taking into consideration the conservativeness of
creeping age bias in the aging cohort of our sample), coupled with moderate recruitment, is not
unexpected for a high-density caribou population (Bergerud 1988).
A closer examination of what defines critical habitat may help to illustrate why we suspect that
the SK1 caribou unit may be able to maintain high densities and stable population dynamics
despite relatively high amounts of natural disturbance. We identify the most important habitat
features to caribou available to the population in Chapters 5.0, 6.0, and 7.0, based on a detailed
analysis of seasonal caribou movements and their selected use of habitat features as it determines
probability of occurrence. In summary, four key habitat metrics: amount of mature (older than 40
yrs) jack pine and black spruce forests, black spruce bog, and open muskeg, stand out as
influencing caribou probability of occurrence (Chapter 7.0). Other habitats are used, but the
presence of these habitat states are best at predicting occurrence, and they remain in high
abundance. Within the general area in which we maintained data on GPS-tracked caribou (Fig.
3.4), which was approx. 90,700 km2 including lakes and rivers, >55% of the terrestrial habitat
was described by these high quality habitat patches. Our estimates of the amount of forage lichen
(Cladina mitis, C. rangiferina, C. stellaris, and Cladonia uncialis) available in our study area in
these habitats was also high (Chapter 7.0), providing an estimate of several million kg per
caribou of lichen forage species in old growth forests being available within the study area.
But it is not just that critical habitat components like old growth pine and black spruce forests
remain available to caribou in the Saskatchewan Boreal Shield, despite its history of fire.
Critically, we also have very low anthropogenic disturbance and what we observed to be
negligible hunting pressure (only 1 of 94 caribou with tracking collars was observed to be
harvested during the period of study, from 2014–2018). Further, we believe the Saskatchewan
Boreal Shield to be characterized by very low wolf (Chapter 8.0), black bear (Chapter 9.0) and
alternate prey (moose) abundance (Table 3.1).
Predation by wolves is important to caribou in our system, but our moderate recruitment rates do
not suggest abnormally high levels of wolf predation as might be found elsewhere in boreal
caribou range subject to high anthropogenic disturbance. The wolf densities that we report in
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Chapter 8.0 (3.1 wolves/1000 km2) are well below the 6.5 wolves/1000 km2 initially suggested
by Bergerud (1988) as a rough threshold above which caribou populations (both barren-ground
and forest-dwelling) are expected to have difficulty in persisting. Although recruitment rates for
the Saskatchewan Boreal Shield fall in line with what we might expect from a region with 58%
total disturbance sensu Environment Canada (2012), we believe that this is coincidental and not a
direct result of the hypothesized link between disturbance and habitat-mediated apparent
competition. In fact, our estimates of recruitment (calf:cow ratios) from both late-winter transect
survey data (Table 3.1) and direct observation of calves at heel (Table 3.2), averaging 19.5 and
19.2 calves per 100 females (0.195 and 0.192 calves/cow), are expected for populations that are
not likely to experience high wolf densities.
Bergerud (1988) developed several non-linear equations that related wolf density with caribou
recruitment (calf:cow ratios; R2 = 0.69) and adult female mortality (R2 = 0.73) based on data
collected for caribou populations across North America, as well as the covariance expected
between annual adult female natural mortality and recruitment (R2 = 0.56). For a wolf density as
we estimated in Chapter 8.0 of 3.1/1000 km2, Bergerud (1988) predicted a cow:calf ratio of
0.190. From this wolf density, he estimated an adult female survival rate (Sadf = 1 – Madf) of
0.922. From our observed, mean cow:calf ratio of 0.192 (Table 3.2), we had expected (from
Bergerud 1988) Sadf = 0.911, which compares to our observed 4-year Sadf = 0.895. Keeping in
mind the bias introduced to survival by the natural aging of our collared sample of females
(Section 3.3.4), the under-estimation is expected.
We believe that our estimated 3-year, average finite rate of increase of λ leads to the conclusion
that the caribou population was at least stable, and fluctuating around unity, during the course of
our study. We do not predict λ beyond this period due to the aging nature of our collared caribou,
to avoid confounding age-related natural mortality with that directly related to annual predation
rates or other environmental limiting factors. By the end of March, 2017, the youngest caribou in
our sample of collared individuals was already 4.8 years of age. The extent to which ‘age-creep’
in our tracked cohort biased our estimates of survival, either up or down, was evident by the
progressive departure from what we predicted from calf recruitment using the equation of
Bergerud (1988). In Year 1 (2014–15), we observed a calf:cow ratio of 0.198 and adult annual
female natural survival rate of 0.914 (Table 3.2), which was surprisingly close to the predicted
female survival rate of 0.913 from Bergerud (1988). We may have overestimated survival in
2015–2016, possibly because our collared cohort no longer contained early adult 1.8–2.8 year
old caribou (although we did not expect them to die at higher rates than adults), as only caribou
that were aged 2.8+ years at the start of the interval were included (observed Sadf = 0.966 from
predicted 0.920). In our low-recruitment year (2016–2017: 13.4 calves/100 cows) we likely
underestimated adult survival, but perhaps not by much (Sadf = 0.872 from expected 0.880).
However, to start the March 2017–18 interval our collared cohort aged to 4.8 years, minimum,
leaving the youngest possible female in our sample turning age 6 in 2018. Here, our survival rate
of adults (Sadf = 0.839) departed strongly to the negative from the 0.923 expected from
Bergerud’s (1988) equation and the cow:calf ratio we observed in March, 2018. The departure,
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however, is not unexpected from senescence in adult female ungulates after the prime-age
category (Gaillard et al. 2000). Even among wild reindeer where food abundance is rich, molar
wear from yearling to age 6 is at least 2 cm, and almost 4 cm in regions where food is limiting
(Skogland 1988).
While we have confidence in the recruitment rate obtained in March, 2018, which retained the
same methods in all years and applied to calves per all cows encountered (i.e., females aged at
least 1.8 years); we no longer had confidence that the survival rates of adults in our sample (aged
at least 4.8 years in March 2017) reflected that of the true standing age structure of the
population of cows. For an albeit rapidly growing woodland caribou population (George River),
Taylor (1991) working with data presented in Messier (1988) showed that the age 5+ category
for caribou accounted for only 35.2% of the standing age distribution (maximum observed age
was 15 years). Senescence in both survival and recruitment was noticeable at age 5.
We did not intend for our study design to confound age-specific survival with annual mortality
over time. However, it is perhaps serendipitous that, due to the lack of a pre-existing collaring
program in our study area, that we were forced to deploy GPS collars on as many females (n =
94) as we did in 2014. This allowed us to observe the aging of our collared cohort with sample
sizes in each year remaining large enough to empirically observe its effect on adult survival.
Being aware of this problem, which we acknowledge was brought to our attention by Dr. James
Rettie, we can now seek remedies to how to minimize the issue which applies to all studies that
track individuals over time to estimate survival for the purpose of balancing it with observed
annual recruitment to estimate population growth rate. We are continuing to model this issue to
provide recommendations as to the extent it may be necessary to rebalance the age structure of a
tracked sample of female caribou to ensure that the sample continues to accurately reflect the
standing age structure of the population of inference.
Wolves are believed to have evolved as a largely obligate predator of ungulates, and there exists
a solid body of literature that links wolf densities to kill rates of ungulate prey and between prey
densities and that of wolves (e.g., Bergerud 1988; Messier 1994; Fuller et al. 2003). A numerical
relationship between wolf and possibly bear densities and disturbance by means of ‘bottom-up’
responses in (alternate) prey density is a fundamental tenet of the hypothesis of habitat-mediated
apparent competition as it relates to caribou (Section 3.1.1). While our study area was exposed to
very high levels of landscape disturbance (Chapter 5.0), we did not observe the expected
increase in predator numbers and hence potential to limit the caribou population proposed under
habitat-mediated apparent competition. There are several lines of evidence for what we interpret
as a decoupling in the Saskatchewan Boreal Shield of the predator-prey-disturbance responses
required for the mechanism of habitat-mediated apparent competition to limit caribou population
growth.
In Chapter 8.0 we document established and maintained wolf territory sizes in the Saskatchewan
Boreal Shield, which averaged 3789 ± 670 km2 (𝑥𝑥̅ ± SE, n = 12 packs; 100% minimum convex
polygon [MCP] for unduplicated wolves in packs with at least one full year of data and
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excluding n = 5 wolves [packs] that appeared to have large migratory movements or
exceptionally large territories). These territories are very large within boreal caribou range, and
are at least 3.5× larger than other recorded territory sizes for wolves in the boreal plains. For
example, in northeast Alberta, Latham (2009) documented average territory size (100% MCP) to
be 𝑥𝑥̅ = 1087 ± 452 (95% CL, n = 8 packs), while in west-central Alberta, territory sizes were 937
km2 in the study of Kuzyk (2002). Further, based on a February 2017 wolf-specific survey in the
centre of our study area, the Alberta Biodiversity Monitoring Institute estimated only 3.1 wolves
per 1000 km2 (ABMI 2017, Appendix A). Our pack sizes were also small, with size recorded (n
= 21) at capture ranged from 2–10 wolves with a mean of 4.00 ± 2.32 wolves/pack (𝑥𝑥̅ ± 1 SD; SE
= 0.51). We present a full discussion of why we likely observed the low densities of wolves that
we did in the Saskatchewan Boreal Shield in Chapter 8.0, which was expected based on our
estimated ungulate biomass (kg/km2 of moose + caribou) in the study area and its general
productivity. The large home range sizes of black bears that we observed, which also rank
among the highest ranges observed within the boreal forest for the species (Chapter 9.0), further
supports the notion that the Saskatchewan Boreal Shield is different in terms of productivity
from the (southern) regions where boreal caribou populations are more commonly studied (see
Chapter 10.0).
Another pre-requisite for habitat-mediated apparent competition to act as a limiting factor to
caribou is that landscape disturbance must act to benefit the population growth rate of alternate
prey more than it does for caribou. However, despite the extent of natural disturbance in the
Saskatchewan Boreal Shield, the only other alternate ungulate prey available year-round to
predators, moose, existed at relatively low density: among 13 surveys where moose were
observed in the study area (Table 3.1), densities averaged 45.7 moose/1000 km2. This is the
second-lowest density of moose observed by Messier (1994) in his North American-wide survey
of 33 studies (where both moose and wolves were sympatric). The estimated abundance of
moose is not likely to be able to support high numbers of wolves as ungulate biomass is strongly
correlated with wolf density (e.g., Fuller et al. 2003). Given the limited availability of high
quality habitat for moose in the study area (e.g., deciduous and mixed wood forests, estimated as
~7%) and successional dynamics of the forest (Chapter 5.0), and seasonal presence of wintering
barren-ground caribou in the north and west parts of the study area, the Saskatchewan Boreal
Shield might be better characterized as more of a ‘wolf-caribou’ system as opposed to ‘wolfmoose’ system (Chapter 8.0). This finding may apply to all northern boreal caribou ranges that
border on barren-ground caribou wintering grounds.
As discussed in more detail in Chapter 10.0, at the end of our study we have no evidence that
survival and recruitment rates of boreal caribou in the Saskatchewan Boreal Shield are being
impacted by habitat-mediated apparent competition as it has been applied to explain declines in
caribou populations within the southern boreal forest and Rocky Mountains, i.e., where
anthropogenic disturbance is high relative to natural disturbance (Fig. 2.5). In short, despite
having high levels of habitat disturbance (through fire), the SK1 administrative unit lacks the
predators, lacks the alternate prey, and lacks the demographic characteristics of a population
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being limited by abnormally high predation rates. Our data suggests that we might do well to
reconsider pre-conceived notions about how boreal caribou populations may function where
forest productivity is relatively low and disturbance is almost exclusively driven by natural
disturbance through forest fire. These are the conditions that describe the majority of the
northern boreal caribou ranges in Canada (Chapter 10.0).

Plate 3.1. Two adult female caribou and a 10-11 month old calf of the Saskatchewan Boreal Shield in March, 2018
(photographed from the air while conducting a calf:cow survey). Females are distinguished from males by the black
vulvar patch discernable when running. Photo credit: Clara Superbie.
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4.0 POPULATION GENETICS
4.1 Introduction and Brief Methods
During the course of our research program, we were able to provide 88 blood samples of
captured caribou of the SK1 range to add to a comprehensive caribou genetic research program
led by Drs. Paul Wilson and Micheline Manseau and funded under a distinct NSERC
Collaborative Research and Development (CRD) grant in collaboration with Manitoba Hydro,
Sask Power Inc., Weyerhaeuser Canada, Saskatchewan Environment, and Manitoba
Conservation. Analyses pertaining to the genetic relatedness and migration patterns across the
boreal shield and plains of Saskatchewan and east-central Manitoba, and the Cold Lake Air
Weapons Range of Alberta (Fig. 4.1), were completed by Pauline Priadka as part of her Masters
degree in Natural Resources Management at the Natural Resources Institute, University of
Manitoba. This chapter provides a high-level summary and additional interpretation of this
collaborative work which is included in this report as Appendix B (abstract and hyperlink to a
reprint of Priadka et al. 2018). Please refer to Priadka et al. (2018) for additional details on the
project including methods, results, and conclusions.

4.2 Methods
In brief, we (Priadka et al. 2018)
assessed patterns of spatial
genetic variation on a dataset of
1,221 boreal caribou (multilocus
genotypes) using both nonspatial and spatial clustering
methods (programs
STRUCTURE [Pritchard et al.
2004] and MEMGENE [Galpern
et al. 2014], respectively) to
identify genetic clusters at and
below the population level
collected across 15 caribou
administrative units as identified
in the federal Recovery Strategy
for boreal caribou (Environment
Canada 2012 (Fig. 4.1). We also
estimated pairwise FST among
genetic clusters identified by
STRUCTURE and MEMGENE

Fig. 4.1: Boreal Caribou Administrative Units sampled for analyses of genetic
substructure, relatedness, diversity, and migration in Priadka et al. (2018); see
Appendix B: Fig. 3. The SK1 unit provided 88 samples.
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using SPAGeDi version 1.5 (Hardy and Vekemans 2002). We then computed the number of
migrants per generation (using program MIGRATE, Beerli and Felsenstein 2001; Beerli 2006) to
assess connectivity between detected clusters.
Expected heterozygosity (He), observed heterozygosity (Ho), number of alleles across loci (A),
allelic richness (Ar), and individual inbreeding coefficient (FIS) along with statistical significance
were further calculated using program SPAGeDi. To characterize population structure, we
measured levels of isolation-by-distance within and among clusters using Mantel tests and
applied theory on landscape genetics to further assess levels of isolation-by-resistance among
clusters caused by landscape features.

4.3 Results
Sampled caribou within the bounds of the Saskatchewan Boreal Shield and SK1 administrative
unit (Fig. 4.1, unit 2) clustered most closely with those of the current SK2-Central unit of the
Saskatchewan Boreal Plains (Fig. 4.1, unit 4) compared to any other unit (see Appendix B: Fig.
4). However, even among all the Saskatchewan units, the strength of genetic differences based
on FST values was quite low. SK1 caribou were most distantly related to caribou of the interlakes
region of Manitoba (e.g., Fig. 4.1, units 7, 15). Overall, it was clear that the current 15
administrative units presented in Fig. 4.1 did not reflect the state of genetic interchange and
connectivity of boreal caribou in the region.
The work of Priadka et al. (2018) offers several salient points to consider with respect to the
conservation of boreal caribou in the Saskatchewan Boreal Shield but also west-central Canada,
in general. First, there was no evidence to suggest that the SK1 unit should be further subdivided
based on any genetic isolation of subunits or clusters within the SK1 range (Appendix B: Fig. 5;
also see Figs 4.2, 4.3 and Table 4.1 here). Indeed, our comprehensive analysis of population‐
level delineation based on patterns of genetic variation revealed that current boreal caribou
population units identified in Fig. 4.1 do not capture the connectivity of the larger population and
in fact discrete population boundaries do not exist among units (Appendix B: Figs. 4 and 5 and
Tables 4.1 and 4.2). Not only is there no genetic evidence to suggest subdivision within the SK1
unit, the localized populations in the Manitoba North range (including units 6, 8, 9, 11, 12, 13 in
Fig. 4.1) were found to be too genetically connected to be considered as independent herds. In
fact, even major range divisions of north and south Saskatchewan (SK1 vs. SK2-West, -Central,
-East ranges; units 2, 3, 4, and 5 of Fig. 4.1, respectively) did not reflect the existing genetic
connectivity between these units.
Notwithstanding the low level of genetic differentiation between our groupings, we clustered
caribou of the region (see Appendix B: Fig. 4) into two main clusters (1 and 2: reprinted here as
Fig. 4.2), with 5 higher-order or sub-clusters (1A and 1B [Fig. 4.3]; and 2A, 2B, and 2C [Fig.
4.4]). Caribou samples obtained from the SK1 range almost exclusively clustered into sub-cluster
1B (Fig. 4.3), which also included caribou of the northern half of the SK2-Central unit. Only 4
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Fig. 4.2. First-order cluster assignment of boreal caribou genetic relatedness superimposed over northern
Saskatchewan, northeast Alberta, and northwest Manitoba, based on 1,221 boreal caribou multilocus genotypes as
presented in Priadka et al. (2018); also see Appendix B. Bar plots in the top right represent cluster assignments with
colors corresponding to clusters. See Appendix B for MEMGENE mapping and additional details. Black lines
indicate main roads.

Fig. 4.3. Second-order cluster assignment of boreal caribou genetic relatedness superimposed over northern
Saskatchewan and northeast Alberta using program STRUCTURE in Priadka et al. (2018); also see Appendix B.
Bar plots in the top right represent cluster assignments with colors corresponding to clusters. See Appendix B for
MEMGENE mapping and additional details.
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Fig. 4.4. Second-order cluster assignment of boreal caribou genetic relatedness superimposed over northern
Saskatchewan and northwest Manitoba using program STRUCTURE in Priadka et al. (2018); also see Appendix B.
Bar plots in the top right represent cluster assignments with colors corresponding to clusters. See Appendix B for
MEMGENE mapping and additional details.

samples of the SK1 region were grouped outside of sub-cluster 1B, which were located directly
on the SK-MB border east and south of Reindeer Lake. Sub-cluster 1A (Fig. 4.3) included
caribou largely from the Cold Lake Air Weapons Range in Alberta and Saskatchewan, and the
SK2-West administrative unit. Sub-cluster 2A (Fig. 4.4) comprised caribou from the southern
half of the SK2-Central Unit to the Manitoba border and north to south of Reindeer Lake. Subcluster 2B (Fig. 4.4) included most of the Manitoba North ranges, with some incursion into
eastern SK1 based on a small number of caribou captured at the SK-MB border. The last subcluster (2C, Fig. 4.4) included caribou of the south-east boreal plains caribou of Saskatchewan
including those of the Pasquia Bog and caribou of the Interlakes region of Manitoba. However,
as stated previously, there was very little genetic differentiation among clusters. Statistical
significance was high due to the large sample sizes involved, but effect sizes (i.e., FST
differences) were generally low, especially across adjacent sub-clusters.
Genetic differentiation between evaluated groups or clusters of individuals is often determined
by evaluating pairwise fixation, or FST, differences, when estimated from genetic polymorphism
data, such as single-nucleotide polymorphisms (SNP) or microsatellites (Priadka et al. [2018]
used a microsatellite approach). The FST measure is a special case of Wright's F-statistics and is
one of the most commonly used statistics in population genetics (Holsinger and Weir 2009). A
rule of thumb (Hartl and Clark 1997) is that there is little evidence of differentiation if FST values
are <0.05, with moderate support at levels of 0.05–0.15, and increasing support thereafter.
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Here, we observed that the difference in genetic relatedness between caribou clustered as groups
1 and 2 was small at FST = 0.02 (Appendix B: Table 1, reprinted here as Table 3.1). Between
sub-clusters 1B (SK1 caribou + northern SK2-Central caribou) and 1A (Cold Lake caribou +
caribou
Table 4.1. Pairwise FST values for the two
first‐order genetic clusters indicated by
number (above) and five second‐order
genetic clusters indicated by number and
letter (below) across the study area
presented in Fig. 4.1. Cluster delineation
is depicted in Figs. 4.2–4.4. Presented in
Priadka et al. (2018); see Appendix B for
additional details.

of the SK2-west units), the FST difference was 0.03 (Table 3.1). Between 1B and adjacent sub
cluster 2A (caribou of the southern SK2-Central + SK2-East and a handful of caribou on the SKMB border in SK1), genetic differentiation was the lowest observed (FST = 0.01). Differentiation
was also low between sub-clusters 1B (SK1) and 2B, the latter representing boreal shield caribou
in Manitoba southwest of Reindeer Lake but north of The Pas, Cedar Lake, and Lake Winnipeg
(FST = 0.02). Genetic differences was greatest (FST = 0.05) in consideration of 1B vs. sub-cluster
2C (caribou of the interlakes region of Manitoba and the Pasquia Bog of the SK2-East unit). The
greatest differentiation observed was between the latter sub-cluster and that of 1A (Cold Lake +
SK2-West caribou), at FST = 0.08. Subclusters 1A and 2C were also geographically distant,
supporting isolation-by-distance (IBD) theory.
Table 4.2. MIGRATE results
indicating direct dispersal (est.
number of migrants per
generation) from (column) and to
(row) for each first‐order genetic
cluster indicated by number and
each second order genetic cluster
indicated by number and letter,
for clusters defined in Figs. 4.2–
4.4. Presented in Priadka et al.
(2018); see Appendix B for
additional details.

From

To

What may account for these patterns of clinal variation in genetic relatedness? This is where our
work on migrants per generation was important. Indeed, the low FST difference between sub-
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clusters 1A and 1B appears to be largely as a result of high migration from southwest to the north
(interchange of 6.54 migrants per generation into 1B in the north, from 1A in the southwest, but
only 0.20 migrants per generation in opposition (Table 4.2). Further, migrants per generation
from sub-cluster 1B to 2A and 2B were 8.35 and 9.59, respectively. In reverse, the data suggest
that migrants from 2A and 2B into sub-cluster 1B were 12.49 and 16.45 per generation,
respectively. Notwithstanding bi-directional gene-flow, sub-cluster 1B (comprising the
Saskatchewan Boreal Shield and northern SK2-Central unit) was always a net-recipient of
migrants per generation.

4.4 Discussion
What does this all mean in terms of the conservation status of caribou of the region? First, it
suggests that we could observe no clear differentiation in terms of genetics within samples or
clusters of samples within the SK1 unit despite sampling over a fairly large region (Fig. 6. Of
Appendix B), from the Manitoba border to west of Dufferin Lake, SK. That is, there is no
genetic basis upon which to base a subdivision of the SK1 unit into smaller or discrete
demographic units. Most of the genetic population structure observed was a result of isolationby-distance (IBD) and isolation-by-resistance (IBR), and did not provide support for current
range delineations.
Second, the exchange of individuals was quite high among all sub-clusters. This is important, as
for any individual sub-population, a common rule of thumb holds that one migrant per
generation into a subpopulation is sufficient to minimize the loss of polymorphism and
heterozygosity within subpopulations while allowing for divergence in allele frequencies among
subpopulations (Mills and Allendorf 1996). In other words, none of the sub-clusters identified, or
in fact existing management units presented in Fig. 4.1, appear to be in danger of erosion of
heterozygosity due to isolation and processes associated with genetic isolation, with the possible
exception of sub-cluster 2C in the interlakes region of Manitoba which clearly has restricted
connectivity due to landscape features.
Third, it is clear that gene flow among sub-clusters was not equal in terms of direction of
migration. This is also an important finding: the high levels of genetic relatedness observed was
influenced strongly by a net inflow of migrants from the south, west, and east into the SK1 range
from other units (i.e., into sub-cluster 1B into adjacent sub-clusters). While migrants per
generation was bi-directional, the Saskatchewan Boreal Shield (best described by sub-cluster 1B)
appears to have always been a net recipient of migrants relative to all of the caribou units
adjacent to it for which we had samples. This was not the case for any other sub-cluster
identified in Priadka et al. (2018).
The study of the genetics of west-central boreal caribou by Priadka et al. (2018), combined with
demographic data presented in Chapter 3.0, suggests that not only are caribou of the boreal
shield of Saskatchewan a self-sustaining unit with high genetic interchange within the unit; but
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also that the SK1 unit is a likely and significant net source of migrants to caribou of the boreal
plains (and the SK2-Central unit in particular), and northern units of the western boreal shield
into Manitoba. The SK1 unit may also serve as a refugia to more (anthropogenically) disturbed
caribou units, although this has yet to be tested.
We believe that the Saskatchewan Boreal Shield may be playing an important role in the
conservation of several adjacent caribou populations or management units, as SK1 migrants have
the potential to help maintain populations where local reproductive success fails to keep pace
with local mortality. Hence, conservation objectives aimed at preserving the integrity of the SK1
unit for boreal caribou may benefit multiple caribou units in the region. This may be particularly
important for adjacent caribou units in Alberta (Richardson, East Side of the Athabasca River
[ESAR], and Cold Lake) and the three boreal plains SK2 units, and adjacent southern units in
Manitoba (which will also be supported by the northern shield caribou ranges, e.g., migration
from sub-cluster 2B to 2C; Table 4.2). We encourage further research into how the SK1 unit may
factor into the metapopulation dynamics and hence persistence probability (Hanski 1999) of
caribou of the west-central Canadian boreal shield and boreal plains, but also the likely
supporting roles that intact and large northern boreal caribou units may provide to southern
populations.
Source-sink dynamics based on density-dependence in dispersal (Pulliam 1988) and habitat
selection (McLoughlin et al. 2010) has yet to be applied to our wider understanding of boreal
caribou population viability. At the very least, we should recognize that the SK1 unit is at the
vanguard opposing widespread declines in populations of several adjacent units of the western
boreal plains. While presently characterized as being large and self-sustaining (Chapter 3.0), the
unit has thus far been insulated by unfavourable conditions for predator-alternate prey numerical
responses based on habitat-mediated apparent competition (Chapters 3.0, 5.0, 8.0, 9.0) and,
perhaps more importantly, effects of linear features on predator encounter rates suspected of
increasing non-linearly with the density of anthropogenic features (Chapter 8.0). We argue that
management of the SK1 caribou unit should be managed very carefully in this light, for the sake
of more impacted population units to the south and west.
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5.0 HABITAT CONDITIONS
5.1 Map Products
McLoughlin et al. (2016) presented methods used to derive habitat classes for analyses regarding
habitat selection and development of a new map to use to estimate the availability of habitat to
species in the Saskatchewan Boreal Shield. The maps associated with these data (Figs. 5.1–5.4)
are used in Chapters 7.0, 8.0, and 9.0, respectively, which focus on the ecology of caribou, wolf,
and black bear habitat selection patterns in the Saskatchewan Boreal Shield. Table 5.1 presents
amounts (km2) of each of the habitat classes available across the SK1 unit and for our analyses.
Table 7.1 in Chapter 7.0
presents amounts of
habitat at the scale of our
collared caribou (Fig.
3.4). Note that the raster
layers of Fig. 7.1 (30- ×
30-m pixels) were
derived in a manner that
combined fire history
with the major
vegetation associations
expected to be important
to boreal caribou. See
McLoughlin et al. (2016)
and Stewart (2017) for
additional details. We do
not repeat the full
methods used to develop
these maps here.
Fig. 5.1. Classified map
(187,000 km2) at 30- × 30-m
resolution of various available
vegetation associations
(classes) used to evaluate
habitat selection of female
boreal caribou, wolves, and
black bears in the
Saskatchewan Boreal Shield
(Chapters 7.0, 8.0, and 9.0,
respectively). See Table 5.1.
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Table 5.1. Number of map pixels (30 m × 30 m), area (km2), and percentage coverage of vegetation classes used to
analyze caribou habitat selection for the Saskatchewan Boreal Shield (2016), as it relates to the mapped region of
Fig. 5.1. Habitat classes interpreted as best predicting caribou probability of occurrence (Chapter 6.0) are indicated
in green shading. Data specific to the 90,700 km2 region of Fig. 3.4 are presented in Table 7.1.

Vegetation Class

No. Pixels

Area (km2)

% Total Area

% Land Area

Mature Jack Pine

29884212

26895.8

14.4

21.0

Young-Mid Jack Pine

51945120

46750.6

25.0

36.6

Mature Black Spruce

11911748

10720.6

5.7

8.4

7930118

7137.1

3.8

5.6

10402314

9362.1

5.0

7.3

3666

3.3

0.0

0.0

527753

475.0

0.3

0.4

Black Spruce Swamp (or Bog)

16182026

14563.8

7.8

11.4

Open Muskeg

13217377

11895.6

6.4

9.3

No Data (black)

32752284

29477.1

15.8

n/a

Water

33017291

29715.6

15.9

n/a

1436

1.3

0.0

0.0

Total Area

186997.8

Total Land

127805.2

Young-Mid Black Spruce
Mixed Coniferous-Deciduous
White Spruce
Mixed Canopy Swamp

Sand Dune

(Water and No Data excluded)

Note that different map products were used for the study of ecological successional dynamics
and forest resilience in the Saskatchewan Boreal Shield (Section 5.2, below); and for analyses
directed at understanding the recovery of lichen forage in different stands of forest after fire, as
detailed in Chapter 6.0.
In each year of study, as we experienced fires from 2014–18, we updated the black sprucedominated and jack-pine dominated habitat classes (Fig. 5.2) which were represented by two age
categories and collectively represented 71.6% of the terrestrial land mass: mature forests (>40
years post fire) and young/mid-successional forests (≤40 years post fire). To do this, we first
built fire layers corresponding to fire seasons from July 1–June 30 for each interval 2013–14
(initial year), 2014–15, 2015–16, 2016–17, and 2017–2018. The value for a given 30-m × 30-m
pixel in a fire layer represented the number of years that had elapsed since the most recent fire.
We then combined each seasonal fire layer with habitat class layers to use when comparing
habitat use vs. availability for caribou, wolves, and black bears (Chapters 7.0, 8.0, and 9.0,
respectively). Fire age data was provided by Gigi Pittoello from the Fish and Wildlife Branch of
the Saskatchewan Ministry of Environment and Mike Charlebois and Hans Skatter of Omnia
Ecological Services (Omnia Ecological Services Inc., Calgary, Alberta, Canada). An in-depth
description of the data and the methods used to generate fire layers is provided in Appendix C.

Page 48 of 238

Status of Woodland Caribou in the Saskatchewan Boreal Shield

Fig. 5.2. Forest fire changed the availability of mature forests (aged >40 years) during the course of program. We
adjusted the ages of mature jack pine-dominated and black spruce-dominated vegetation associations based on
annual fire data for use in habitat selection analysis of boreal caribou, wolves, and black bears of the Saskatchewan
Boreal Shield, 2014–18.

Other important datasets used to describe habitat conditions for analyses of habitat selection
including elevation (extracted from raster layers derived from a digital elevation model [DEM]
in ArcGIS®; Fig. 5.3); and vectors of linear anthropogenic features (Fig. 5.4). With assistance
from the Saskatchewan Ministry of Environment, we compiled a map of linear feature density in
the Saskatchewan Boreal Shield. This allowed us to calculate variables known to be important
for habitat selection such as proximity to linear features measured as the Euclidean distance (in
meters) between a point location and the edge of the nearest linear feature. Linear features
included major roads (e.g., all-season highways), minor roads (e.g., all-season roads providing
access to mine sites and communities), municipal roads (e.g., roads within and around residential
areas), winter roads, fire breaks, electrical utility corridors, trails, and geophysical survey lines.
An updated layer of these features was provided for our project by Shawn Francis from S.
Francis Consulting Inc. (Drumheller, Alberta, Canada) and Brent Bitter, Jackie O’Neil and
Andrea Penner from the Saskatchewan Ministry of Environment (Appendix D).
Further to our work on habitat selection of caribou, wolves, and black bears (Chapters 7.0–9.0),
our work on plant community ecology of the Saskatchewan Boreal Shield included the
production of two major works on: (1) the ecological successional dynamics of the forest
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A.

B.

Fig. 5.3. A. Topographic relief typical of the southeast portion of the study area; and B. Elevation at 30- × 30-m
resolution (187,000 km2) derived from a digital elevation model and used to evaluate habitat selection of boreal
caribou, wolves, and black bears in the Saskatchewan Boreal Shield, 2014–18 (Chapters 7.0, 8.0, and 9.0,
respectively). Photo credit: Philip McLoughlin.
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Fig. 5.4. Anthropogenic and linear features used to evaluate habitat selection of boreal caribou, wolves, and black
bears in the Saskatchewan Boreal Shield, 2014–18 (Chapters 7.0, 8.0, and 9.0, respectively). See Appendix D.

(Section 5.2, also Appendix E); and (2) lichen forage and availability (Chapter 6.0). We begin
with a brief summary of the now published study of Hart et al. (2019) in the ecological journal
Global Change Biology (abstract and hyperlink to the article is in Appendix E).
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5.2 Forest Resilience
In McLoughlin et al. (2016) we noted that the fire return interval in the Saskatchewan Boreal
Shield is relatively short, on the order of around 100 years. In brief, in Hart et al. (2019), we
sought to understand how feedbacks between vegetation and wildfire in this system might
mediate or amplify the effects of increased in wildfire activity on forest composition and age
structure. Based on field data collected in summers of 2014–2016 on the composition, structure,
and fire history at 150 sites burned since 1964 (e.g. <50 years old) across the study area, and a
variety of mapping products, Hart et al. (2019) showed evidence for self-regulation of the forest.
That is, a negative feedback on fire frequency exerted through changes in tree species
composition and post-fire fuel availability. Simulation modelling suggested that large changes in
forest structure and composition may emerge when amplified fire activity overwhelms the
constraints of self-regulation. This is important, as the combination of: 1) self-regulation of fire
and 2) vulnerability to state changes when short-interval fires occur, helps to reconcile the
resilience of boreal forests to historically high fire activity with the potential for large changes in
forest structure and composition to emerge when fire activity overwhelms the constraints of selfregulation. This is especially relevant in consideration of the ecological effects of a climatechange driven increases in wildfire activity and the potential for feedbacks between vegetation
and wildfire to mediate the direct effects of climate change on wildfire activity.
From the perspective of caribou, as we point out in Chapter 6.0, the combination of welldrained, low-fertility soils and high rates of natural fire disturbance in the Saskatchewan Boreal
Shield tended to favour one of the main (selected) habitats for boreal caribou (jack pine stands;
57% of land mass [Table 5.1]). Hart et al. (2019) showed conclusively that jack pine forests in
this region are highly resilient to fire and typically self-replace even after short-interval fires. In
fact, conifers heavily dominate the Saskatchewan Boreal Shield landscape to the point that our
maps estimated 7.3% of habitat to be classified as deciduous or mixed-wood forest (Table 5.1).
Young seral stands in the region were often dominated by jack pine or black spruce (Hart et al.
2019), with low availability of deciduous browse, and this has important implications for how
caribou may respond to fire if alternate prey species like moose do not have the same
opportunities to respond to disturbance as in the southern boreal forest. We expand on this
concept in Chapter 7.0, and the implications of this to predator abundances in Chapters 8.0 and
9.0, and habitat-mediated apparent competition in Chapter 10.0.
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6.0 FIRE AND LICHEN FORAGE AVAILABILITY
6.1 Introduction
Further to our work on habitat conditions (Chapter 5.0) and caribou habitat selection (Chapter
7.0), we also examined various aspects of lichen abundance in the Saskatchewan Boreal Shield,
where the fire frequency is high and lichen abundance was previously not well known. This
chapter derives largely from Greuel (2018), and describes the species of common forage lichens
for caribou in the study area, their relative abundance in different vegetation associations and
stand ages, and relationships between terrestrial lichen cover and volume.
Lichens are the product of a mutualistic symbiosis between a fungal component and an alga or
cyanobacterium. The fungus provides structure, the algae/cyanobacteria live within the hyphal
tissue of the fungus and produce food through photosynthesis. The form created by this
partnership is unlike either partner’s original morphology (Brodo et al. 2001). Lichens are
relatively poorly-studied, with new discoveries still being made on their biology and ecology.
For example, recent research suggests that some lichen species also have a third symbiont, a
basidiomycete yeast, in their structure (Spribille et al. 2016). They are highly diverse, with
several morphological types comprising approximately 3600 species in North America (Brodo et
al. 2001). Morphological type is the growth form of the lichen, which includes such types as
crustose (crust-like), foliose (leaf-like) and fruticose (upright or pendulous 3-dimensional
structure). Lichens are a common ground cover type in the boreal forest, in addition to occurring
on other substrates such as soil, rock, deadwood and live trees.
Lichens grow extremely slowly, perhaps only increasing their depth by 2–8 mm per year
(Andreev 1954; Holt and Bench 2008). Following disturbance, most lichens require extensive
time to regrow, although some species and functional groups recover more quickly than others
(Ahti 1959; Brodo et al. 2001; Scotter 1964). The lichen species of highest value to caribou are
pendulous arboreal lichens, and terricolous fruticose lichens (ground-dwelling upright lichens
with a 3-dimensional structure). Terricolous lichens are usually only present in large quantities in
stands that are ~80 years old (Ahti 1959; Schimmel and Granström 1996; Scotter 1964; Skatter
et al. 2014). Considering the fire regime (~100 years) in northern Saskatchewan, this suggests
that few stands will contain large quantities of forage lichens. These lichens form mats on the
forest floor composed of multiple individual thalli, and grow vertically with some lateral
branching. Their growth rate will change slightly throughout their life-cycle, and the base of the
podetia die off at some point, so that accumulation of growth will slow, and eventually, the
biomass of living lichen will cease to increase (Abdulmanova and Ektova 2015; Ahti 1959; Jandt
et al. 2008). This point, known as peak biomass, indicates the time when lichen growth is
equalled by lichen death at the base of the podetial; hence, the biomass of living lichen remains
constant from year to year (Thomas et al. 1996a). This is an important part of lichen biology to
consider when estimating abundance, as it may indicate a plateau in the relationship between
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Plate 6.1. Terrestrial lichen cover in a mature stand of black spruce, Saskatchewan Boreal Shield, 2016. Photo
credit: Ruth Greuel.
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stand age and lichen biomass. Determination of peak biomass includes a depth component,
because vertical growth is an important part of lichen community development (Hammer 2001).
Although lichens in mechanically disturbed areas have been shown to recover within ~10 years
(Tømmervik et al. 2011), fruticose lichens that are destroyed by fire recover more slowly,
perhaps taking up to 30 years to begin regrowth, and reaching peak biomass in ~100 years (Ahti
1959; Andreev 1954; Morneau and Payette 1989). The delay of regrowth after fire may be
because lichens recolonize severely burned areas asexually, via fragments carried by the wind
(Gaare 1997), while in mechanically disturbed areas the fragments are already present (Andreev
1954; Webb 1998). Regardless of disturbance type, lichens grow slowly and it may take many
decades to achieve peak biomass or a point at which the lichen mat is sufficiently large to serve
as forage.
It has long been hypothesized that boreal caribou forage primarily on lichens during the winter
months (Scotter 1964; Storeheier et al. 2003), and more recently it has been shown that lichens
may compose up to 70% of caribou diet year-round (Thompson et al. 2015). This may be
because continued use of lichens is necessary to maintain the gut microflora required to digest
them efficiently (Person 1975; Thomas et al. 1996b). Lichens are high in carbohydrates but very
low in protein, to the extent that caribou eating mainly lichens during the winter will lose weight
and are typically in poor body condition in the spring (Bergerud 1972; Rominger et al. 1996).
Not all caribou rely equally on ground lichens, in mountainous regions arboreal lichens are more
important sources of winter forage for mountain caribou. The mesic environment allows for
faster arboreal lichen growth, and snow accumulation in winter allows caribou to reach lichens
on higher tree branches than in the summer (Rominger and Oldemeyer 1989; Thomas et al.
1996b). In general, lichen abundance differs between regions and in different caribou habitats,
and is not always available. As such, it is possible for caribou to exist without relying entirely on
lichens. Whether or not this is the case in an area will depend to some extent upon the quantity of
available lichen forage (Thomas et al. 1996a; Thompson et al. 2015).
The lichens typically sought by woodland caribou are foliose and fruticose species that grow
either on tree branches (arboreal) or on the ground (terricolous). Of particular interest as
woodland caribou forage are several species of the Cladonia genus in the family Cladoniaceae,
that, until recently, made up the terricolous and fruticose genus Cladina (Brodo et al. 2001).
These are Cladonia mitis Sandst., Cladonia stellaris (Opiz) Pouzar & Vězda, Cladonia
rangiferina (L.) F.H. Wigg, Cladonia arbuscula (Wallr.) Rabenh., and Cladonia stygia (Fr.)
Ruoss. Lichens in the Cladoniaceae family are typically upright thalli, meaning growth is
primarily vertical, with lateral growth occurring at the apical fungal meristem (Hammer 2001).
Lichens of this type propagate across the ground to form mats, not by roots or shoots connecting
thalli to one another, but by multiple individual thalli. Density of both cover and volume can help
a lichen mat avoid desiccation (Roturier et al. 2007), and are thus beneficial to the development
of adequate caribou forage, which may contribute to growth rate consistency in intermediately-
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aged stands (Skatter et al. 2014). However, the mechanisms involved in growth and spread of the
lichen are different (Webb 1998).
Lichens are poor competitors for sunlight and water in many environments because of their slow
growth, but their unique adaptations permit them to compete well in areas where vascular plants
and mosses exist at a disadvantage. Their growth depends to a large extent on the environmental
(abiotic and biotic) characteristics of the forest stand. Lichens are poikilohydrous autotrophs,
meaning that when they are dry, they enter a state of physiological inactivity (Kappen and
Valladares 2007). This makes them very resilient to periods of drought and cold temperatures.
Most lichens must be moist to photosynthesize, although extended periods of saturation will have
negative impacts on growth (Kappen and Valladares 2007; Lange et al. 2001). Although these
relationships are complex and tend to vary among species, they suggest that environmental
characteristics such as canopy cover, age and moisture are important for lichens (Boudreault et
al. 2015). Understanding how these variables influence lichen abundance is crucial.
6.1.1 OBJECTIVES
Gathering forest inventory data is time-consuming and can be challenging. Often, cryptic or nonmerchantable components (such as lichens) of the forest are under-studied. Here we determined
allometric relationships for lichen to enable more accurate calculations of forage availability
(kg/ha) from raw abundance estimates: between area and biomass, and between volume and
biomass of forage lichens. While allometric equations for similar groups of species can be used
in different regions, it is better to use ones developed specifically for the region in question (Joly
et al. 2010; Moen et al. 2007). Lichens of the same species can have different densities in certain
regions; for example, tundra lichens are heavier than their southern counterparts (Andreev 1954).
As lichen communities differ greatly across the boreal region, the use of these equations were
limited to the most common species of terricolous forage lichens in northern Saskatchewan’s
Boreal Shield Ecozone.
Patterns of lichen succession from eastern Canada (Ahti 1959; Maikawa and Kershaw 1976) may
be poor representations of forest dynamics in northern Saskatchewan, where high fire frequency
and therefore shorter time frames for succession must be taken into account. Lichens may occur
in younger stands in moderate quantities, but it is unclear at what point lichens become useful to
caribou as a food source. The fact that there are caribou in this area suggest that more lichen
forage may be available in the Saskatchewan boreal shield than fire frequency would suggest, or
that caribou in this area are not relying primarily upon lichen, or some combination of these
possibilities. The method of estimating lichen abundance through time using stands of many ages
is a chronosequence approach, or space-for-time substitution. A chronosequence is a method of
accounting for stand age without following individual stand development through an entire fire
cycle, and they allow for large quantities of data to be collected efficiently in a limited time
frame (Walker et al. 2010). The limitations of this approach include the assumptions that
ecological succession is occurring, and that sites with similar history and composition follow
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similar trajectories, including the occurrence of stochastic events. However, when the time scale
is measured in decades, the use of a chronosequence is often the only way to acquire data in a
reasonable time frame. We currently do not know the amount of forage lichen available to boreal
caribou in northern Saskatchewan, which consists of many different ages and types of forest.
Thus, a central objective of our work is to sample lichen abundance across a range of stand ages
and types to acquire data for the breadth of conditions across the region, to better predict and
understand lichen succession and availability for caribou. Furthermore, we link environmental
covariates to identify patterns and thresholds of caribou forage availability.
6.1.2 HYPOTHESES AND PREDICTIONS
Lichen biomass, as with most plant matter, is linked to the quantity of matter that is present that
can be measured using an estimate of area or volume occupied by the lichen. Knowing this, it
should be possible to determine lichen biomass abundance using a measure of quantity. We
hypothesized that lichen biomass would be related to lichen area and to lichen volume. We
predicted that area measures would exhibit reasonable fit with biomass data for destructive
samples of lichen biomass because in most stands, cover has a wider potential range of variation
than depth does. However, we predicted that a measure of volume would lead to overall higher
biomass estimates and a better degree of specificity because it is a more complete measure of the
quantity of lichen available. Rather than just displaying patterns in dispersal of lichens, volume
will show differences between the growth patterns in different stand types, both in terms of
percent cover (distribution over the ground surface) and accrual of height.
As lichen growth is so closely related to forest stand characteristics because of their unique
limitations and adaptations to adverse conditions, we hypothesized that lichen abundance will be
closely linked to several variables. We predicted that older stands (90+ years) would support the
greatest quantity of ground lichen because of the slow growth rates of lichens. This age was
suggested by Skatter et al. as the end of the intermediate age group, although some variation is to
be expected (Skatter et al. 2014). However, we also predicted that this would depend to a large
degree on stand characteristics, as these are essentially what determines habitat suitability for
lichens (Carroll and Bliss 1982; Scotter 1964). We predicted that high values of basal area
density will have negative consequences for lichen abundance, as this indicates decreased light
availability (Hart and Chen 2006; Mitchell and Popovich 1997). Lichens are unable to thrive in
closed canopy conditions (Kershaw 1977), and mechanical canopy opening has been shown to
stimulate lichen growth (Boudreault et al. 2013). However, this will likely interact with stand
age, as young stands which have low basal area density because of a recent fire will also have
low lichen cover because of their young age.
Areas which are farther north may support communities with higher lichen abundance, as these
areas may tend to have sparser trees (allowing for more light to penetrate to the understory and
may experience more frost events (which lichens can survive if dry). The density of trees may be
linked to shorter growing seasons, and high lichen abundance could be associated with longer
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days during these short growing seasons. Areas with the slowest growth rates, the farthest north,
have been found to have the shortest lichen but also relatively heavier lichens (Andreev 1954),
which is an unexpected effect of northing which may be concealed within this variable. Easting
is unlikely to be an informative variable as the range of values is not as high as that of northing,
but has been included as the areas farthest west occur in a different subregion (Athabasca Plain)
from the rest of the study area (Churchill River Uplands). This indicates slightly different
topography and precipitation patterns.
Lichens are highly tolerant of desiccation, and therefore areas with lower soil moisture may be
able to support high lichen abundance due to lack of competition (Kranner and Grill 1997). At
sites which are nutrient poor or dry and sandy, lichen will be more likely able to outcompete
mosses or vascular plants (Bonan and Shugart 1989). However, while water is a crucial factor in
lichen biology and understory composition, one study on environmental gradients in lichen
communities failed to find any change along a moisture gradient, perhaps because of the
occurrence of lichens in both very dry sites and wet sites underlain by permafrost (Lechowicz
and Adams 1973). Because ecological variables are often correlated, interactions may exist
between many of the explanatory variables. Moisture will also affect basal area and time since
fire, in that wetter sites are less likely to burn frequently, and growth rates for trees will be lower
at very high moisture (Bonan and Shugart 1989). Time since fire will affect basal area, as very
young stands have not had time for trees to grow, moderately aged stands may have very thick
cohorts of saplings/young trees, and old stands may have larger but fewer trees (Morneau and
Payette 1989). It will also be affected by stand type to some degree, through succession.
I predict jack pine stands would show high lichen abundance, especially when tree density is
low, because of increased light availability, typically mesic or xeric moisture regimes, and
relative lack of plant cover found in these stands. Understanding the types of stands that contain
high lichen biomass will be important in the designation of boreal caribou critical habitat and
will be useful for future management.

6.2 Methods
6.2.1 STUDY AREA
The study area was a subsection (~65,800 km2) of the Boreal Shield Ecozone in northern
Saskatchewan, Fig. 6.1). The Boreal Shield occupies 187,000 km2, and is divided into two main
ecoregions. The Churchill River Upland comprises the southeast portion of the ecozone,
composed of Precambrian Canadian Shield bedrock, with rocky outcrops and high relief. The
Athabasca Plain is the ecoregion in the northwest, which has a more homogeneous topography
and is mainly composed of sandstone (Acton et al. 1998). The study area is mostly located in the
Churchill River Upland Ecoregion. This area is relatively dry, like much of the western boreal
forest, experiencing long and cold winters with relatively little snow (average snow depth across
6 winter months in Key Lake, SK, is 35 cm) and a short growing season with long days (Acton et
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al. 1998; Environment Canada 2015). Annual precipitation is low but occurs along a latitudinal
gradient with the highest precipitation occurring in the south. Of total annual precipitation, 66%
falls as rain (Environment Canada 2015). The dominant tree species are jack pine (Pinus
banksiana Lamb.), which tends to occur on more xeric soils; and black spruce (Picea mariana
(Mill) BSP), which favours mesic soils (McLaughlan et al. 2010). Less common tree species
include trembling aspen (Populus tremuloides Michx.), white birch (Betula papyrifera Marshall),
tamarack (Larix laricina (Du Roi) K. Koch), and white spruce (Picea glauca (Moench) Voss).
These form a mosaic of differently-aged mixed and pure stands across the landscape (Acton et al.
1998).
Sites within the study area were selected by stratified random sampling using remote sensing
before the start of the 2014 field season, to account for the different levels of anthropogenic and
natural disturbance present across the study area (Johnstone and McLoughlin 2013). The strata
were: young fire, old fire, and mature. The mature stratum was further divided into jack pine,
black spruce, deciduous and wetland. Sites were pre-selected within each stratum, also using

Fig. 6.1. Map of study area in the Boreal Shield ecozone of northern Saskatchewan. Inset map shows location of
study area in relation to western Canada and the Boreal Shield Ecozone. Grey shading is a Digital Elevation Model
(DEM) representing terrain. DEM from United States Geological Survey (USGS) National Elevation Database,
Ecozones of Canada layer from the Environmental Systems Research Institute (ESRI). Place names in yellow
indicate approximate locations of large lakes around which sampling occurred. Geographic coordinate system:
GCS_North_America_1983. Datum: D_North_America_1983. Projection: NAD_1983_UTM_Zone_13N.
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remote sensing. The expected type of each site from the stratification was not always correct, we
encountered more young stands than expected. Sites were first masked for accessibility based on
waterbodies, although some lakes were accessible by vehicle and some by floatplane.
6.2.2 FIELD SAMPLING
The study area was sampled by field crews in 2014, 2015 and 2016 (n = 92, 114, 106
respectively) for a total of 312 sites (Fig. 6.1). Field sampling was undertaken by a team of 6 in
2014, and a team of 4 individuals in 2015 and 2016. We participated in sampling in 2015 and
2016. Sites selected in the stratified random design were designated with UTM coordinates,
which provided the location of the southwest corner of a 10 m × 10 m plot aligned to compass
cardinal directions. All four corners were further delineated into 2- × 2-m subplots for density
estimates, and the northwest and southeast corners for vegetation composition. We measured
forest attributes in each plot such as soil moisture, soil type, tree density and vegetation
community composition. Using these characteristics, we determined the ecosite type following
the Forest Ecosite Classification (FEC) of Saskatchewan system (Jiricka et al. 2002;
McLaughlan et al. 2010).
Every strata (trees, seedlings, saplings of each species) were sampled when there were more than
three individuals present within that stratum. Sampling involved measuring diameter at breast
height (DBH) and height within subplots until 8 individuals had been measured for each strata,
or within the entire plot if there were not enough individuals of the stratum present in the
subplots. Values of DBH for all trees were used to determine basal area density of live trees
(cm2/m2). Individuals were counted as seedlings if <1.3 m tall, and saplings if >1.3 m tall with a
DBH <5 cm. Trees were defined as individuals taller than 1.3 m with a DBH of >5 cm.
To establish an estimate of fire history and stand age, four trees of both the dominant and
subdominant canopy species (when applicable) were cored (the 2nd closest of each species to
each corner) at breast height and at the root collar. In addition to tree cores, we cut disks from
saplings and seedlings at the root collar to obtain the ages of these trees. Stand ages were
calculated from tree core and disk samples by first mounting cores on boards to prevent
breakage, sanding both the disks and mounted cores using a belt sander, with progressively finergrained sandpaper, then scanning disks and cores on a scanner to load images to the computer.
WinDendro™ (WinDendro 6.11, Regent Instruments, Québec) was used to count annual growth
rings, and corrections were applied for distance above root collar. Seedling rings were counted
using a microscope. Time since fire and time since stand-replacing fire were both determined in
this procedure, using burn scars to differentiate. If burn scars were present in the sample, their
location marked the time since the most recent fire. The total number of rings of the oldest tree
indicated the last stand-replacing fire.
For soil data, our field protocol differed from the FEC protocol (Jiricka et al. 2002) in that we
excavated two soil pits per plot rather than one. We excavated these soil pits to a depth of 1.2 m
or as deep as possible (before hitting bedrock or the water table) and soils were assessed for
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texture, moisture regime and parent material. These pits were located just outside the plot beside
the NE and SW corners, to avoid interference with vegetation estimation in the main plot. We
classified moisture regime according to the FEC handbook, with 11 classes ranging from Dry to
Very Wet (Jiricka et al. 2002). If mottling or gleying was apparent, we recorded this as well.
We determined vegetation community composition in the two 4 m2 subplots by estimating cover
classes (Table 6.1) for general ground cover (moss genus, lichen, rock, litter, woody debris,
organic soil and mineral soil), and vascular plant species. Additionally, we estimated percent
cover of each lichen species group separately within these plots and measured the depth of each
lichen species group. Measuring the depth of the lichen entailed pushing the ruler down to the
base of the lichen, which was typically the surface of the soil, and repeating this several times for
each species and taking the average lichen thallus height (including live and dead material). In
some cases where the lichen mat was very deep and the base of the lichen was decomposed, we
considered the base of the lichen to be where the structural integrity of the lichen failed and it no
longer had a cohesive structure. These detailed estimates of lichen cover and depth were later
used for extrapolation to estimates of stand-level lichen abundance. When unknown plant or
Table 6.1. Cover classes for vegetation and ground cover estimation, class 0 is only applicable to vegetation
estimates, not to ground cover. Adapted from FEC field handbook (Jiricka et al. 2002).

Class
0

Description
< 1 %, only one individual of the species

1

< 1 %, more than one individual of the species

2

≥ 1 and < 5 %

3

≥ 5 and < 15 %

4

≥ 15 and < 25 %

5

≥ 25 and < 50 %

6

≥ 50 and < 75 %

7

≥ 75 %

lichen species were encountered, we collected voucher specimens to be identified later. We
estimated canopy cover of trees taller than 1.3 m in the main plot both as cover class of
individual species, and as a percent of the total canopy.
Of the Cladonia spp. in this area that are most commonly used as forage, two species were
lumped with others (C. arbuscula with C. mitis, and C. stygia with C. rangiferina) as these are
difficult to distinguish in the field (Table 6.2). Another lichen that is important as forage is
Cladonia uncialis (L.) F.H. Wigg., which was not included in the Cladina genus but has a
similar growth form as these: fruticose but with a more limited branching structure. Cladonia
uncialis has been shown to be a much-preferred forage type in some areas and is very common
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in northern Saskatchewan (Bergerud 1971; Brodo et al. 2001). Kumpula et al. (2000) also used
this grouping of 4 species in a study done in Finland in 2000. Henceforth, in this document
“species” can be taken to mean species or lumped species group.
In addition to percent composition estimation in subplots, we collected a destructive biomass
sample of ground lichens semi-opportunistically at approximately every third plot. This sampling
plan was selected to ensure a good representation of lichen cover types across the study area
while minimizing sampling bias. Taking samples from every plot visited would have required
more field storage capacity than was available, and lab processing is prohibitively timeconsuming. Samples were 20- × 20-cm areas of ground cover that appeared to visually represent
the lichen community in the plot, and typically contained several species. This method

Plate 6.2. Terrestrial lichen cover in a mature stand of black spruce, Saskatchewan Boreal Shield, 2017. Photo
credit: Philip McLoughlin.
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Table 6.2. Lichen species groupings used in the field, from plot sampling in the Saskatchewan Boreal Shield, 2014–
2016.

Lichen species

Includes

Cladonia mitis

Cladonia mitis &
Cladonia arbuscula

Cladonia stellaris

Photo

Cladonia stellaris

Cladonia rangiferina

Cladonia rangiferina &
Cladonia stygia

Cladonia uncialis

Cladonia uncialis &
Cladonia amaurocraea
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does involve some bias, in that the observer selecting the sites must be careful to select sites that
have low, moderate and high lichen abundance, to maximise the variability of the total sample
collection. However, the fact that sample storage was extremely limited, necessitated this type of
selection on the part of the observer. True random sampling would require far more samples to
adequately account for the range of variation in lichen abundance. The area for the sample was
delineated with a folding ruler to ensure a consistent plot size. We estimated the percent cover
and measured the average depth of each lichen species or species group. Depth of the lichen
carpet was estimated as above. We took a picture of each sample in situ for future reference. We
cut the samples out from surrounding vegetation using a serrated knife to ensure precise edges
and stored them in labelled paper bags for transport. Upon return to the lab, destructive lichen
samples were stored in an air-dry state at ambient room temperature in a well-ventilated space.
6.2.3 LAB METHODS (ALLOMETRY)
We sorted the destructive lichen samples collected in the field one at a time to species. Nonlichen components such as leaf and needle litter, moss and soil were discarded. We put these
samples into a drying oven (VWR International, LLC) at 30 ˚C for 24–48 hours, and then
weighed them to the nearest 0.001 g.
Only 2015 (n = 42) and 2016 (n = 30) lichen samples were used as they were the only ones with
depth measurements and consistent plot size. In 2014, depth was not measured, and plot area was
not standardized so we chose to exclude these samples from allometric equation creation. Based
on studies suggesting that the Cladonia species are the most valuable to woodland caribou, we
chose to focus on the previously mentioned 4 species, as a total.
Both live and dead components of the lichens were included, as caribou likely also ingest the
basal necromass while foraging (Storeheier et al. 2002a). It is difficult to distinguish live from
dead, and a section of lichen may only live for 9–13 years before it dies, but remains palatable
and nutritious thereafter before becoming necromass (Andreev 1954). Therefore, as mentioned
previously, the height measurement in the field included dead biomass, as it was hard to
accurately assess the change point between live and dead. Basal necromass that was badly
decomposed and had little to no discernible structure was excluded.
6.2.4 ANALYSIS (ALLOMETRY)
Allometry is the study of correlations between size-based measures, or how one attribute of an
organism changes as its size or shape changes (Enquist and Nicklas 2001; Gould 1966). To
develop allometric equations we used measures of abundance density: biomass, volume and area
were all standardized per unit area (m2 or cm2). This followed the units used in other studies
(Kumpula et al. 2000; Moen et al. 2007). We produced one allometric equation for lichen areabased density measurements (cm2/cm2) and one for lichen volume-based density measurements
(cm3/cm2), relating both to biomass abundance density (g/cm2). Some studies of lichen
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abundance focus only on area-based measurements; however, in this study we produced both
types of equations to determine whether volume is a better predictor of biomass. We
hypothesized that, given the horizontal and vertical growth habits of ground lichens, volume
would yield more accurate biomass estimates, as it involves a measure of lichen height (or depth
of the lichen carpet). Nonetheless, there is also value in presenting allometric relationships for
cover/area measurements as that has been used in other studies for estimating lichen biomass,
and is a quicker measurement to take (Dunford et al. 2006; Sylvester and Wein 1981; Thomas et
al. 1996a). The species groupings were also summed to obtain the highest possible sample size
(n = 72) after testing each grouping individually. While each species group showed reasonable fit
when plotted alone, a higher R2 was obtained by using total lichen of the four species groups
(Appendix A of Greuel 2018).
We tested different forms of transformations and equations including linear models with raw or
log-transformed biomass and volume, power functions, and models with and without the
intercept coerced to zero, several of which are presented in Appendix A of Greuel (2018). An
intercept of zero implies that a value of 0 for lichen volume or area will correspond to a value of
0 grams of biomass. We assessed whether a power function would be appropriate for allometry
by plotting the natural logarithm of y (biomass/area) against x (area/area and volume/area),
which is a standard method in allometry (Gould 1966; Zar 1968). As this linearized the
relationship in neither case, We determined that a power law function resulted in overfitting of
the data and therefore an equation of the form y = mxb was inappropriate. Furthermore, in the
case of area-based estimates, as our samples are very small (400 cm2) it is ecologically very easy
to reach 90–100% cover in small areas, but this is likely not the case on a larger scale, and so our
samples, while useful for development of the allometric relationships, may not be ecologically
relevant.
We selected a linear model for each candidate species/group, and decided to avoid
transformation to ease the interpretation (Packard 2013). Because the equations are based on
small quantities of lichen, the influence of several high-volume points proved to be strong,
(particularly sample 2015-073). Regardless, We chose to keep this site in the analysis, as it was
not an error in data collection but rather represented an unusual type of site. In the area-based
equation, removal of the outlier improved the R2 of the relationship (from 0.80 to 0.85) but in the
volume-based equation, removal slightly worsened the R2 of the relationship (0.91 to 0.90).
Several sites (called ‘X’ sites) were selected opportunistically to capture high-volume samples,
and at two of these a destructive sample was taken. We tested the equations with the removal of
these non-randomly sampled sites, and they did not alter the R2 value or the slope of either
equation (see Greuel 2018). These destructive samples taken at opportunistic sites were also not
outliers as expected; the real outliers present were, in fact, part of the stratified random sampling.
After equations were developed they were applied to subplot-level estimates of lichen area and
volume and extrapolated to kg/ha units to determine stand-level lichen abundance.
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6.2.5 BOOSTED REGRESSION TREES
I used boosted regression trees (BRTs), also known as gradient boosted models (GBM) to parse
the relative influence of environmental covariates on 4 separate response variables: percent cover
of lichen and volume of lichen, both in all stands and in jack pine stands. This technique has
been gaining in popularity recently (Derville et al. 2016; Elith et al. 2008a; Elith and Leathwick
2017), in part because of how it differs from traditional statistical frameworks such as linear
modelling or generalized linear modelling (GLM) or information theoretic approaches such as
AIC (Akaike’s Information Criterion; Burnham et al. 2011; Burnham and Anderson 2004).
Rather than building strictly from a priori hypotheses, BRTs assume the system in question is
complex and unknowable to some degree, and seeks to identify patterns within datasets rather
than testing various models against each other to determine which best fits the data (Elith and
Leathwick 2017). The construction of these models can be guided, to some extent, by a priori
knowledge, but the main advantage of this technique is that it can aid in visualizing patterns,
thresholds and trends without building from previous findings. It is also useful for assigning
relative importance to each covariate, identifying the most important variables. BRTs combine
many weak learners (decision stumps) together to create strong learners (regression trees). At
each step (adding a new tree), the BRT models the residuals and uses that information in
selecting the next step, decreasing predictive error iteratively. This is the “boosting” component
(Leathwick et al. 2006). Each new tree is built by selecting an environmental covariate on which
to split the tree, as in traditional classification and regression trees. The number of times a
covariate is selected will determine its relative importance overall. BRTs handle non-normal
(skewed) data, outliers and complex interactions very well, which are all major advantages over
the earlier methods described above (De’ath 2007; Elith and Leathwick 2017). We used the
packages ‘gbm’ (Ridgeway 2017) and ‘dismo’ (Hijmans et al. 2017) in R open-source software
(R version 3.2.3, R Core Team 2015) to create BRTs relating environmental covariates to
response variables describing lichen abundance (R Core Team 2015). We also used package
‘corrplot’ to determine and visualize collinearity between covariates (Wei and Simko 2017).
The environmental covariates used in the construction of the boosted regression trees were time
since fire, time since stand-replacing fire, geographical location recorded as Universal
Transverse Mercator (UTM) Easting and UTM Northing, moisture regime, basal area density,
canopy dominance and stand type (Table 6.3). Basal area density was used as a proxy for light
availability, as canopy cover values were highly subject to observer bias, and it has been shown
that basal area density is a reasonable proxy for canopy cover in coniferous species (Cade 1997;
Mitchell and Popovich 1997; Strong 2011). Canopy dominance and stand type are collinear, so
we selected the one which increased the percentage of explained error the most. These are not
necessarily a problem for BRT, but exclusion of collinear variables can help with interpretation
of the final model. Canopy dominance is a derivative of stand type, with stand type being a
factor with 10 levels and canopy dominance a factor with 5 levels. FEC type was not used as a
variable, as this system of forest classification proved to be a poor representation of forest type
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for many of the stands we encountered, particularly for young stands (<15 years old). Stand type,
created by rule-based classification, was selected via stepwise removal testing as the better
variable for “forest type”, as it contains relatively more information (moisture regime is
incorporated).
Time since fire and time since stand-replacing fire are strongly collinear, with a Spearman
correlation coefficient of 0.79. Time since fire is likely to be a better predictor than time since
stand-replacing fire when determining lichen abundance for both percent cover and volume
measures, as we believe lichens are susceptible to even mild fires. Therefore, we selected time
since fire as the most relevant measure of stand age after testing models with each. The use of a
chronosequence approach or space-for-time substitution involves using multiple stands of
different ages and relies upon the assumption that stands sharing major characteristics such as
topography and moisture regime will be similar. However, sites are not identical, and some
variability is to be expected (Walker et al. 2010). Lichens grow very slowly; therefore, older
stands will contain more lichen. They are considered a fine fuel type based on their small stature,
and have intermediate flammability, thus, even non-severe fires that do not destroy the trees in
the stand are likely to wipe out these lichens (Sylvester and Wein 1981). Because of their growth
form, burning in non-severe fires will be limited to the top layer of the lichen mat, which will
nonetheless likely destroy the regenerating ability of the lichens. The effect of stand age will be
modified by environmental characteristics not directly linked to disturbance, such as humidity,
occurrence of frost and drought, and other environmental conditions.
Geographic location was used in the models as two separate covariates, northing and easting.
Easting may be a proxy for the effect of different ecoregions, as the sites which were furthest to
the west occurred in the Athabasca Plain and the rest of the sites were in the Churchill River
Upland. The effect of moisture will be moderated by other environmental conditions. Therefore,
rule-based classification of stand type was based upon canopy species dominance and moisture
(Table 6.4). Effects of this variable on lichen abundance will likely be caused by the factors that
are implicit in the stand type, rather than the stand type itself. Therefore, stand type on its own is
not necessarily an explanatory variable for lichen abundance, but types such as jack pine (dry,
open) will support the most lichen. For analyses, both stand type and the combination of
moisture and canopy dominance were tested but only one of these was used in the final model.
We calculated McCune’s heat load index (HLI) for every plot to account for slope and aspect
(McCune 2007; McCune and Keon 2002). Aspect requires transformation before use in a model,
as both 1˚ and 360˚ indicate north. Being able to include degree of slope and latitude in the
calculation is another benefit. Heat load index is unit-less and ranges from 0.0–1.0, with 1.0
having the greatest heat load.
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Table 6.3. List of predictor variables used initially in the boosted regression trees. Bolded names indicate variables
that were included in at least one final BRT.

Variable

Type

Derivation

Mean (range)

Units

Time since fire

Numeric

Tree cores

41.5 (1–216)

Years

Time since standreplacing fire

Numeric

Tree cores

53.1 (1–216)

Years

UTM northing

Numeric

GPS point

6317898

Meters

(6145025–6492023)
UTM easting

Numeric

GPS point

539049.4

Meters

(364224.7–687043.3)
Moisture regime

Numeric

Soil pits

4.3 (1–11)

Ordinal classes
(1-11)

Basal area density

Numeric

DBH of trees in plot

9.3 (0–41.66)

cm2/m2

Canopy
dominance

Factor

Simplified stand type

NA

Categorical

Stand type

Factor

(5 levels)
Rule-based
classification (Table
6.4)

NA

Categorical
(10 levels)

McCune’s Heat
Load Index

Numeric

Calculated

0.5 (0-1.0)

NA

Last fire type

Factor

Calculated

NA

Binary (0,1)

We incorporated into our models the last fire type a dummy variable (0,1), coded for whether the
most recent fire was stand-replacing or not. A value of 1 indicated that the most recent fire had
destroyed the existing trees and initiated stand replacement, and a value of zero indicated that the
most recent fire was not severe enough to destroy the existing trees. While we believe time since
the most recent fire is the best measure of stand age as even mild fires will destroy the lichen
mat, we wanted to account for effects of last fire severity in the model.
We built four BRTs, one for percent cover in all stands, one for volume in all stands, and one of
each (percent cover and volume) for a subset of the data that included only jack pine stands. The
response variable for the first BRT was total percent cover (summed) of the four Cladonia lichen
species groups that represent the principal sources of caribou forage (C. mitis/arbuscula, C.
stellaris, C. rangiferina/stygia and C. uncialis). Percent cover was chosen as it is somewhat more
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intuitive when considering stand-level lichen cover. The second BRT shared the same
environmental covariates but the response variable was volume (cm3/m2) of the four Cladonia
lichen species groups. Attempting use of cm3/cm2, as in allometric equation development, made
raw deviance values very large and unwieldy, and so we chose to use cm3/m2 to simplify.
Measures of lichen area and volume were used directly rather than the derived biomass estimates
as these analyses were done concurrently. Also, it is more direct to predict abundance of lichen
based on actual estimates from the field rather than biomass calculated indirectly, and
extrapolation can be performed later if desired. The BRTs for jack pine stands both included a
covariate which was not included in the BRTs for all stand types ‘last fire type’. Last fire type
was a factor coded for whether the most recent fire had replaced the trees in the stand or had
simply scarred them and left them living. This covariate was tested in all BRTs but was
irrelevant for the two BRTs for all stands (relative influence = 0%).

Plate 6.3. A large, stand-replacing fire scar in the Saskatchewan Boreal Shield, as observed in spring, 2016. Photo
credit: Kathrine Stewart.
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Table 6.4.Classification of forest stand types used in boosted regression trees. This is a rule-based classification
based on forest plots surveyed between 2014–2016 (n = 312) in the Saskatchewan Boreal Shield.

Cover type

Forested

Drainage

Tree species dominance

Poorly-drained nonforest

nonforest

poorly-drained

NA

Well-drained nonforest

nonforest

well-drained

NA

Deciduous

forest

either poorly- or
well-drained

≥75% deciduous

Mixed conifer

forest

either poorly- or
well-drained

<75% black spruce or jack pine but ≥75%
black spruce or jack pine combined

Hardwood-conifer

forest

either poorly- or
well-drained

<75% deciduous or conifer

Jack pine

forest

either poorly- or
well-drained

≥75% jack pine

Poorly-drained black spruce

forest

poorly-drained

≥75% black spruce

Well-drained black spruce

forest

well-drained

≥75% black spruce

Selecting the appropriate values for parameters of a boosted model is important. Two parameters
in particular must be defined (learning rate and tree complexity), while others can usually be set
at their defaults (Leathwick et al. 2006). The learning rate or shrinkage rate (lr), is the
contribution of each weak learner (single decision tree) to the BRT as it grows and can range
between 0 and 1 (Elith et al. 2008a). Typically, a smaller learning rate will translate to a larger
optimum number of trees and more accurate predictions, although making it more
computationally expensive (Friedman 2001). We tested learning rate values of 0.0001, 0.001,
0.005 and 0.01. It appeared that 0.001 was the most appropriate value of learning rate, allowing
the optimal number of trees to consistently rise above 1000, which is a suggested rule of thumb
(Elith et al. 2008b). Studies often do not control or fix the number of trees if they are between
1000 and 10,000, and if they remain relatively consistent between runs (Chung 2013; Elith et al.
2008b).
Tree complexity sets the interaction depth (number of nodes) allowed at each node of the BRT.
Interactions are handled well in BRT; however, caution must be exercised to avoid overfitting
the model. Functions for detecting interactions in BRTs are able to accommodate complex
interactions, however, are only able to visualize 2-way interactions, and therefore variables
involved in 3-way interactions must be inferred from this (Elith et al. 2008a; Lampa et al. 2014).
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Friedman’s H measures the fraction of variance captured by the interaction between two
variables that is not captured by the two variables independently (Friedman and Popescu 2008).
A value of Friedman’s H of zero indicates no interaction. Interactions must be between variables
explaining a high proportion of the variance. We have chosen to only present in detail the
interactions that explained more than 10% of the variance, as this variance is already present in
the model, within the individual variables’ relative influence (Elith et al. 2008b). Interactions are
quantified using a grid of the variables and relationships measured with a linear predictor,
separately from individual variables’ relative influence (Chung 2013; Elith et al. 2008a).
In selecting parameters, we aimed first for an optimum number of trees to be greater than 1000
and less than 10,000. Most parameter combinations we selected allowed for that, and those that
created small or overly large numbers of trees were eliminated. For tree complexity, a value of 1
led to overly large numbers of trees, and somewhat variable/unstable model results in all cases.
We achieved stable results with a tree complexity of tc = 3 for percent cover, and tc = 2 for
volume. The best combination of parameters and explanatory variables for both types of models
(either having percent cover or volume of lichen as the response variable) were those in which
collinear variables had been removed.
Other parameters may also be modified to ensure they are appropriate for the data and model to
be fitted; however, in this case they were mostly left at their defaults. These parameters include
but are not limited to: number of initial trees to fit, step size, number of cross-validation folds.
The response to each explanatory variable can be constrained to be either positively monotonic
or negatively monotonic or left unconstrained. Monotonic (unidirectional increase or decrease)
constraints are applied to continuous variables, where appropriate, based on the initial run of the
boosted regression tree function and a priori knowledge of the system. Northing and easting
exhibited an overall pattern of positive monotonicity (increasing, without decrease), as did time
since fire and time since stand-replacing fire. We chose not to constrain basal area density
monotonically, as lichen biology suggests it should show a unimodal relationship: both low and
high values of basal area density leading to worse conditions for lichens. For example, conditions
may not be right for growth in extremely open areas, or in very dense areas because of
insufficient light and competition with moss (Maikawa and Kershaw 1976; Morneau and Payette
1989). Moisture, an ordinal factor (11 classes) initially showed highly variable relationships with
lichen percent cover, and was used in preliminary models as a continuous variable. It was not
constrained monotonically, as its relationship with lichen abundance is variable and relatively
unpredictable. Lichens overall are more tolerant of extended dry periods than most vascular
plants and bryophytes, as they go into a dormant state (not expending energy) when conditions
are unsuitable. The moisture variable was removed from the analysis after the first few models,
as it is closely tied to vegetation community type and is accounted for in the stand type variable.
Some researchers also trim their BRTs to exclude variables explaining less than 10% of the
variance (Elith et al. 2008a; Wang et al. 2015); however, this is optional and in analyses with few
variables, there is little value in simplifying (De’ath 2007; Derville et al. 2016), and so we left
these variables in.
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The output of a boosted regression tree includes raw deviance (error) values, so for ease of
interpretation we converted them into percentage values (percent error explained, or pseudo-R2)
and used these to assess model performance. Pseudo-R2 is calculated from the training error,
while cross-validation pseudo-R2 corresponds to test error, or, the error encountered when the
model is run on the holdout set at each fold of cross-validation.
Percent error explained (pseudo-R2) can be used to compare models. The higher the percentage
of explained error, the better the model. The formula for calculating percent of error explained
by the model (pseudo-R2) is (Derville et al. 2016; Elith et al. 2008a):

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
∗ 100
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

The formula for calculating percent cross validation (CV) error is the same as above but with CV
error replacing residual error in the equation. For each model, one can determine its effectiveness
and applicability by comparing percent of CV error explained with percent of residual error
explained. Percent CV error explained will always be lower than percent error explained, as
percent CV error explained reflects error explained on test sets withheld from training data.
Comparing these two values gives an estimate of how generalizable the model is; consequently,
smaller differences between CV error and residual error are preferred (De’ath 2007).
Additionally, each model’s CV error must be compared to the CV error of all other models. The
goal is to attain as low a value as possible while maintaining stability between several runs.
The best BRT for percent cover did not include a moisture variable, and positive monotonic
constraints were imposed upon time since fire, northing and easting (all continuous variables). A
similarly good model appeared when time since fire was left unconstrained, with slightly lower
values of percent variance explained on test sets (<10% difference). Nonetheless, we selected the
model with time since fire constrained as we suspected the relationship was unidirectional, and
any apparent decreases followed by increases through time may be by-products of the
chronosequence approach.
The design of the best BRT for volume (cm3/m2) was like the percent cover model design in
many ways; it had a learning rate of 0.001, time since fire was used in place of time since standreplacing fire, the moisture variable was removed, and the same positive monotonic constraints
were applied (to time since fire, northing and easting). The main difference between the
constructions of the percent cover model and the volume model was the tree complexity.
The volume BRT only stabilized with a tree complexity of 2, unlike the percent cover model.
This was supported when we created an identical BRT but with a complexity of 3, calculated the
Friedman’s H of each interaction and ranked them. Three-way interactions were extremely low
on the list, meaning they were not required by the BRT very often. Allowing three-way
interactions also decreased model stability and thus we chose a tree complexity of 2.
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The jack pine percent cover BRT was fitted similarly to the previous models, and we performed
parameter tuning separately, albeit guided by previous model construction. This tree had no
moisture variable, in keeping with the full models. Positive monotonic constraints were imposed
upon time since fire, northing and negative monotonic constraints were imposed upon easting
and basal area density, based upon initial runs of the model. While jack pine stands typically
occur on south-facing slopes, they can occur on flat ground or on slopes of any aspect, so long as
they are well-drained. For this reason, we included heat load index and did not test inclusion of
moisture as a variable in the model. The best BRT for lichen volume in jack pine stands also had
a tree complexity of 2, and a learning rate of 0.001. The same monotonic constraints were
applied as for the jack pine percent cover BRT.

6.3 Results
6.3.1 ALLOMETRY
Lichen cover and volume both appear to be good predictors of biomass. Linear trendlines for
area measurements and their associated biomass density values in C. mitis and C. stellaris exhibit
good fits (Figs.6.2A and 6.2B). The linear trendline for C. uncialis has the worst fit. The
coefficients (slopes) of the C. mitis and C. uncialis models for area are the most alike, which is a
product of their similar morphology (Figs. 6.2A and 6.2D). Models for C. stellaris and C.
rangiferina (Figs. 6.2B and 6.2C) have steeper slopes when related to area, but when related to
volume (Figs. 6.3B and 6.3C), C. stellaris has a slightly less steep slope while C. rangiferina’s
slope is highly comparable to C. mitis and C. uncialis. In the destructive samples, cover for the
species ranged from 1–100%, while average depth ranged from 0.5–12 cm. A depth of 12 cm
was only encountered at one plot. C. mitis and C. uncialis were the most common species,
occurring with high cover values, but typically not attaining great depths, especially in young
stands. C. stellaris and C. rangiferina tended to be present in older stands, and were able to attain
greater depths than either C. mitis or C. uncialis. One outlier, sample 2015-073a, was taken at a
171 year old poorly-drained black spruce bog.
The slopes of the volume equation trendlines for each species (Fig. 6.3) were less steep than
those of the area equation trendlines in all cases. The goodness of fit was similar for both
versions of the C. mitis and C. stellaris equations (Figs. 6.2A, 6.3A, 6.2B, and 6.3B). The
goodness of fit is much improved for C. uncialis in the volume model over the area model (Figs.
6.2D and 6.3D). C. rangiferina has a better fit with the volume model (Figs. 6.2C and 6.3C),
although the slope is much changed by the inclusion of the depth component, being much steeper
in the area-based equation. This suggests that depth is a particularly important consideration for
this species.
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Fig. 6.2. Linear allometric relationships between lichen area (cm2/cm2) and biomass (g/cm2). Clockwise from top
left, plots are A. Cladonia mitis, B. Cladonia stellaris, C. Cladonia rangiferina, and D. Cladonia uncialis . All
linear trendlines fitted with a zero-intercept. Units of the x-axis (biomass) are g/cm2, units of the slope are g/cm2. Yaxis range varies between panels.
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Fig. 6.3. Linear allometric relationships between lichen volume (cm3/cm2; average depth and total percent cover)
and biomass (g/cm2). Clockwise from top left, plots are A. Cladonia mitis, B. Cladonia stellaris, C. Cladonia
rangiferina, and D. Cladonia uncialis. All linear trendlines are fitted with a zero-intercept. Units of the x-axis are
g/cm2, Units of the slope are g/cm3. Y-axis range varies between panels.

Having built equations for individual species we also built them for the sum of these four
Cladonia species. we selected a linear model both for density-based area and density-based
volume measures related to biomass, with a zero-intercept in all cases. The area equation had a
slope of 0.075 with a standard error of 0.004, and the volume equation has a slope of 0.013 with
a standard error of 0.0005. The outlier, sample 2015-073, was included in both equations,
because although we tested removal of the outlier we found it to worsen the fit of both lines and
therefore the performance of both equations. Without the outlier, the area equation had a slope of
0.070 (SE = 0.003). The volume equation without the outlier had a slope of 0.013 (SE = 0.0005).
As these coefficients and standard error values were stable whether the outlier (2015-073) was
included or not, we chose to include it. The fit of the linear trendlines to points representing
destructive samples of lichen was similarly good whether the points’ x-values were lichen cover
density (R2 = 0.80) or lichen volume density (R2 = 0.91; Fig. 6.4).
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Fig. 6.4. Allometric relationships between lichen biomass (g/cm2) and either A. lichen cover (cm2/cm2, n = 72) or B.
volume (cm3) per unit area (cm2, n = 72). Allometric equation for all 4 species is A. y = 0.075x with a zero-intercept.
R2 = 0.80, p < 0.001, SE = 0.004 or B. y = 0.0133x with a zero-intercept. R2 = 0.91, p < 0.001, SE = 0.0005. Blue
stars indicate points that were opportunistically sampled (not as part of the random sampling scheme).

Extrapolating from the area and volume estimates made at each plot to biomass abundance
produced overall similar trends for each stand type but with some differences (Fig. 6.5 and Table
6.5). In general, lichen abundance increases as time since fire increases. Jack pine stands
accumulated lichen the most rapidly after fire, with high values of lichen present as early as 35
years after fire. Poorly-drained black spruce showed slower lichen accumulation, while mixed
conifer and well-drained black spruce stands showed moderate lichen abundance after
approximately 40 years after fire. Jack pine and poorly-drained black spruce were the stand types
with the highest biomass accumulation for both area and volume calculations (Fig. 6.5).
However, lichen biomass in poorly-drained black spruce was notably higher when calculated
using the volume equation than when using the area equation (Table 6.5). The volume equation
also greatly magnified the estimated biomass of several points, such that the estimated biomass
for the volume point with the largest value was approximately double the value of its estimated
biomass when calculated using area (Table 6.5). Jack pine stands appeared to experience a wider
range of variation in lichen abundance at ~35 years of age, which had a more uniform
distribution in the estimates calculated using percent cover. While the maximum biomass was
approximately the same when calculated with percent cover and with volume, a t-test on the data
in 34–35 year old pine stands showed that the variance of cover-based and volume-based
estimates were not the same (p < 0.001). Deciduous and poorly-drained non-forest had the least
lichen biomass (Table 6.5). Other stand types (well-drained non-forest, conifer mix, well-drained
black spruce, and hardwood conifer) have similar means, with similar ranges of values whether
calculated with cover-based or volume-based equations (Table 6.5).
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Fig. 6.5. Projections of estimated lichen biomass (kg/ha) as relates to stand age at 220 sites calculated from A. cover
measurements (cm2/cm2); and B. volume measurements (cm3/cm2) for each of the four stand types with the overall
highest abundance. Curved lines are loess smoothing functions for each stand type. “X” sites indicate sites which
were surveyed opportunistically, not as part of the random sampling. In high-abundance stands there were only two
such sites and they were both in pine stands.
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Ranges for lichen biomass in individual stand types were overall broader when calculated using
volume than when calculated using area, except in the two non-forest types (poorly-drained and
well-drained; Fig. 6.5 and Table 6.5). The main differences between converting to biomass
estimates based upon area- or volume- based measures were in overall quantities (volume
typically implies larger quantities) and in pine stands, a more even distribution when calculated
using area (across a shorter range). In the case of pines, it manifested as a lower mean for
volume-based predictions than for area-based predictions. The same pattern was true for the sum
of all stand types overall.
Table 6.5. Maximum values and means (±1 SE) of projected biomass estimates (kg/ha) calculated from allometric
equations applied to estimates of lichen area and volume across all 2015–2016 plots (n = 221). The minimum value
of lichen biomass is 0 in all cases. Table is ordered according to highest maximum lichen biomass as predicted by
area- based allometry.

Area

Volume

Stand type

n

Mean (± 1 SE)

Maximum

Mean (± 1 SE)

Maximum

All types

221

908.74 ± 97.66

5817.69

897.02 ± 114.08

12071

Poorly-drained
black spruce

19

1440.69 ± 433.81

5817.69

2321.73 ± 824.60

12071

Pine

78

1576.55 ± 195.02

5479.89

1292.46 ± 174.87

7014.77

Well-drained
black spruce

44

537.92 ± 148.71

3869.70

659.37 ± 200.74

6041.59

Conifer mix

18

586.98 ± 264.31

3734.58

587.51 ± 289.85

4130.25

Well-drained nonforest

15

428.63 ± 254.73

3265.41

260.43 ± 160.35

2153.73

Hardwood-conifer 23

335.03 ± 162.65

2574.80

358.28 ± 190.00

3108.68

Poorly-drained
non-forest

15

84.45 ± 54.56

679.36

47.75 ± 29.70

341.75

Deciduous

9

2.92 ± 0.83

7.51

1.96 ± 0.86

7.99

Poorly-drained non-forest had relatively low lichen biomass, but deciduous stands had the least
forage lichen biomass by several orders of magnitude. In our study area, mixed-conifer stands
had a similar mean whether calculated with area or volume, and had similar values to welldrained black spruce stands (Table 6.5). Pine stands had higher cover and poorly-drained black
spruce stands had amassed greater volume. There is an interesting trend in lichen percent cover
in jack pine stands at approximately 35 years since fire (Fig. 6.5). At this age, stands of this type
can exhibit nearly any value of percent cover. This type of temporal patterning is not apparent in
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any other stand types, and a similar pattern is not observed for volume measures of lichen in
these stands. One potential explanation is that we surveyed more jack pine stands (n = 78) than
any other stand type.
6.3.2 EFFECTS OF ENVIRONMENTAL CHARACTERISTICS ON LICHEN
ABUNDANCE
The boosted regression trees for percent cover and volume, for all stands and for jack pine
stands, share many similarities but their differences indicate important considerations for
measuring and estimating lichen abundance. The best BRT for percent cover in all stands
explained 45.6% of the total variance on 4600 trees, calculated on the holdout sets (the test data)
from each of the cross-validation folds (Fig. 6.6). When calculating the relative influence of each
variable, this BRT selected time since fire as the split variable the most often, accounting for
32.3% of total variance explained (Fig. 6A), followed by basal area density (21.7%, Fig. 6.6B).
Stand type and northing followed (20.5% and 17.2%, respectively, Figs. 6.6C and 6.6D), heat
load index (4.8%) and easting showed the lowest contribution to the tree (3.6%, Fig. 6.6E). A
large increase in percent cover occurs at approximately 35 years after fire, with a smaller
increase at 150 years (Fig. 6.6A). The effect of basal area density on lichen cover was not
constrained monotonically in the model design, and so at both very low (0–2 cm2/m2) and high
values (20 cm2/m2) of basal area density, lichen cover is relatively low, whereas low values (2–
10 cm2/m2), lichen cover is at its highest when all other covariates are held at their mean (Fig.
6.6B). Poorly-drained non-forest exhibits the lowest percent cover of lichens, while jack pine
stands have the highest lichen cover relative to other stand types. Northing, even when
unconstrained, exhibited a monotonic increase in lichen cover, while areas further east had
relatively less lichen than areas in the west. The effect of easting is modified by the shorter eastwest range of our study area. Heat load index values were clustered around a value of 0.5, which
caused a spike in lichen cover, but overall, higher heat load is related to increased lichen cover.
The most important two-way interactions in the percent cover model (with Friedman’s H > 0.1)
were heat load index and easting, stand type- basal area density, time since fire-stand type, time
since fire-northing, time since fire and basal area density and northing-basal area (Fig. 6.7 and
Table 6.6). Three-way interactions were detected and modelled by the BRT, and while inclusion
of three-way interactions was required to achieve stability between repeat runs, the 3-way
interaction with the highest importance was only the 7th most important interaction (between
time since fire, basal area, and stand type (Table 6.6). The 2nd and 3rd most important interactions
both involved stand type, and it is apparent that these consisted mostly of differences between
stand types while patterns relating lichen percent cover to basal area density and time since fire,
respectively, follow the same patterns in each stand type of overall decrease and increase (Fig.
6.7). The interaction between heat load index and easting (Fig. 6.7A) indicates a pattern of the
stands farthest to the west with a heat load value greater than 0.5 having the highest lichen
percent cover, followed by stands in the west with a value of HLI lower than 0.5 (Fig. 6.7A).
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Fig. 6.6. Partial dependency plots for final boosted regression tree model of percent cover. Partial dependency plots
demonstrate the marginal effect of the variable in question on the response variable (lichen cover) when all other
variables are held at their mean. The y-axes are centered at a zero-mean. A. Time since fire; B. basal area density; C.
stand type (Stand type categories from left to right, are: CM-conifer mix, DE- deciduous, HC- hardwood-conifer,
JP- pine, PS- poorly-drained black spruce, PN- poorly-drained non-forest, WS- well-drained black spruce, WNwell-drained non-forest); D. northing; and E. easting. Deciles (inner tick marks plotted along the x-axes) indicate the
distribution of data with regards to the variable in question. The percentage values included with the x-axes labels
are the relative influence of the variable in the model (sums to 100% for all variables and interactions).
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Table 6.6. Two-way and three-way interactions present in the best BRT for lichen percent cover in all stands.
Interactions are sorted by Friedman’s H value*. Bolded interactions are those above H > 0.1 threshold.

Variable 1

Variable 2

Variable 3

Friedman's H

Easting

Heat load index

.

0.3403

Stand type

Basal area density

.

0.2867

Time since fire

Stand type

.

0.2862

Time since fire

Northing

.

0.2253

Time since fire

Basal area density

.

0.2116

Northing

Basal area density

.

0.1412

Time since fire

Basal area density

Stand type

0.1308

Stand type

Easting

.

0.1074

Stand type

Northing

.

0.0885

Easting

Basal area density

.

0.0624

Basal area density

Heat load index

.

0.0506

Time since fire

Northing

Stand type

0.0418

Time since fire

Easting

.

0.0379

Time since fire

Heat load index

.

0.0359

Stand type

Heat load index

.

0.0297

Northing

Heat load index

.

0.0237

Time since fire

Northing

0.0148

Time since fire

Easting

Basal area
density
Stand type

Easting

Northing

.

0.0115

Heat load index

Stand type

Easting

0.0076

Time since fire

Northing

Heat load index

0.0045

Time since fire

Basal area density

Heat load index

0.0043

Time since fire

Easting

0.0032

Time since fire

Heat load index

Basal area
density
Stand type

Time since fire

Easting

Heat load index

0.0016

Heat load index

Stand type

0.0014

Heat load index

Stand type

Basal area
density
Northing

Time since fire

Easting

Northing

0.0008

0.0144

0.0031

0.0012
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Again, all stand types follow the same pattern when they interact with a variable, but pine
consistently displayed the highest lichen cover, especially at low values of basal area density and
in old stands (Figs. 6.7B and 6.7C). Stands farther north have higher values of lichen, especially
in older stands and in stands of low-intermediate tree density (approximately 2–10 cm2/m2, Fig.
6.7D and 6.7F). Young stands show low lichen cover regardless of basal area density, with
highest lichen cover occurring in older stands with low-intermediate tree density (Fig. 6.7E).

Fig. 6.1. Interaction plots for the top 6 pair-wise interactions (H > 0.1) in the BRT model predicting lichen percent
cover. Each panel shows the effects of two interacting variables on the fitted values of the response variable while
all other covariates are held at their mean. Panels illustrate (clockwise from top left): A. basal area and stand type, B.
stand type and stand age, C. basal area and stand age, D. stand age and northing, E. basal area and northing, F.
northing and stand type. Vertical scale indicates the fitted values of lichen percent cover.
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The volume model grew 5100 trees, and explained 31.3% of the total variance on the holdout
sets. While the BRTs for percent cover and volume show similar patterns, the relative
importance was different. This model shows, again, time since fire is the most important variable
(48.6%; Fig. 6.8A), but here, northing appears as the second most important variable, accounting
for 22.6% of explained variance (Fig. 6.8B). Following this, basal area density explained 13.2%
of the variance (Fig. 6.8C), stand type 8.2% (Fig. 8D), easting 4% (Fig. 6.8E) and heat load
index 3.3% (Fig. 6.8F). In this BRT, time since fire has a major threshold of increase in lichen
volume at 150 years after fire, much later than in the percent cover BRT. Notably, here time
since fire accounted for nearly half (48.6%; in the percent cover model it was 32.3%) of the
explained variance (Fig. 6.8 & 6.6). Stand type shows different patterns in this BRT than in the
previous one. Poorly-drained non-forest still has the least lichen abundance, but jack pine is no
longer the clear leader in terms of lichen abundance. Poorly-drained black spruce stands appear
to have slightly higher relative volume of lichen than jack pine stands (Fig. 6.8D).

Fig. 6.2. Partial dependency plots for final boosted regression tree model of volume. Partial dependency plots
demonstrate the marginal effect of the variable in question on the response variable (lichen volume density) when all
other variables are held at their mean. The y-axes are centered at a zero-mean. A.) Time since fire, 53.8% of the
variance B.) Northing, 24.3% of the variance, C.) Basal area, 12.8% of the variance, D.) Stand type, 8% of the
variance. Stand type categories from left to right, are: conifer mix, deciduous, hardwood-conifer, pine, poorlydrained black spruce, poorly-drained non-forest, well-drained black spruce, well-drained non-forest. E.) Easting,
1.1% of the variance. Deciles (inner tick marks plotted along the x-axis) indicate the distribution of data with regards
to the variable in question. The percentage values included with the x-axis labels are the relative influence of the
variable in the model (sums to 100% for all variables and interactions.
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The volume model did not support the inclusion of three-way interactions. Interactions were
generally less important in the volume model, and so we selected a threshold to maintain
perspective when comparing interactions between BRTs. We selected an arbitrary threshold of
Friedman’s H > 0.1, as it appeared from the interaction partial dependency plots that interactions
below this were mostly noise. The most important two-way interactions were time since firenorthing, northing and basal area density, and easting-heat load index (Fig. 6.9 & Table 6.7).

Table 6.3. Two-way interactions present in the best volume BRT for lichen volume in all stands. Interactions are
sorted by Friedman’s H value. Bolded interactions are those above H > 0.1 threshold.

Variable 1
Time since fire

Variable 2
Northing

Friedman's H
0.1771

Northing

Basal area density

0.1374

Easting

Heat load index

0.1328

Stand type

Easting

0.0858

Stand type

Basal area density

0.0781

Time since fire

Stand type

0.0754

Time since fire

Basal area density

0.0693

Stand type

Northing

0.0599

Easting

Basal area density

0.0307

Basal area density

Heat load index

0.0293

Time since fire

Heat load index

0.0261

Time since fire

Easting

0.0226

Stand type

Heat load index

0.0218

Easting

Northing

0.0068

Northing

Heat load index

0.0058

The threshold visible in the partial dependency plots for time since fire at ~150 years is clearly
visible also in the interaction plots, and is further moderated by northing (Fig. 6.8A & 6.9A). Old
stands, far north, contained the most lichen volume, overall, followed by moderately aged
northern stands and old stands to the south (Fig. 6.9A). This trend remains true in the second
most important interaction, basal area density- northing. Lichen volume is highest in the
northernmost stands, especially at low-moderate basal area density (Fig. 6.9B). The interaction
between HLI and easting shows a less conspicuous surface when scaled to correspond with
others, indicating a small effect size (Fig. 6.9C).
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Fig. 6.3. Interaction plots for the top 3 pair-wise interactions (H > 0.1) in the BRT model predicting lichen volume.
Each panel shows the effects of two interacting variables on the fitted values of the response variable while all other
covariates are held at their mean. Panels illustrate (L-R): A.) stand age and northing, B.) basal area density and
northing, C.) easting and stand type. Vertical scale indicates the fitted values of lichen volume (cm3/m2).

The best model for jack pine percent cover built 4350 trees and explained 56.5% of the error on
the holdout sets. Within the model, 55% was explained by time since fire (Fig. 6.10A), 30.4% by
basal area density (Fig. 6.10B), 7.1% by easting (Fig. 6.10C), 3.7% by heat load index (Fig.
6.10D), 2.4% by northing (Fig. 10E), and 0.8% by a last fire type (Fig. 6.10F).
Having separated the jack pine stand data from the rest of the stand types, the best BRT on this
subset indicates, again, that time since fire is the most important characteristic influencing lichen
percent cover (%), with a notable threshold in increased cover at around 25 years since fire (Fig.
6.10A). However, basal area density appears to be the next most important variable, and in this
case did not appear to have a unimodal relationship but a negative one, with highest lichen
appearing in the least densely treed areas. Lichens in jack pine stands exhibited higher cover in
the west, and in stands farther north. Interestingly here easting was the third most important
variable and showed a higher relative influence (7.1%) than northing (2.4%). The variable ‘last
fire type’, which was a factor for whether the most recent fire was stand-replacing or not,
accounts for 0.8% of the variance, with non-stand-replacing fires linked to slightly higher lichen
cover (Fig. 6.10F).
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Fig. 6.4. Partial dependency plots for final boosted regression tree model of percent cover in jack pine stands only.
Partial dependency plots demonstrate the marginal effect of the variable in question on the response variable (lichen
cover) when all other variables are held at their mean. The y-axes are centered at a zero-mean. A.) Time since fire,
55% of the variance) B.) Basal area density, 30.4% of the variance, C.) Easting, 7.1% of the variance, D.) Heat load
index, 3.7% of the variance, E.) Northing, 2.4% of the variance, F.) Last fire type, 0.8% of the variance. Last fire
type has two possible categories: not stand-replacing and stand-replacing. Deciles (inner tick marks plotted along the
x-axis) indicate the distribution of data with regards to the variable in question. The percentage values included with
the x-axis labels are the relative influence of the variable in the model, which sums to 100% for all variables.
Interaction effects are included in these values.

Interactions in the jack pine percent cover model were overall much less important. The BRT
was built with a tree complexity of 2, and only one interaction surpassed the threshold of H =
0.1. This interaction was between time since fire and basal area density (Fig. 6.11 and Table 6.8).
This was the fifth most important interaction in the percent cover model for all stand types. The
next most important interaction was between time since fire and easting. The next most
important interaction, time since fire-easting was even less important in other models (percent
cover model, H = 0.03; volume model, H = 0.02).
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Table 6.4. Two-way interactions present in the percent cover BRT comprising only jack pine stands. Interactions are
sorted by Friedman’s H value. Bolded interactions are those above H > 0.1 threshold.

Variable 1

Variable 2

Friedman's H

Time since fire

Basal area density

0.3358

Time since fire
Easting
Last fire type
Easting
Time since fire
Northing
Easting
Last fire type
Last fire type
Northing
Time since fire
Last fire type
Basal area density
Time since fire

Easting
Northing
Heat load index
Heat load index
Heat load index
Basal area density
Basal area density
Easting
Basal area density
Heat load index
Northing
Northing
Heat load index
Last fire type

0.0793
0.0570
0.0503
0.0419
0.0344
0.0214
0.0197
0.0189
0.0160
0.0136
0.0131
0.0056
0.0044
0.0035

Fig. 6.5. Interaction plots for the top two interactions in the BRT for percent cover in jack pine stands. The most
important A.) is basal area density-time since fire (H = 0.3458) and the next most important B.) is time since fireeasting, (H = 0.084, below the 0.1 arbitrary H threshold.
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The BRT for volume of lichens in jack pine stands used 6250 trees and explained 43.7% of the
variance. Again, time since fire explained more than half (52.6%) of the CV error (Fig. 6.12A),
basal area density followed with 21.2% of the error explained (Fig. 6.12B), then the spatial
coordinates (Fig. 6.12C, 6.12D) easting (11.9%) and northing (6.4%). Heat load index accounted
for 6.1% of the error explained (Fig. 6.12E), and last fire type for 1.8% (Fig. 6.12F). In jack pine
stands, lichen volume begins to increase rapidly beginning at around 25 years after fire. By 50
years post-fire, its maximum volume has been reached although this is mediated by the low
number of jack pine stands older than 50 years (Fig. 6.12A). These stands do not exhibit the
same trend of basal area density as all stand types combined, the interaction between stand age
and basal area density is less obvious in the partial dependency plots. Here, the most open stands
have the highest lichen volume (Fig. 6.12B).

Fig. 6.6. Partial dependency plots for final boosted regression tree model of lichen volume in jack pine stands only.
Partial dependency plots demonstrate the marginal effect of the variable in question on the response variable (lichen
cover) when all other variables are held at their mean. The y-axes are centered at a zero-mean. A.) Time since fire,
52.6% of the variance) B.) Basal area density, 21.2% of the variance, C.) Easting, 11.9% of the variance, D.)
Northing, 6.4% of the variance, E.) Heat load index, 6.1% of the variance, F.) Last fire type, 1.8% of the variance.
Last fire type has two possible categories: not stand-replacing and stand-replacing. Deciles (inner tick marks plotted
along the x-axis) indicate the distribution of data with regards to the variable in question. The percentage values
included with the x-axis labels are the relative influence of the variable in the model, which sums to 100% for all
variables. Interaction effects are included in these values.
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Two interactions stood out in the BRT for volume in jack pine stands (Fig. 6.13 and Table 6.9).
These were time since fire- basal area density, and easting- heat load index. The interaction
between time since fire and basal area density follows a similar pattern as in other BRTs, but
even when unconstrained, has a strictly negative trend, with highest lichen in the most open
stands, regardless of stand age. The interaction between easting and heat load indicates that areas
further west have higher lichen volume in their jack pine stands, especially when heat load index
values are equal to 0.5. This is a fairly weak effect as seen on the surface plot (Fig. 6.12B).
Table 6.5. Two-way interactions present in the volume BRT comprising only jack pine stands. Interactions sorted by
Friedman’s H value. Bolded interactions are those above H > 0.1 threshold.

Variable 1
Time since fire
Easting
Easting
Time since fire
Last fire type
Northing
Time since fire
Last fire type
Time since fire
Time since fire
Last fire type
Northing
Easting
Last fire type
Basal area density

Variable 2
Basal area density
Heat load index
Northing
Easting
Heat load index
Heat load index
Heat load index
Easting
Northing
Last fire type
Basal area density
Basal area density
Basal area density
Northing
Heat load index

Friedman's H
0.2718
0.1065
0.0876
0.0660
0.0460
0.0402
0.0341
0.0189
0.0188
0.0182
0.0141
0.0129
0.0068
0.0057
0.0025
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Fig. 6.7. Interaction plots for the top two interactions in the pines volume model. The most important is A.) basal
area density and time since fire (H = 0.2718) and the next most important is B.) heat load index-easting, (H =
0.1065). Vertical scale indicates the fitted values of lichen volume (cm3/m2).

6.4 Discussion
Time since fire was the most important covariate to consider when assessing an area for forage
lichen biomass because of the slow growth rates of lichens, although some stand types may
recover lichen biomass more rapidly than expected, perhaps as early as 50 years after fire. The
type of stand, the basal area density of live trees (proxy for light availability) and latitude
modulated the effect of stand age. Lichen abundance relies on many characteristics, and
measuring the biomass of lichens in these stands indirectly must involve a measure of cover and
a measure of depth. Each measure of lichen growth will be affected differently by environmental
covariates.
One of our main conclusions is that estimates of lichen availability for caribou forage should
take lichen volume into account rather than simply lichen area. Using lichen area as the measure
for prediction in allometric equations may yield more conservative biomass estimates, but could
fail to account for stand types with low values of lichen cover but disproportionately high
biomass (such as poorly-drained black spruce types). Stand types with the highest potential for
lichen biomass are jack pine and poorly-drained black spruce, although these stand types have
high variability in their biomass.
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6.4.1 ALLOMETRY
Determining the relationships between raw abundance estimates and biomass is an important
first step in estimating biomass abundance of vegetation across a large scale. It is even more
important when the taxonomic group in question is cryptic and difficult to monitor/survey. While
allometric equations for lichen biomass have been developed for lichens in other regions, these
equations have sometimes been based solely on area-based measurements (e.g. McMullin et al.
2011; Scotter 1964; Thomas et al. 1996a). Other authors have used estimates of volume alone
(e.g. Arseneault et al. 1997; Moen et al. 2007). There is value in presenting equations based
solely on area-based measurements, as they can be useful in cases where not all available data on
lichen abundance includes lichen depth, particularly when lichens are not the target of a forest
survey campaign. Allometric equations that use area as the predictor variable can detect patterns
of succession in younger stands, but lack the sensitivity to detect changes in older stands or
stands which have low cover. Instead, equations incorporating some measure of lichen depth or
volume tend to perform better when predicting biomass (Arseneault et al. 1997; Joly et al. 2010;
Moen et al. 2007). Using a volumetric allometric equation allows for a more accurate prediction
of biomass as it accounts for the cover but also for the depth of the lichen mat, which can be
substantial.
While the construction of allometric equations is greatly influenced by sample size (Duncanson
et al. 2015), the selection of sample dimensions can also have an effect. Allometric equations for
individual organisms, such as for body size-based allometric equations, do not require the
researcher to select a particular survey area size or unit since the individual organism is the
sampling unit (Gould 1966). In the case of this project, the sampling unit was not finite, and
sampling units of 400 cm2 were deemed appropriate. However, the use of small-sized samples
and upscaling from the same equations to larger plot sizes makes a power transformation
inappropriate in this case. Although extrapolating the equation constructed without the outlier
(2015-073, Appendix C of Greuel 2018) in order to estimate the outlier value yielded a biomass
estimate somewhat lower than the outlier’s true value, values for other site types were consistent
between methods (see Appendix A of Greuel 2018) Inclusion of the outlier in the equation was
necessary to capture the range of variation, or indicates that an estimate of percent cover is a
poor predictor of sites fitting this description (old, unburned, wet, Fig. 6.4). Removing nonrandomly sampled ‘X’ sites (opportunistically-sampled rare site types selected to capture the full
range of variation did not improve model fit or alter the slope of the equations (Greuel 2018)
The theoretical maximum area a lichen can occupy is 1.0 cm2/cm2, which is easily attainable at
small scales, but it is biologically unlikely to exist as a plateau of maximum biomass on a large
scale. This also assumes that lichens mainly spread laterally and that they reach a depth of no
more than 1.0 cm. For volume/density measures the theoretical maximum also contains an area
component but accounts for depth. Theoretical maximum biomass (peak biomass) would thus be
linked to the biology of lichens, in that lichens attain a maximum depth at some point. Maximum
depth would occur when marginal vertical increase in living tissue slows as the lower parts of the
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podetia become part of the necromass and then decompose (Crittenden 1991). It is unlikely that
we encountered this often in northern Saskatchewan, because most stands were of relatively
young age (only 26% of stands sampled were older than 50 years). Moreover, peak biomass of
forage lichens is reached more slowly in western forests than in eastern forests, with some
species in the west attaining peak biomass at 90 years of age and others requiring >150 years
(Thomas et al. 1996a).
6.4.2 SCALING ESTIMATES TO STAND TYPE
When calculating plot-level estimates of lichen abundance using volume-based extrapolation,
several outliers became apparent that were not observed while extrapolating from percent cover.
These points were all located in poorly-drained black spruce stands. Lichens depend upon
alternating states of wet and dry for growth (Harris and Kershaw 1971; Larson and Kershaw
1976), and thus cannot outcompete moss in wet stands (Joly et al. 2010). However, when it is
established in optimal environments, lichen can achieve higher biomass because areas near the
ground have higher humidity and thus conditions for growth are met more frequently (Hojdová
et al. 2005). These types of stands (poorly-drained black spruce) are unlikely to attain high cover
values, and thus volume will likely be a more important measure in these stands. Hummocks can
be very dry on their tops and sides in the summer months, making them an appropriate lichen
substrate (Hojdová et al. 2005).
Comparing the plots of jack pine stands using area and volume to upscale to stand-level biomass,
the difference in the spread of response at 34 years old suggests that the accumulation of biomass
in this stand type is due more to increasing ground cover than to increasing volume. Past work on
lichen succession in jack pine stands suggests that lichen cover peaks early (21–30 years after
fire), but cover decreases thereafter until a second surge in percent cover occurs after 90 years
since fire (Skatter et al. 2014). Our results do not show this pattern, but this is likely due to most
of our jack pine stands being 50 years old or younger, a symptom of the high fire frequency.
Skatter et al. (2010) also used two separate datasets, one of which was composed of mature
upland conifer sites used in the designation of FEC forest types, incorporating limited lichen
data. Sites were grouped in 10-year age increments, and sites older than 100 years were pooled in
that study, reducing precision in exchange for more accurate age estimation. Furthermore, the
estimates of lichen recovery presented by Skatter et al. (2010) are based only on percent cover.
They speculate that lichen abundance in the second peak (101-110 years) of the bimodal
distribution in jack pine stands would be much higher than in the first peak (31-40 years) due to
increased depth, but we did not find this pattern. Lichen depth in this study appeared to be
approximately equivalent in both 35 year old stands and 100 year old stands. We believe is due
in part to the species composition, as C. mitis and C. uncialis were by far the most common
species in jack pine stands at all ages. These species do not develop mats as deep as those
produced by C. rangiferina and C. stellaris.
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Many of the other stand types are very comparable to each other in terms of lichen abundance.
Biomass of forage lichens in deciduous stands is extremely low, in all cases less than 8 kg/ha. If
the lichen assemblage considered were to include horn and cup lichens, this number would be
considerably higher. However, the high litter cover is likely to reduce the amount of available
substrate for all species of lichen and these stands will tend to have low light conditions during
the growing season. We noticed that in deciduous stands, the horn and cup Cladonia spp.
occurred almost exclusively upon raised logs and stumps of fallen trees that did not accumulate
litter. Most of the other stand types are fairly comparable in terms of their mean lichen biomass
estimates as well as their ranges. Hardwood-conifer stands (n = 23) had higher lichen abundance
than the three stand types with the lowest quantities of lichen, but only when plotted with a log
scale. The three stand types with the lowest lichen abundance also tended to be the least common
in our area (poorly-drained non-forest, n = 14; deciduous, n = 9; well-drained non-forest, n = 15).
Because of this, it is difficult to determine trends along the chronosequence, especially as many
of these stand types had a high frequency of zero values for lichen biomass. Mean values of
lichen abundance are thus quite low in these stand types (Table 6.5). The poorly-drained nonforest type encompasses fens and other areas which are decidedly too wet to support most lichen
communities, so the low estimates of lichen in these areas are unsurprising.
While total lichen biomass increases until peak biomass is achieved, the caribou forage lichens
tend to remain at a relatively constant rate of biomass thereafter rather than undergoing decreases
in biomass abundance (Thomas et al. 1996a). Consequently, a decrease at older ages is more
likely to be representative of stands that have low lichen biomass for other reasons. For
individual species, this trend is mediated by their position in successional trajectories. C. mitis,
for example, peaks early but biomass declines as later successional species such as C. stellaris
and C. rangiferina take over (Ahti 1959; Carroll and Bliss 1982; Kershaw 1977).
Estimates of lichen forage availability for other areas in North America are comparable to the
current study and can help to put Saskatchewan values in context. The mean value of lichen
abundance found overall in this study, weighted by stand type to correct for unbalanced sample
size, is 893 kg/ha (volume) or 905 kg/ha (area), however, this fails to account for the range of
variation present in different stand types (Table 6.5). In northeastern Quebec, lichen biomass is
estimated to range between 2800–4500 kg/ha (Arseneault et al. 1997), although this includes all
ground lichens, not just forage species. Northwestern Ontario is similar, averaging 3120 kg/ha in
dry upland stands (McMullin et al. 2011), while lichen biomass in northern Manitoba, on the
wintering ground of the Qamanirjuaq herd of barren-ground caribou, can range from 4277–5487
kg/ha (Miller 1976). However, peatlands in northern Alberta have been found to harbour lichen
biomass averaging only 660 kg/ha (Table 6.10; Dunford et al. 2006). Methodologies for these
studies have varied, and considering the heterogeneity of the boreal forest it is difficult to narrow
the range of variability to one number. In Europe, the values for lichen biomass are considerably
larger, from 8000 kg/ha in Finland to 11,000 kg/ha in Norway (Gaare and Skogland 1980; Table
6.10). These areas, however, are located near coastal regions and the maritime climate may
contribute to these high abundance values (Ahti 1959; Gaare and Skogland 1980; Väre et al.
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1996). To compare with other estimates, we chose to separate stand types by relative abundance
to give an idea of the range of biomass abundance present in the boreal shield. Mean values of
lichen biomass for most stand types in our study area (poorly-drained non-forest, well-drained
non-forest, deciduous, hardwood-conifer, conifer mix, and well-drained black spruce) were very
low when compared to estimates of mean lichen biomass from other areas of Canada (Table
6.10). We grouped well-drained black spruce, well-drained non-forest, mixed conifer and
hardwood-conifer together as “moderate abundance” stand types for the purposed of calculating
average lichen abundance, as each of these types had mean values of lichen biomass greater than
100 kg/ha, but not exceeding 1000 kg/ha (Tables 6.5 and 6.10). We considered “low abundance”
sites to be those with mean biomass below 100 kg/ha, these stand types were deciduous and
poorly-drained non-forest (fens were included in this category). Poorly-drained black spruce
stands and pine stands had mean values of biomass which are somewhat lower than those found
in other areas of Canada but are at least within an order of magnitude of other estimates, and
both had mean values exceeding 1000 kg/ha (Table 6.10). Examining the range of abundance
present overall and between stand types, we conclude that providing one value of mean lichen
biomass for an area is insufficient to capture the variability across a large heterogeneous area, let
alone to make any management decisions for caribou. Stand type and time since fire and
location, especially latitude, will play a crucial role in habitat assessment.
Table 6.6. Mean lichen abundance found in the Saskatchewan Boreal Shield compared to other regions.

Authors

Mean lichen
abundance
(kg/ha)

Region

Stand types

Joly et al. 2010

3007

NW Alaska

Tundra to forest transition

Dunford et al. 2006

660

N Alberta

Peatlands

Miller 1976

4277–5487

Manitoba

Boreal forest

McMullin et al. 2011

3120

NW Ontario

Dry, sandy uplands

Arseneault et al 1987

2800–5400

NE Quebec

Lichen heath, treeline

Gaare & Skogland 1980

11000

Norway

Climax forest stand

Väre et al 1996

8000

Finland

Pine heathlands

This study

1494

N Saskatchewan

High abundance*

This study

517

N Saskatchewan

Moderate abundance†

This study

29

N Saskatchewan

Low abundance‡

*High abundance stand types: jack pine, poorly-drained black spruce.
†Moderate abundance stand types: well-drained black spruce, well-drained non-forest, mixed conifer and
hardwood-conifer.
‡Low abundance stand types: Deciduous and poorly-drained black spruce
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It has been suggested that thalli of most Cladonia spp. can exhibit a range of heights (up to a
~20% difference) depending on their field moisture at the time of measurement (Andreev 1954;
Gorodkov 1934; Nekrasova 1937). This adds a level of uncertainty when scaling up from plotlevel measurements, as we could not control the lichen moisture in the field during
measurements.
6.4.3 RELATIONSHIPS OF COVARIATES TO LICHEN ABUNDANCE
In terms of the effects of environmental characteristics, the percent cover and volume models are
similar in their relationships to some variables, but differ in their relationships to others. Overall,
percent cover and volume are both most strongly influenced by time since fire, but from there are
controlled by different variables. From the partial dependency plots for time since fire of both
volume and percent cover models (Figs. 6.6 and 6.8), the greatest amount of change from 0-50
years is most apparent in the percent cover model and the greatest amount of change after 50
years is seen with the volume model. This pattern corresponds well to what is known regarding
lichen succession. For instance, the thresholds seen in the partial dependency plot for time since
fire are very different between the volume and percent cover BRTs. While the threshold for
percent cover appears at ~20 years after fire, in the volume BRT the escalation is much more
gradual until 150 years. This supports the notion that lichens initially spread laterally over the
ground, and then gain in depth secondarily (Andreev 1954; Sveinbjörnsson 1987). Old sites,
which were quite rare in our study area, tended to have the deepest lichen mats (all else held
constant). The plateau in lichen abundance after 150 years of age may be due to the low sample
size of old stands encountered. This in turn may be due to the short fire return interval of
northern Saskatchewan, as old stands (>100 years) are likely rare on the landscape. The plateau
may be due in part to slower growth rates in older lichens (Abdulmanova and Ektova 2015).
For caribou forage estimates, the volume model is likely to be the most useful, although it should
be acknowledged that some estimates should be approached with caution, particularly for points
in old and poorly-drained black spruce stands. Forests of this type are unusual, in that many
stands of this type do not contain lichen. It is probable that including a measurement of the
density of hummocks or height of hummocks would have improved our predictions of lichen
abundance in poorly-drained stands (Belland and Vitt 1995; Hojdová et al. 2005). This is
because lichen growth in this type of stand is reliant upon the presence of hummocks to raise
lichen thalli above the water table (Harris and Kershaw 1971; Larson 1979). Volume estimates
of lichen abundance in these stands are very large, with the maximum estimated value being
nearly double the estimated maximum value of the percent cover estimates.
Location of the forest stand had a surprisingly strong impact on lichen abundance measures.
Northing had a positive effect on lichen abundance with respect both to percent cover and
volume, although it had a higher relative influence on volume than it did on percent cover.
Higher latitude has been linked to higher lichen abundance and diversity (Holt et al. 2015;
Kershaw 1977). Interactions and variable importance differed between the volume and percent
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cover models, and the differences between the model interactions may illuminate the differences
between the responses of percent cover and volume. Northing switches from being the 4th most
important variable for cover to being the 2nd most important variable for volume, with a 6%
change in relative influence. This is especially notable when one considers that the ordering of
the variables’ relative influence does not alter in any other way. Much of the relative influence of
northing is likely due to the interaction between time since fire and northing. The general pattern
of this interaction for the volume model is increased lichen cover farther north, but with a clear
threshold at around 150 years (Fig. 6.8). However, older stands have higher lichen biomass
regardless of where they are located. Stands farther north than 6400000 m N show more lichen
volume earlier after fire, especially where basal area density is 2–10 cm2/m2 (i.e. quite open; Fig.
6.9). This applied to percent cover of lichens as well, with stands farther north than 6400000 m N
having the highest cover regardless of their age or basal area density, although there is a clear
spike in lichen cover at 5–10 cm2/m2 tree basal area across the entire range of the study area from
north to south. Northing and basal area density do not exhibit collinearity but there is a general
pattern of areas farther north having more open stands (Girard et al. 2009; Kershaw 1977),
leading to increased colonization by lichen. However, it does not explain why volume is
relatively more affected by northing than percent cover is. In northwestern Alaska in 2010; Joly
et al. found that lichen volume was negatively related to latitude, but that percent cover was not
significantly affected by latitude. They suggested that because large herds of migratory caribou
had access to these sites both in the spring and fall (during migration) the areas were likely to be
overused, and thus show a negative effect of volume with latitude (Joly et al. 2010). All variables
in that case were assumed to be moderated by caribou usage, however, this is unlikely to be the
case in Saskatchewan as density of boreal caribou in the SK1 range is relatively lower. They
imply that lichen growth may also have some link to climate, in that warming temperatures will
decrease lichen growth rates. We suggest that northing has a positive impact on volume: areas
further north benefit from longer days in the growing season, and thus lichen growth is more
consistent.
The fact that easting had so little impact while northing’s influence is substantial suggests that
the effects of northing are due to characteristics of latitude, rather than to northing manifesting as
a purely spatial effect. Notably, easting has a greater effect on lichen in pine-dominated stands
than in other forest types. The effect of easting may be due to the underlying topography of
eastern areas compared to western areas. As our study area encompassed a relatively small range
from east to west, the impacts are likely mainly due to the differences between the Athabasca
Plain (AP) and the Churchill River Uplands (CRU). To the east, the AP has more homogeneous
topography and sandier soils, while the CRU has rugged terrain, more lakes and wetlands (Acton
et al. 1998). On the other hand, this apparent spatial pattern may also be an artefact of sampling,
in that our sites to the east were also mainly our southern sites, and our sites farthest to the west
were exclusively in the north of our study area (Fig. 6.1). While many studies have focused on
the effects of latitude, effects of longitude have been detected in the Pechora North tundra in
Russia. Lichen annual growth as well as overall biomass accumulation was higher in the
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Malozemel’skaya tundra of the east than in the western Bol’shezemel’skaya tundra. This was
true both for hummocky grass-sedge bogs as well as for scrub birch tundra (Andreev 1954).
However, the longitude gradient was approximately 1800 km in this study, whereas our study
area had only a 323 km gradient of longitude. It is uncertain whether such a short distance
gradient would capture large-scale change in lichen growth. In North America, western forests
tend to be drier than eastern forests (Peng et al. 2011). Interactions between heat load index and
easting may be due to the short range of easting and that the values of heat load index were
clustered together. In jack pine stands, percent cover of lichens is related to similar variables as
those observed to be important in other stands except that easting is more important than
northing. Heat load index was similarly important here as in the previous BRTs. Jack pine stands
are defined by this classification as stands that have ≥75% jack pine dominance, and can be
poorly- or well-drained, although jack pines are typically found on well-drained soils. The
decrease in lichen cover with easting indicates that lichen cover is higher in the west. As our
westernmost sites were all in the AP, this may be an effect of different (sandier, flatter, drier)
topography (Acton et al. 1998), rather than an effect of climate at this scale.
Lichens require light for photosynthesis, and basal area density can serve as a proxy for light
availability in forest stands, as it is a measure of how much of the stand at 1.2 m off the ground is
occupied by tree stems. Basal area density had a greater impact on lichen percent cover than on
volume, because rates of change in basal area density are highest in young stands (Johnson and
Abrams 2009). In younger stands, we found that lichen cover changes more than volume, which
may be caused by the lichens’ rate of dispersal across the ground being faster than their vertical
growth. Lichens have a greater potential range of percent cover in stands with lower basal area
(dependent upon other variables), and tend to have lower percent cover in denser stands. The
interaction between time since fire and basal area density for the percent cover model shows low
values for percent cover in young stands (0–15 years) regardless of basal area density and the
highest lichen cover is found regardless of time since fire at 2–10 cm2/m2.
The mechanisms involved in lichen recovery after fire are varied. One factor which may have a
large role to play in lichen re-establishment after fire is the size and severity of the burn. Unlike
other lichen species, Cladonia spp. do not reproduce primarily by soredia, the granular diaspores
used in vegetative reproduction, and depend upon thallus fragmentation to establish new lichen
thalli (Heinken 1999; Roturier et al. 2007). The release of ascospores, the fungal spores produced
in the asci is another common method of reproduction, although ascospores do not contain any
algal bodies and so this method requires the presence of the algal partner (Honegger and Scherrer
2008). The light-weight soredia are readily dispersed by wind, while thallus fragments typically
do not travel more than 1 m from their origin (Heinken 1999). If a burn is large and severe
enough to have destroyed all the lichens in an area, it may be difficult for fragments of lichen to
be dispersed to the center of an area and re-establish, although it can occur over smaller distances
(Schimmel and Granström 1996). Also, short fire return intervals may not necessarily always
lead to lichen declines. In eastern Canada, periods of severe and recurrent fires may cause
deforestation and lead to the establishment of open lichen-heath communities by reducing the
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seedbanks of vascular plants (Lavoie and Sirois 1998). The heterogeneous nature of many
wildfires may also leave patches of intact, live lichen (Schimmel and Granström 1996),
especially in stands with low quantities of ground fuels, such as jack pine stands (De Groot et al.
2009). We found squamules (scale-like precursors to lichen thalli) on the ground in stands as
young as 1 year old, however did not count these as lichen cover in our analyses as it is difficult
to identify squamules to species. This implies that re-occurrence of lichens is not the limiting
process, but again that lichen growth rate is the limiting process. Some studies observed the
grazing and trampling of lichen by caribou as disturbances in their own rights, reducing the
biomass of lichen abundance significantly at the landscape level. However, these cases are
mostly in areas with large herds of barren-ground caribou, unlike in the boreal shield of
Saskatchewan, which is home to small groups of boreal caribou (Andreev 1954; Boudreau and
Payette 2004; Scotter 1964). In addition to acting as a disturbance, caribou may act to
redistribute lichens in several ways. One of these may be by fecal deposition, as during the field
work for this project, lichen were often observed growing on old piles of droppings. Another
possibility is by wind dispersal during winter, after caribou cratering, when fragments dropped
by foraging caribou are blown long distances over the surface of snow (Heinken 1999).
Aspects of lichen biology such as growth rates may vary depending on region and local
conditions. It has been suggested by Skatter et al. (2014) that lichens in Saskatchewan jack pine
stands may recover rapidly relative to other areas, perhaps reaching high cover values in jack
pine stands within only 21–30 years, rather than just beginning to regrow in 30 years after fire in
other regions. Lichen cover in pine stands is low regardless of basal area density or easting for
the first ~20 years after a fire (Fig. 6.11). Stands dominated by pine species may begin to
experience stand thinning as early as 20 years after fire (Johnstone et al. 2004), which may
contribute to increasing lichen abundance in stands older than 20 years. However, we did not
find high values of lichen cover between 21–30 years after fire (besides the aforementioned
presence of squamules). Our results suggest that high cover values of fruiting lichen bodies can
be reached as early as 34 years after fire in jack pine stands. Migratory caribou in northern
Saskatchewan may avoid jack pine stands until they have reached 35 years since fire (Scotter
1964). In west-central forests, older jack pine stands have much higher lichen cover than black
spruce stands of a similar age (Dunford et al. 2006; Scotter 1964; Skatter et al. 2014). This may
suggest that jack pine stands are more appropriate as caribou habitat than black spruce stands but
our results suggest that this is not always the case. Jack pine stands can serve as good caribou
habitat both for boreal caribou and wintering barren-ground caribou (Scotter 1964; Skatter et al.
2014), and their relatively consistent availability of lichen cover make them particularly
dependable as good forage areas. The areas that potentially attain maximum lichen biomass,
however, are poorly-drained black spruce wetlands, although poorly-drained black spruce stands
do not always have high forage availability (Fig. 6.5). We was unable to parse the variability in
poorly-drained black spruce stands as those stands with high biomass appear to be quite rare on
the landscape.
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Growth and distribution of any organism depends on environmental conditions, such as those
included as variables in the BRTs. Little has been done to directly assess the impact of each of
these variables on depth or volume as opposed to the impact on area or percent cover. While both
volume and percent cover are presumably controlled to some extent by the same variables, the
differences in the processes predicting the two measures are made plain by the differences in
BRT outcomes. Lichen growth rates can vary across different regions, depending on the abiotic
characteristics of the region. Areas with high humidity have fast regrowth capabilities for both
arboreal and terricolous lichens (Abdulmanova and Ektova 2015; Ahti 1959; Gorodkov 1934).
Growth rates can also vary temporally, with rates slowing down as lichens age (Andreev 1954;
Crittenden 1991; Sveinbjörnsson 1987). Lichens occurring at high latitudes also tend to have
slower growth rates (Andreev 1954), although we found that higher quantities of lichen were
correlated with areas further north.
6.4.4 LICHEN AND CARIBOU HABITAT IN NORTHERN SASKATCHEWAN
Overall, lichen availability in the Saskatchewan Boreal Shield is somewhat lower than in areas to
the east, but incorporates considerable variability depending on stand type and age. This may be
because of faster growth rates, or it may be that fires on the landscape are patchier than
previously thought. If faster growth rates are the main driver, lichens are better able to recover
after fire, and so the high density of fire is less of a cause for concern regarding caribou forage
availability. If the available lichen is due to patchier fire and more remnants of unburned area on
the landscape, then the main concern is that as fire increases, lichen may be more at risk of
decreasing in abundance, since they may be less adapted to recovering rapidly after fire. Slower
growth rates in the west may be due in part to the drier climate. The high availability of lichen
biomass in some stands allays the suggestion that boreal caribou in northern Saskatchewan may
not be relying as heavily upon ground lichen as caribou in other regions because of lack of
availability.
Time since fire still exerts the strongest influence over percent cover in jack pine stands,
however the threshold for increase in these stands occurs much earlier in the timeline than in
other stands. This suggests that jack pine stands are suitable for lichen colonization early after
fire, and may provide good winter habitat (in terms of forage availability) for caribou as early as
30–35 years after fire. It is interesting here that response to basal area density follows a negative
constraint (this pattern occurs when left unconstrained as well), rather than a unimodal pattern as
seen in the models containing all stand types.
The relationship between lichen and caribou is well-established in the literature, but as
differences exist between caribou populations across Canada, there is some uncertainty about
this relationship in northern Saskatchewan, which has not been studied as often as other
populations. Preferential grazing of lichens varies across the entire range of boreal caribou, with
different lichen species being assigned higher importance in different areas, depending on their
availability (Ahti 1959; Bergerud 1972; Scotter 1964). The dietary plasticity of caribou,
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established in other studies (Aagnes et al. 1995; Person 1975), suggests there is a possibility that
caribou in Saskatchewan may not rely upon lichen to the same degree as other populations. For
example, they may not select lichen until it has reached a threshold in volume at which
mouthfuls are worthwhile or below which bycatch of mosses, litter, or soil is inevitable (Ahti
1959; Bergerud 1972; Thomas et al. 1996a). If this is the case, then cover alone does not provide
enough information from a purely mechanical perspective. Gaäre and Skogland have suggested
that a minimum of 25 g/m2 (250 kg/ha) is required for grazing to sustain a herd of caribou
through a winter, while Kumpula et al. have stated that 1000 kg/ha is required (Gaare and
Skogland 1980; Kumpula et al. 2000). These values are not associated with caribou density or
length of time for grazing and so are somewhat arbitrary. While it may be true that caribou in
this area rely on vascular plants to a greater degree, as has been seen in other areas (Bergerud
1972; Storeheier et al. 2002b), the answer to that question was beyond the scope of this study.
As the climate warms and fire frequency and severity increase, fewer stands in the boreal shield
of northern Saskatchewan will contain thick mats of lichen (~10 cm). In turn, this will decrease
the availability of habitat typically associated with winter survival of boreal caribou. While
young stands of jack pine demonstrate the ability to regain lichen cover relatively quickly and
may have higher biomass, it is also important to consider areas which show low cover values but
overall higher volume (e.g. poorly-drained black spruce stands >100 years old). Caribou can
sense lichens through snow, especially when it is not deep or there are holes in the snow from
vegetation (Bergerud and Nolan 1970; Brown and Theberge 1990; Goward 1999), but digging to
access the lichens requires a large energy expenditure, so they typically dig small craters (Fancy
and White 1985; LaPerriere and Lent 1977; Rominger and Oldemeyer 1990). Areas where
caribou can get the most lichen with the least amount of digging will be important for them,
particularly in less densely treed stands where snow accumulation on the ground is typically
higher. As such, old (>100 years) poorly-drained black spruce stands are likely critical as caribou
habitat, because their biomass is concentrated in smaller areas with substantial depth rather than
spread thinly across a wide area. Future study efforts should prioritize sampling of poorlydrained black spruce stands to better capture the range of variation.
An increase in fire frequency and severity may lead to fewer old stands and reduce the number of
stands dominated by black spruce, favouring replacement by jack pine (Lavoie and Sirois 1998).
Jack pine stands can serve as excellent caribou habitat from a reasonably young age, as their
lichen cover appears to recover rapidly (Skatter et al. 2014), but the functional volume of lichen
available for winter consumption may be limited. In the Northwest Territories, boreal caribou
have been shown not to make use of stands younger than 60 years old, even though many stands
possessed adequate forage at 40 years after fire (Thomas et al. 1996a). The near-exclusive use of
older stands even when lichen is abundant in young stands indicates there are other stand agerelated factors at play in caribou habitat selection.
When assessing caribou habitat in an area it is important to have established relationships
between biomass and easily-collected estimates of lichen abundance, such as percent cover and
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height of the lichen mat (and therefore volume). In this document, we have presented such
relationships which can be used in the future to extrapolate lichen biomass estimates from future
forest inventory data. Another important step in assessing forage lichen availability is associating
lichen abundance with environmental characteristics that are relatively easy to detect. Since
lichens are typically not part of forest monitoring and survey protocols, it is important to
understand the variables affecting lichen abundance for which data are more readily available. In
this way, more extensive estimates of forage availability can be made which is useful for a farranging large herbivore such as boreal caribou.
Here we have determined the environmental covariates that are most useful for estimating lichen
biomass: time since fire (stand age), basal area density of live trees, UTM northing and easting,
and stand type. These findings are supported by much of what is already known about terricolous
forage lichens in boreal systems. The concurrent analyses of the same data presented as raw
percent cover values and volumetric abundance show the value of including a measure of lichen
depth in forage assessment. High cover does not necessarily mean high biomass abundance, and
low cover does not necessarily mean low biomass. For this reason, lichen cover alone is not an
adequate metric for assessing lichen availability within caribou habitat. Volume of the
appropriate species of lichens should be estimated in the field by using cover and depth of the
lichen mat. It is important to consider stand type when assessing lichen availability, because of
the differing relationships between biomass and volume vs. biomass and area in each stand type.
The estimates of lichen biomass we have generated for different types and ages of forests of the
Saskatchewan Boreal Shield can be used in habitat assessments to inform generalizations based
on stand type and age.

Cladonia rangiferina
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7.0 HABITAT SELECTION OF BOREAL CARIBOU
7.1 Introduction
Habitat or resource selection is the behavioral process by which animals select features or items
within a landscape (e.g., discrete patches of forest, den sites, food items, etc.) as modified by
ecological and physiological conditions, typically with the expectation that natural selection has
acted on observed behaviors to maximize fitness by optimizing access to food, shelter, mates, or
other resources (Fretwell and Lucas 1969; Orians and Wittenberger 1991; Morris 2003). The
process dictates the distribution of animals through space and time, often with ramifications for
intraspecific population dynamics, interspecific interactions, and coevolution (Rosenzweig 1991;
Morris 2003). Understanding how animals select for or against features of habitat is fundamental
to teasing apart factors governing their survival and reproduction (McLoughlin et al. 2010), and
hence essential to developing effective strategies of conservation and management of species.
Research on resource selection can predict or extrapolate animal distributions through a
landscape and within spatially or temporally novel environments (Holbrook et al. 2018),
allowing wildlife managers to target priority areas for conservation including the types and
amounts of habitat critical to probability of occurrence (Heinrichs et al. 2017). Developing a
thorough understanding of the multi-scale, seasonal habitat or resource selection by caribou of
the SK1 range was a key objective of our research program.
7.1.1 HYPOTHESIS OF HABITAT-MEDIATED APPARENT COMPETITION
In Canada, efforts to conserve threatened and endangered populations of boreal and mountain
(woodland) caribou (hereafter caribou) epitomizes how the study of habitat and resource
selection can translate into applied ecology. Models of selection have played a prominent role in
helping to define metrics of critical habitat for caribou (Environment Canada 2012); explore
responses of caribou to anthropogenic disturbance (e.g., Dyer et al. 2001; Leblond et al. 2011;
Leclerc et al. 2014; Johnson et al. 2015); predator-prey relationships (e.g., Fortin et al. 2008;
Moreau et al. 2012); and the ability of caribou to use habitat to minimize predation (e.g.;
McLoughlin et al. 2005; Courtois et al. 2007; Courbin et al. 2009; Latham et al. 2011a,c;
DeMars and Boutin 2017). In context of the latter, caribou population dynamics are now thought
to be heavily impacted by means of habitat-mediated apparent competition (Wittmer et al. 2005,
2013; Hervieux et al. 2013; Serrouya et al. 2015a, 2017), a process intricately linked to the
behavior of habitat selection and fitness-habitat relationships of predators, caribou, and alternate
prey like moose (Alces alces) and white-tailed deer (Odocoileus virginianus).
Habitat-mediated apparent competition is a form of apparent competition (Holt 1977). With
respect to caribou, it is a corollary to Bergerud et al.’s (1984) supposition on how caribou might
use habitat selection as an anti-predator tactic (often termed the “spatial separation hypothesis”;
see James et al. 2004). The latter has been used to explain why at a landscape scale, caribou
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select for areas of low productivity like old-growth black spruce forests, bogs, and muskegs, or
higher elevations in the mountains—areas that typically do not support browsing ungulates like
moose and deer, and hence high numbers of predators like wolves (Canis lupus). At higher
orders of selection (Johnson 1980), adaptations to a lichen-based diet by caribou, especially in
winter, reflects the selective use of these habitats and resources therein (Thomas et al. 1994;
Thompson et al. 2015). Caribou have been shown to die from predation at higher rates when
selecting for greater amounts of habitat more amenable to alternate prey, like upland mixedwood forests in west-central Alberta relative to lowland bogs and fens (McLoughlin et al. 2005);
and caribou have long been known to avoid predation by migrating to higher elevations away
from moose and wolves (Seip 1992).
Habitat-mediated apparent competition relates to the spatial separation hypothesis by invoking
landscape disturbance, either as a result of human activity or natural disturbance (especially
wildfire), to increase the overall abundance or biomass of alternate prey by reducing the age of
forests and increasing the amount of deciduous browse, and hence abundance of predators. This
diminishes the effectiveness of habitat selection strategies by caribou to minimize predation
through spatial separation. A good example of how habitat-mediated apparent competition might
mechanistically influence caribou demography includes a recent experimental reduction of
moose (compared to a control population) in areas that had seen high logging activity, which
proved to reduce wolf densities and stabilize a mountain caribou population (Serrouya et al.
2017, 2019). See Section 3.1.1 for a full description of the hypothesis.
While population growth in predators that track increasing densities of alternate prey can
exacerbate predation risk to caribou (e.g., Serrouya et al. 2015a,b), the very nature of
anthropogenic disturbance, which invariably increases the amount of linear features on a
landscape (roads, trails, geophysical survey cut-lines, pipelines, transmission lines, etc.) may also
facilitate the efficiency at which wolves can hunt caribou. Increasing rates of travel by wolves on
lines relative to rates off lines have been clearly shown (Latham et al. 2011a, Dickie et al. 2017);
and DeMars and Boutin (2017) recently demonstrated that inability to avoid linear features by
female caribou in British Columbia negatively impacted survival of their neonate calves.
7.1.2 OBJECTIVES AND PREDICTIONS
A common prediction of habitat-mediated apparent competition is that caribou, when confronted
with linear and other anthropogenic features while selecting habitat, will tend to avoid them.
Understanding this has been key to formulating management strategies for caribou recovery. For
example, Courbin et al. (2009) modelled caribou and wolf habitat-spatial relationships in
Québec, recommending that the province place protected forest blocks in areas that are far from
roads and cut blocks and that have a high abundance of mature conifer forests relative to mixed
deciduous stands to minimize overlap between caribou and wolves. Habitat-mediated apparent
competition features prominently in why we are managing for disturbance—combined footprints
of natural and anthropogenic sources (with the latter including 500-m zones of avoidance around

Page 103 of 238

Status of Woodland Caribou in the Saskatchewan Boreal Shield
linear features)—in federal recovery strategies for both mountain and boreal caribou
(Environment Canada 2012, 2014).
Given the expected importance of the availability and configuration of habitat on caribou
populations, many researchers have investigated habitat and resource selection by caribou.
However, the bulk of our understanding on the topic comes from work conducted in areas with
already high levels of human activity (see Environment Canada 2011, 2012). Indeed, literature
on caribou is currently being written almost exclusively from the perspective of anthropogenic
effects. Yet, the frequency of disturbance type (natural vs. anthropogenic) can be inversely
related (e.g., Alberta and Saskatchewan; Fig. 3.1 of Chapter 3.0), with the upshot that research
on the ecology of caribou, including the study of habitat selection, is not well represented in
environments where natural disturbance dominates (Environment Canada 2012). Yet, it is
precisely this condition that applies to the majority of extant boreal caribou range in Canada (see
Fig. 2.5 of Chapter 2.0).
While there has been recent interest in the combined effects of natural and anthropogenic
disturbance on caribou (e.g., Skatter et al. 2017; Whitman et al. 2017; Barber et al. 2018), we are
far from understanding how caribou functionally respond to disturbance in regions where fire is a
frequent and natural component of the landscape, and anthropogenic disturbance is rare.
However, appreciating how caribou select for resources in such baseline environments may be
critical to making informed decisions about conservation and management. Consequences of
anthropogenic disturbance to community ecology, or efficiency of management actions
undertaken to protect endangered species, are often evaluated according to referenced historical
conditions where modern human activity is absent. Obtaining historical data in this context can
be difficult (Jachowski et al. 2015) but this is not necessarily the case for boreal caribou. Large
tracts of northern boreal forest remain in quasi-pristine condition relative to the south (Fig. 2.5;
Environment Canada 2011, 2012). Filling the gaps in our understanding of boreal caribou
ecology where we know the least may prove the most valuable going forward.
The Boreal Shield ecozone of Saskatchewan (SK1 caribou administrative unit) is characterized
by very low levels of anthropogenic disturbance (Environment Canada 2012), where <3% of the
forest occurs within 500 m of an industrial feature (in the region: primarily roads, transmissions
lines, communities, and subsurface mine sites; there is no commercial forestry). The area is also
noted for its short fire-return interval (Parisien et al. 2004) with 55% of the Saskatchewan Boreal
Shield having been mapped as burned in the past 40 years (Environment Canada 2012). The
region is more typical of northern caribou ranges compared to southern ranges in Canada (Fig.
2.5). National averages of percentage area burned (<40 years old) and buffered by industry (at
500 m) are 16.7 ± 15.7 [2.2] and 33.3 ± 26.6 [3.7] (% as 𝑥𝑥̅ ± 1 SD [SE]), respectively (nonspatially weighted among 51 caribou conservation units; data in Environment Canada 2012). The
Saskatchewan Boreal Shield is also representative of many northern caribou ranges as presenting
a largely natural food web: all the expected predators (e.g., wolves, black bears [Ursus
americanus]) and alternate prey (moose, beaver [Castor canadensis]) occur, but without the
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invasive species (e.g., coyotes [Canis latrans], white-tailed deer) known from more southern
ranges (e.g., Environment Canada 2011, Latham et al. 2011b, Environment Canada 2012).
Initiating research on habitat selection of caribou in the Saskatchewan Boreal Shield presents an
opportunity to study the species in a region little modified by humans where historically natural
processes dominate—the conditions in which the species evolved—while also providing data on
the state of an understudied population.
Resource selection is a hierarchical process (Johnson 1980; Schaefer and Messier 1995), with the
strength of selection for a resource or habitat type often varying through space and time
according to changes in the relevance of limiting factors to a species or population (Holling
1992; Rettie and Messier 2000). Therefore, it is useful to study election over multiple spatiotemporal scales to capture important variation in animal-environment interactions (Boyce et al.
2003; Mayor et al. 2009). How resource selection is influenced by spatial scales varies with
environmental characteristics and habitat heterogeneity, but overall, choice of food item is often
selected at finer scales while landscape patterns are likely to influence locations of home ranges
(Boyce 2006). Boreal caribou also typically experience seasonal changes in weather conditions,
forage availability, predation risk (e.g., from bears, which are only active for part of the year),
fire disturbance, insect harassment, and other factors that may affect how they use space
(Mörschel and Klein 1997; Rettie and Messier 2000; Gustine and Parker 2008; Latham et al.
2013).
We used telemetry data to model spatio-temporal variation in how caribou select resources in the
Saskatchewan Boreal Shield across seasons delineated based on the study of caribou movement,
and at three different spatial scales defining resource availability: within the range of our study
area (the “population scale”), within individual home ranges (the “home range scale”), and
within step-lengths defined by 800-m buffers drawn around individual relocations (the “steplength scale”). Results from this study are intended to inform the identification of critical habitat
for caribou in northern Saskatchewan (i.e., habitat with “biophysical attributes required by boreal
caribou to carry out life processes” [Environment Canada 2012] and “necessary for the survival
or recovery”, of the species [Canada Species at Risk Act S.C. 2002, c. 29]). In broader terms, our
research offers some of the first insights into how caribou select habitat in a boreal forest
characterized by a regime of high natural but low anthropogenic disturbance.
Following the spatial separation hypothesis and related ideas on habitat-mediated apparent
competition, at the population and home range scales, we predicted that caribou would select for
mature, conifer-dominated forests (stands of jack pine or black spruce) and wetlands (e.g., black
spruce bogs and open muskegs) relative to deciduous and mixed-wood forests, as the former
habitats may offer refuge from predators such as wolves and black bears that focus on food
resources more common in upland habitats and younger stands of forest (Rettie and Messier
2000; McLoughlin et al. 2005; Latham et al. 2011c, DeMars and Boutin 2017). At the same time,
we expected caribou would avoid early successional coniferous and deciduous-dominated forests
to minimize overlap with alternate prey species (e.g., moose) and predation from wolves (Seip
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1992; James et al. 2004; Serrouya et al. 2015b). While strength of selection for and travel rates
on linear features by predators like wolves may vary with season (Latham et al. 2011b, Dickie et
al. 2017), we expected caribou to avoid linear features as increased proximity to these features
may increase real or perceived predation risk (James and Stuart-Smith 2000; DeCesare et al.
2012; Johnson et al. 2015; Mumma et al. 2017; DeMars and Boutin 2017).
Assuming habitat choices made at the population and home-range scales allowed caribou to
escape effects of predation, we expected that the habitat attributes most closely associated with
seasonal foraging opportunities would have the strongest influence on resource selection at the
finer (step-length) scale. During the winter, we expected caribou would show the strongest
selection for mature conifer forests because these forests support some of the highest
concentrations of terrestrial lichens (a staple winter food source for caribou; Thomas et al. 1994;
Thompson et al. 2015) in our study area (Greuel 2018). At other times of year, we expected
caribou would show the strongest selection for open muskegs and bogs as these habitats support
seasonal abundances of grasses, sedges, and herbs (McLaughlan et al. 2010). These food items
are relatively rich in nitrogen and other nutrients that female caribou require to sustain lactation
and build body condition before winter (Klein 1990; Johnstone et al. 1999), and while lichens
may still make up a large part of woodland caribou diet year round, grasses, forbs, graminoids,
ericaceous shrubs (Thompson et al. 2015) and species like willows (Salix spp.) can be important
in spring and summer (Bergerud 1972; Thomas et al. 1994). Previous studies have shown that
caribou will continue to avoid linear features at finer spatial scales, perhaps as a response to
vehicular traffic (Dyer et al. 2001) or again in response to predation risk (DeCesare et al. 2012;
McGreer et al. 2015; DeMars and Boutin 2017). Therefore, we expected caribou to avoid linear
features at the step-length scale as we predicted for larger scales.

7.2 Study Area
Our study took place within a 90,700 km2 area of the Saskatchewan Boreal Shield enclosed by
the population range of 94 adult, female caribou that we tracked using Global Positioning
System (GPS)-tracking collars from March 2014 to April 2018 (Chapter 3.0). First, we derived
the boundaries of the population range (see Fig. 7.1 [reprinted here from Fig. 3.4 for
convenience], by drawing a 100% Minimum Convex Polygon (MCP, Mohr 1974) around the
home ranges of those caribou for which we had sufficient data (n = 83) to account for spatiotemporal auto-correlation when generating a kernel density estimator (Fleming et al. 2015;
Fleming et al. 2018, see Methods: Spatial Scales of Resource Selection). Then, we buffered the
100% MCP by the average distance (800 m, see Methods: Spatial Scales of Resource Selection)
covered by caribou between two successive GPS fixes (5 hrs). We verified that all the GPS fixes
collected for caribou for whom we were not able to calculate kernel density home ranges fell
within our population range, and as they largely did, we retained these caribou in our seasonal
analyses where appropriate. The final boundaries of the study area extended between 55o 31ʹ N to
58o 18ʹ N and −108o 42ʹ W to −102o 00ʹ W.
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Almost 75% of the population range fell within the Churchill River Upland Ecoregion (Fig. 7.1)
of Saskatchewan, while the remainder fell within the Athabasca Plains Ecoregion (Fig. 7.1). The
portion encompassed by the latter was characterized by continuous jack pine forest and networks

Fig. 7.1. (Reprint of Fig. 3.4). Extent of occurrence for GPS-collared caribou (University of Saskatchewan data)
within the SK1 administrative unit (inset). The range was calculated over four years (March 2014 to March 2018)
for 94 female caribou. Range was delineated as the 100% Minimum Convex Polygon (MCP, Mohr 1974) for
locations of tracked caribou, buffered by 800 m which was the average daily step length for collared animals. The
truncated range covered an area of 90,700 km2.

of sandy glacial deposits, moraines, and eskers. The portion encompassed by the Churchill River
Upland Ecoregion was characterized by continuous stands of jack pine and black spruce, as well
as smaller areas of mixed forests comprised of black spruce interspersed with trembling aspen
(Populus tremuloides), white birch (Betula papyrifera), balsam poplar (P. balsamifera) and/or
tamarack (Larix laricina). Collectively, >90% of habitat was coniferous forest of varying ages,
whereas mixed and deciduous forests were rare (<7% of landmass; Table 7.1). The topography
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Table 7.1. Descriptions and abbreviations (Abbr.) for the 7 habitat classes (Fig. 7.2) used to characterize resource
units (30 × 30-m pixels of land) of the Saskatchewan Boreal Shield. Percent (%) area represents the percentage of
land surface area (water and pixels with no data excluded) covered by each class within the study area (Fig. 7.1) at
the beginning of our study (Mar 2014). Canopy cover refers to the surface area of a site shaded by the canopy
species. Note that the 0.27% of the land area not accounted for in this table belonged to rare habitat classes not
included in our resource selection models (e.g., sand dunes).

Habitat Class

Abbr.
in text

%
Area

Description

Mature jack pine
forest

MJP

24.96

Canopy dominated by jack pine (Picea banksiana) trees >40
years old. Black spruce (Picea mariana) commonly cooccurs in small amounts (total canopy cover <15%).

Early
successional
jack pine forest

ESJP

33.11

Jack pine-dominated forests ≤40 years post-fire. These sites
are expected to support fewer terrestrial lichens than sites
dominated by mature jack pine forest.

Mature black
spruce forest

MBS

9.03

Canopy dominated by black spruce forest >40 years old.
Terrestrial lichens comprise >40% of the ground cover in
some sites.

Early
successional
black spruce
forest

ESBS

4.48

Black spruce-dominated forests ≤40 years post-fire. These
sites are expected to support fewer terrestrial lichens than
sites dominated by mature black spruce forest.

Mixed-wood
forest

MixCD

6.98

Either mixed-deciduous forest comprised of trembling aspen
(Populus tremuloides) and white birch (Betula papyrifera)
or mixed coniferous-deciduous forest comprised of black
spruce, trembling aspen, and/or white birch. The overstory
tends to be dense relative to the other habitat classes (total
canopy cover >48%).

Black spruce
bog

BSB

11.58

Somewhat open, black spruce-dominated canopy, generally
comprised of mature trees (i.e., trees >40-years old).
Understory dominated by ericaceous shrubs. Terrestrial
lichens comprise ~16% of ground cover.

Open muskeg

Omusk

9.59

Lowland bog or fen habitats with generally low tree and
shrub cover. Some sites may support stands of tamarack
trees (Larix laricina) or a dense clusters of shrubs,
especially willow (Salix sp.) and river alder (Alnus sp.).
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Fig. 7.2. Photographs of the seven habitat types retained to characterize the environment to model resource selection
by boreal caribou in the Saskatchewan Boreal Shield: A. Mature (>40 years) jack pine forest; B. Early successional
(≤40 years) jack pine forest; C. Mature (>40 years) black spruce forest; D. Early successional (≤40 years) black
spruce forest; E. Open muskeg; F. Black spruce bog; G. Mixed-wood forests including both mixed coniferousdeciduous forests; and H. Early successional deciduous forests. Habitat classes G and H were pooled for analysis.
Photo credits: Ruth Greuel.
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was rolling and encompassed numerous lakes and wetlands (e.g., treed bogs and muskegs).
Elevation ranged from 271–697 m, with higher elevations observed in the western half of the
study area. When our study commenced, total human disturbance (e.g., roads, mines,
transmission lines) was extremely low in the study area (0.18% of total area; including linear
features at 0.11 km/km2) but fire disturbance was high (46.98% being burned in the last 40
years).
Caribou and moose were the only ungulates common in the region (Chapter 3.0). From data
collected from 16 ungulate aerial surveys conducted within or in proximity to our study area
between February 2008 and March 2015 (Table 3.1 in Chapter 3.0), we calculated the average
density of caribou as 36.9 caribou per 1000 km2 (95% CI: 26.7–47.2 caribou/1000 km2). Thirteen
of these surveys included observations for moose; from these we calculated the average moose
density to be 45.7 moose per 1000 km2 (95% CI: 37.8–53.6 moose/1000 km2). The range of the
Beverly and Qamanirjuaq herds of barren-ground caribou encompass Saskatchewan Boreal
Shield partially but they only occur at low density in the far northeastern part during the winter
season (from September to March), with little overlap of our study area (BQCMB 2014).
Expected predators of caribou and their calves in the region included gray wolves, black bears,
wolverines (Gulo gulo), and lynx (Lynx canadensis); and both golden (Aquila chrysaetos) and
bald eagles (Haliaeetus leucocephalus). Based on the estimated numerical response between
wolves and moose following Messier (1994), the density of wolves was estimated to be 3.5
wolves per 1000 km2 (McLoughlin et al. 2016). A 2017 aerial survey (4500 km2) conducted by
the Alberta Biodiversity Monitoring Institute (paid for by our program) in the center of the study
area in February, 2017, observed 3.1 wolves/1000 km2 (ABMI 2017; Appendix A).

7.3 Methods
7.3.1 CARIBOU MONITORING AND TELEMETRY
Between 4 March 2014 and 10 March 2014, a capture crew from Bighorn Helicopters Inc.
(Cranbrook, BC, Canada) captured and fit 94 adult (aged ≥2 years), female caribou with GPSequipped satellite radio collars. Our captures involved net gunning according to procedures
outlined in Animal Use Protocol No. 20130127 of the University of Saskatchewan under
auspices of the Canadian Council on Animal Care, and as allowed under Academic Research
Permit No. 14FW037 of the Saskatchewan Ministry of Environment. To capture caribou, we
searched the study area with 2 Hughes 500 helicopters and a Husky Aviat A1B fixed-wing with
extended flight capabilities (up to 7 h airtime between refueling) for spotting candidate herds.
The crew randomly assigned caribou (1–2 caribou per herd) either a Telonics TGW 4680-3
GPS/Argos radio collar with CR-2A collar release (Telonics Inc., Mesa, Arizona, USA; n = 69
caribou) or a Lotek Wireless Inc. Iridium® Track M 3D radio collar (Lotek Wireless Inc.,
Newmarket, Ontario, Canada; n = 25 caribou). All collars were programmed to fix a location
every 5 h and to automatically release after 4 yrs. We optimized scheduling of GPS fixes,
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Fig. 7.3. Plot of the smoother from a generalized additive mixed model used to fit the log daily movement rate
(m/h/day) of 37 adult female caribou of the Saskatchewan Boreal Shield, 2014–2018, as a smoothed function of the
day of the year (1–365 days). The solid curve is the predicted value of the daily movement rate and the dashed lines
on either side represent the upper and lower confidence intervals defined by 2 times the standard error (SE) of the
prediction. The units on the y-axis have been scaled to linear units so that the predicted values are centered on zero.
Seasonal boundaries (vertical dashed lines) were delineated using peak points (i.e., significant increases or decreases
in the daily movement rate).

satellite uploads, and activity periods for VHF relocating beacons to maximize the period of
study: 37 collars were active on live caribou as at March 2018, and automatic release of these
collars occurred in April 2018 (for more details see Chapter 3.0).
7.3.2 DEFINING SEASONS
Where the movement rates of animals change non-linearly over time, decreases or increases in
the movement rate (peaks and troughs) can be used to define the boundaries of biological
seasons for animal populations (e.g., Vander Wal and Rodgers 2009; Van Beest et al. 2013). We
estimated seasonal boundary dates by using a Generalized Additive Mixed Model (GAMM) to
identify population-level changes in the daily movement rates of the 37 caribou that survived the
entire period of monitoring (Mar 2014–Mar 2018; Fig. 7.3). Specifically, we fit log-transformed
daily movement rate (m/h/day) as the response variable and the day of the year (1–365) as the
smoothing function using the library gamm4 (Version 0.2-5, https://CRAN.Rproject.org/package=gamm4, published on 25 Jul 2017) implemented in R (R Version 3.5.1,
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www.r-project.org, accessed 2 Jul 2018). To account for the hierarchical sampling design (i.e.,
relocations nested within individual caribou), we included animal ID as a random intercept. We
used a cyclic cubic regression spline, with the optimal curve estimated by generalized crossvalidation (Wood 2006). To find the peak points of this curve, we used a finite difference of 10-6
calculate derivatives.
While delineation of seasons (Fig. 7.3) based on movement data was important for all seasons,
the calving season is arguably the most critical period for caribou because high rates of calf
mortality have been associated with significant declines in caribou populations (Weir et al.
2014). To ensure the boundaries of the calving season estimated by the GAMM were accurate,
we conducted residence time (RT) analyses (Barraquand and Benhamou 2008) to estimate
calving dates for all caribou that were neither dead nor censored prior to 25 April and inclusive
of 30 June of a given year (92 caribou in 2014, 78 caribou in 2015, 69 caribou in 2016, and 49
caribou in 2017; Fig. 7.4). Before conducting the RT analysis, we screened the data for errors
and removed all relocations that were less than 4.95 h or greater than 5.05 h apart.

Fig. 7.4. Sample plots of Residence Times (RT, in seconds) of two adult female caribou within a 200-m radius patch
from May 1–July 1, 2014: (a) a female that produced a calf; and (b) a female that did not. The solid horizontal line
in plot (a) demarks 20 hours; if a caribou spent more than 20 hours within a 200-m radius and the RT peak above 20
hours was significantly larger than the average RT peak during the sample period, then a caribou was expected to
have given birth.

An RT analysis maps out the amount of time an animal spends in the vicinity (i.e., within a given
radius) of successive relocations. Similar to Panzacchi et al. (2013) and Coleman et al. (2015),
we drew circular buffers of 50 m, 100 m, 150 m, 200 m, 300 m, and 500 m around relocations
and calculated RT values for each caribou at each radii using the function “residenceTime” from
the package adehabitatLT (Version 0.3.23, https://CRAN.R-project.org/package=adehabitatLT,
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accessed on 28 Jan 2018) in R. We set the maximum-time threshold (defined as the maximum
time an animal is allowed to spend outside the buffer before it is considered to have left it) as 5
h, which approximates the time interval between GPS fixes. We found that a radius of 200 m
produced a calving season with the most synchronous calving dates between years. We used
Lavielle’s method (Lavielle 1999, 2005) to identify the start and end dates of the peak residence
time values at the 200-m radius (Fig. 7.4). Caribou were considered as having calved if their
peak RT value was >20 h and considerably larger than the average RT value calculated over the
time series (as per Coleman et al. 2015). As it is generally assumed that caribou calves are born
within 24 h of the first distinct peak in RT (Panzacchi et al. 2013), we set the calving date for
each caribou as the start date of the first RT peak. We then adjusted the starting and ending dates
of the calving season as the 0.025 and the 0.975 quantiles of all the calving dates calculated for
this time interval to encompass 95% of the calving dates across the four years of study.
7.3.3 SPATIAL SCALES OF RESOURCE SELECTION
For analysis of resource selection, we defined the environment available to the tested animals
based on three different spatial scales. At the population scale, the entire study area defined as
the 800-m buffer around the 100% Minimum Convex Polygon (MCP) of home ranges was made
available to caribou. We truncated this area at the boundary between Saskatchewan and
Manitoba (Fig. 7.1) due to a lack of data to describe the environment in the latter province.
For the home range scale, we demarcated each caribou’s available environment as the 95%
weighted autocorrelated kernel density estimate, defined using the autocorrelated Gaussian
reference function bandwidth with debiased area (Fleming et al. 2015; Fleming et al. 2018)
available in the ctmm (Continuous-Time Movement Modelling) package (Version 0.5.2,
https://CRAN.R-project.org/package=ctmm, accessed on 10 Sep 2018) in R (Calabrese et al.
2016). This method explicitly accounts for spatio-temporal autocorrelation in telemetry data by
optimizing the smoothing bandwidth using an autocorrelated movement model. Specifically, we
used a fitted Ornstein-Uhlenbeck-F (OUF) motion model characterized by a continuous,
correlated velocity motion restricted to a finite home range using initial model parameters
obtained from the empirical variogram of the telemetry data, which provides a means of
visualizing auto-correlation structure (Fleming et al. 2014). Here again, we truncated home
ranges that would have extended into Manitoba (Fig. 7.1).
We defined the available area at the step-length scale using 800-m buffers drawn around each
GPS relocation. We decided to use an 800-m radius because it approximated the mean step
length (𝑥𝑥̅ = 791 ± 1334 m [SD]) of our sample of caribou over a 5-h interval.
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7.3.4 ENVIRONMENTAL COVARIATES
We described the environment within our study area in terms of resource units defined as 30 ×
30-m pixels characterized by the following attributes: elevation (m), proximity to linear features
in m (e.g., major roads, trails, geophysical survey lines, fire breaks, transmission lines, etc.; Figs.
5.1–5.4), and habitat type (n = 7 habitat classes considering vegetation association and time since
fire, as described in Tables 5.1 and 7.1, Fig. 7.2). We extracted elevation values (Fig. 5.3) from a
raster layer (resolution = 30 × 30 m) derived from a digital elevation model for the study area in
ArcGIS® (ArcGIS Desktop, v. 10.2.1, Environmental Systems Research Institute [ESRI],
Redlands, California, USA). We measured the proximity to a linear feature as the Euclidean
distance (m) between a point location and the edge of the closest linear feature (Fig. 5.4,
Appendix D). The density of linear features within our domain of study was very low (0.11
km/km2). If a line did not occur within a specific domain of availability (i.e., was absent from a
caribou’s 800-m buffer zone at the step-length scale), we assumed that they no longer had an
effect on caribou resource selection and we set the distance to linear features to be equal for all
points within this domain. This allowed the effects of all environmental covariates to be
represented in our RSF models at the step-length scale, while statistically removing the effect of
linear features on animal locations that were considered too far away to have their step-length
response impacted by these features (Johnson et al. 2005; Johnson and Russell 2014).
Following McLoughlin et al. (2016) we used habitat classes for our study area dervied from a
raster layer of 27 Forest Ecosite Classes (FECs). We used the Unweighted Pair-Group Method
using Arithmetic Averages (UPGMA; Rohlf 1963; Sneath and Sokal 1973) to group the 20 most
common FECs into distinct classes according to 13 habitat attributes (e.g., canopy closure,
moisture regime, and percent cover of lichens and common tree and shrub species). For our
study, we retained seven habitat classes described in Table 7.1 (also see Fig. 7.2): mature jack
pine forest (>40 years), mature black spruce forest (>40 years), early-successional jack pine
forest (≤40 years, early-successional black spruce forest (≤40 years), mixed coniferous and
deciduous forest, open muskeg, and black spruce bog (for further details, see McLoughlin et al.
2016 and Stewart 2016). We did not consider relocations falling into water, pixels for which we
did not have any data, or areas described by rare habitat types including mixed swamp, sand
dunes, and stands of white spruce (Picea glauca) as these associations represented <0.3% of the
study area. We updated the vegetation layer each year with wildfire data to account for changes
in forest stand structure and age (Fig. 5.2). The age threshold between early-successional and
mature forests was set to 40 years after the last fire event, which is a useful period in which to
expect recovery of forage lichens for caribou in the study area after fire. In the Saskatchewan
Boreal Shield, Greuel (2018) found that high cover values can be reached as early as 34 years
after fire in jack pine stands (Chapter 6.0). In Alberta peatlands, recovery of lichens reached an
asymptote after 40 years (Dunford et al. 2006). Environment and Climate Change Canada
(Environment Canada 2012) assesses habitat <40 years of age as disturbed habitat (from
wildfire) for modelling purposes related to boreal caribou.
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7.3.5 SEASONAL RESOURCE SELECTION FUNCTIONS
Resource selection functions (RSFs) are functions proportional to the probability of use of a
resource unit (e.g., a point or pixel in space; Manly et al. 2002) and are defined by the following
fixed effects, exponential equation:
𝑤𝑤(𝑥𝑥) = exp(𝛽𝛽0 + 𝛽𝛽1 𝑥𝑥1 + 𝛽𝛽2 𝑥𝑥2 + ... + 𝛽𝛽𝑛𝑛 𝑥𝑥𝑛𝑛 )

where w(x) is the relative probability of an animal’s occurrence in a resource unit (e.g., pixel or
point on a landscape), 𝛽𝛽0 is the model intercept, and 𝛽𝛽1 , 𝛽𝛽2 … 𝛽𝛽𝑛𝑛 are the coefficients (i.e., slopes)
for the covariates 𝑥𝑥1 , 𝑥𝑥2 … 𝑥𝑥𝑛𝑛 .

For each season and scale, we generated RSFs using logistic regression to compare biotic and
abiotic environmental attributes (i.e., elevation, Euclidean distance to the edge of the closest
linear feature, and habitat classes) associated with sets of used points (GPS relocations of tracked
caribou) to sets of available points randomly sampled (i.e., we used a use-availability design
sensu Manly et al. 2002) from within the population range, individual home range, or 800-m
buffer (step length), respective to scale of study. To model the characteristics of the environment
available to caribou at each scale, we chose a ratio of 8:1 available random points to each used
point (given the very large size of our dataset). As telemetry data are inherently hierarchical (i.e.,
relocations are nested within individual animals and individuals may be further nested within
family groups or sub-populations), we used Generalized Linear Mixed Models (GLMMs)
available in the lme4 (Version 1.1-18-1, https://CRAN.R-project.org/package=lme4, accessed on
17 Aug 2018) package in R, with a Bernoulli response (presence/availability) and caribou ID as a
random intercept (Gillies et al. 2006). To generate the coefficient values for RSFs, our GLMMs
were structured as logit models of the form:
𝑔𝑔(𝑥𝑥) = ln [

𝜋𝜋(𝑥𝑥)
] = 𝛽𝛽0 + 𝛽𝛽1 𝑥𝑥1 + 𝛽𝛽2 𝑥𝑥2 + ... + 𝛽𝛽𝑛𝑛 𝑥𝑥𝑛𝑛 + 𝛾𝛾𝑛𝑛𝑛𝑛 𝑥𝑥𝑛𝑛𝑛𝑛 + 𝛾𝛾0𝑗𝑗
1 − 𝜋𝜋(𝑥𝑥)

where 𝑔𝑔(𝑥𝑥) is a binomial response comparing the set of animal relocations (i.e., used points) to
the set of randomly sampled locations (i.e., available points); ln [𝜋𝜋(𝑥𝑥)/1- 𝜋𝜋(𝑥𝑥)] is the logit-link
function relating the binomial response to the linear predictor on the right side of the equation;
𝛽𝛽0 is the global intercept; 𝛽𝛽1, 𝛽𝛽2 … 𝛽𝛽𝑛𝑛 are the beta-coefficients for the covariates 𝑥𝑥1 , 𝑥𝑥2 … 𝑥𝑥𝑛𝑛 ;
𝛾𝛾𝑛𝑛𝑛𝑛 𝑥𝑥𝑛𝑛𝑛𝑛 is the random slope term in which 𝛾𝛾𝑛𝑛𝑛𝑛 represents the random coefficient of variable 𝑥𝑥𝑛𝑛 for
the individual or group j; and 𝛾𝛾0𝑗𝑗 is the random intercept term, which represents the difference
between the intercept for the individual or group j and the mean (global) intercept (Gillies et al.
2006). We used the adaptive Gauss-Hermite quadrature with eight nodes in the quadrature
formula to approximate the expression of the likelihood (Bolker et al. 2009). The betacoefficients (i.e., 𝛽𝛽1, 𝛽𝛽2 …𝛽𝛽𝑛𝑛 ) derived from the GLMM became the model coefficients for the
RSF and the odds ratio was interpreted in terms of relative strength of selection in favor of the
different predictors.
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For each set of used and available points for each spatio-temporal scale, we removed points
occurring in water, rare habitat types as defined previously, and areas with no available
vegetation data. For the population scale, we removed GPS fixes occurring outside the polygon
delineating our study area (e.g., in Manitoba). For the home range and step-length scale, we
excluded GPS fixes falling outside the corresponding individual home range. Finally, at each
scale and for each season, we excluded relocations from all caribou that had fewer fixes than the
total number of days encompassed by that season to ensure a ratio of 1 point/day/season for all
caribou in the models.
The total number of caribou and relocations used at each scale are summarized in Table 7.2.
Prior to model fitting, we scaled all continuous variables (i.e., elevation and distance to linear
features) by centering them to zero and dividing by 2.0 standard deviations using the rescale
function from the package arm (1.10-1, https://CRAN.R-project.org/package=arm, accessed on
13 Apr 2018) implemented in R. We used habitat selection ratios (Manly et al. 2002) to assign
reference habitat classes for each. The reference habitat class was that for which the selection
ratio was closest to 1.0, therefore indicating neither selection nor avoidance (Manly et al. 2002).
For each season and scale, we fitted 4 potential candidate models: a global model containing all
covariates (i.e., habitat classes, elevation, and distance to linear features) including quadratic
effects for both the continuous predictors and their interaction; a model containing the quadratic
effects but not the interaction between the continuous predictors; a model containing the
interaction but no quadratic effects; and a model with neither the quadratic effects nor the
interactions. As one of the goals of our study was to help define critical habitat for caribou in the
Saskatchewan Boreal Shield, we based the selection of the best models on their predictive
performance using 5-fold cross validation (Boyce et al. 2002). In each round, we withheld a
different sample representing 20% of the individuals in our full data set (i.e., individual blocking;
Roberts et al. 2017). We estimated Spearman-rank correlations (RS) between 10 RSF bins and
area-adjusted frequencies using the R script
“Appendix_6_Box_2_CODE_Blocking_by_group.R” provided by Roberts et al. (2017).
Specifically, a strong, positive RS suggested a good predictive capacity of our RSFs. When the
average of the correlation coefficients across folds between candidate models was high and there
was little variation between models (e.g., RS > 0.90), we retained the most parsimonious model to
aid interpretation and to simplify any future management actions. In a small number of cases (5
of 72), complex models failed to converge (i.e., global models containing all the parameters as
defined previously or models containing quadratic effects). We did not consider these models
further.
7.3.6 SEASON-WEIGHTED ANNUAL RSF MODELS
Identifying critical habitat for wide-ranging species such as caribou may be more feasible in the
context of broader temporal scales (Fortin et al. 2008); for example, by examining responses to
habitat averaged over an annual period. To this end, we developed season-weighted annual RSF
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models by combining the six seasonal RSFs generated at each spatial scale (one equation per
scale). We derived the coefficients for each RSF by calculating the weighted average of the betacoefficients from the six simplest seasonal GLMMs. Coefficients from each GLMM were
weighted according to the number of days in their corresponding season. We used the ratio
variance approximation according to Cochran (1977) and as advised by Gatz and Smith (1995)
as an estimate of the standard error of the weighted mean of the coefficients. To visualize trends
apparent in our annual RSF models, we mapped proportional probabilities of use of resource
units (i.e., 30- × 30-m pixels) across our study area. For this, we calculated three raster layers,
one for each spatial scale, from the corresponding RSF formula applied to raster layers of the
scaled elevation, scaled proximity to linear features, and habitat classes in ArcGIS® (ArcGIS
Desktop, v. 10.2.1, Environmental Systems Research Institute (ESRI), Redlands, California,
USA).

7.4 Results
7.4.1 DEFINING SEASONS
We defined biologically meaningful seasons for caribou as the peak points of the optimal curve
from our movement model (Fig. 7.3). Peaks occurred on 20 March, 5 May, 11 June, 12 August, 1
October, and 27 November (Fig. 7.3). Peaks on 5 May and 11 June defined the candidate interval
for the calving season. Calving dates estimated using RT analysis (Fig. 7.4) occurred between 4
May and 24 June in 2014, 1 May and 17 June in 2015, 23 April and 19 June in 2016, and
between 25 April and 15 June 2017. Therefore, we shifted the start and end dates of the calving
season from 5 May to 1 May and from 11 June to 15 June as these dates encompassed 95% of
the calving events across the 4 years. Our final intervals for defining seasons were: spring (20
Mar–30 Apr), calving (1 May–15 Jun), post-calving (16 Jun–11 Aug), late summer (12 Aug–30
Sept), autumn (1 Oct–26 Nov) and winter (27 Nov–19 Mar).
7.4.2 SEASONAL RESOURCE SELECTION
Points of use varied depending on season, scale, and number of caribou with available data.
Models were trained using a minimum of 35,722 points of use from 81 GPS-collared caribou
(e.g., for the late summer season at home range and step-length scales) to a maximum of 84,952
used points (Table 7.2). Only for the spring season (which corresponded with the timing of collar
deployments in 2014) at the population scale were we able to use data from all 94 caribou
captured as part of the study (Table 7.2).
Predictive capacity of most models was very good, with RS averaged across folds ranging from
0.81 to 0.96 (Table 7.2). The only season for which predictive capacity was relatively low was
for the post-calving season. In this case, mean RS was 0.59 at the population scale, 0.76 at the
home range scale, and 0.64 at the step-length scale (Table 7.2).
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Table 7.2. Sample size (number of GPS location [n] and number of caribou [N]) used to develop generalized linear
mixed models describing the seasonal influence of habitat classes (Habitat), elevation (Elev) and distance to linear
feature (LinDist) on resource selection by adult female caribou in the Saskatchewan Boreal Shield (2014–2018), at
three spatial scales of habitat availability: he population scale (availability as defined by the study area); the home
range scale (availability restricted to within home ranges); and the step-length scale (availability restricted to within
800-m radius buffers around relocated caribou every 5 hrs). Following Boyce et al. (2002) we present predictive
success of the models from the mean Spearman-rank correlations (RS) among 10 Resource Selection Function (RSF)
bins and area-adjusted frequencies from individually blocked 5-fold (F1, F2, F3, F4, F5) cross validation.

Spatial Scale
Season
Model
Population

- Spring
Habitat + Elev² × LinDist²
Habitat + Elev² + LinDist²
Habitat + Elev × LinDist
Habitat + Elev + LinDista
- Calving
Habitat + Elev² × LinDist²
Habitat + Elev² + LinDist²
Habitat + Elev × LinDist
Habitat + Elev + LinDista
- Post-calving
Habitat + Elev² × LinDist²
Habitat + Elev² + LinDist²
Habitat + Elev × LinDist
Habitat + Elev + LinDista
- Late summer
Habitat + Elev² × LinDist²
Habitat + Elev² + LinDist²
Habitat + Elev × LinDist
Habitat + Elev + LinDista
- Autumn
Habitat + Elev² × LinDist²
Habitat + Elev² + LinDist²
Habitat + Elev × LinDista
Habitat + Elev + LinDist
- Winter
Habitat + Elev² × LinDist²

n

39,705

N

- Spring
Habitat + Elev² × LinDist²
Habitat + Elev² + LinDist²
Habitat + Elev × LinDist
Habitat + Elev + LinDista

44,330

91

38,935

89

36,592

85

46,408

83

84,952

81

36,512

F1

F2

F3

F4

F5

Mean

0.952
0.964
0.939
0.976

0.964
0.988
0.976
0.976

0.976
0.939
0.939
0.952

0.930
0.927
0.952
0.915

0.964
0.988
0.988
1.000

0.957
0.961
0.959
0.964

0.927
0.952
0.927
0.842

0.976
0.927
0.964
0.964

0.939
0.919
0.879
0.952

0.576
0.77
0.758
0.77

0.915
0.939
0.903
0.939

0.867
0.905
0.886
0.893

0.782
0.903
0.806
0.915

0.709
0.867
0.794
0.745

0.879
0.927
0.939
0.891

0.091
-0.006
0.285
0.212

0.176
0.297
0.115
0.176

0.527
0.598
0.588
0.588

0.867
0.952
0.915
0.939

0.903
0.952
0.855
0.939

0.988
0.855
0.976
0.830

0.952
0.939
0.709
0.830

0.948
0.903
0.842
0.903

0.931
0.920
0.859
0.888

0.964
0.915
0.952
0.855

0.818
0.842
0.818
0.818

1.000
0.988
0.927
0.879

0.988
0.952
0.915
0.939

0.952
0.939
0.927
0.745

0.944
0.927
0.908
0.847

0.879

0.927

0.867

0.939

0.988

0.920

0.879
0.927
0.891

0.842
0.939
0.915

0.903
0.927
0.939

0.948
0.915
0.939

0.927
0.891
0.939

0.900
0.920
0.925

0.964
0.964
0.988
0.988

0.927
0.915
0.927
0.927

0.988
0.939
0.952
0.939

0.915
0.927
0.915
0.891

0.951
0.927
0.951
0.927

0.949
0.935
0.947
0.935

94

Habitat + Elev² + LinDist²
Habitat + Elev × LinDist
Habitat + Elev + LinDista

Home range

Spearman-rank correlation (RS)

83
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- Calving
Habitat + Elev² × LinDist²
Habitat + Elev² + LinDist²
Habitat + Elev × LinDist
Habitat + Elev + LinDista
- Post-calving
Habitat + Elev² × LinDist²
Habitat + Elev² + LinDist²
Habitat + Elev × LinDist
Habitat + Elev + LinDista
- Late summer
Habitat + Elev² × LinDist²
Habitat + Elev² + LinDist²
Habitat + Elev × LinDist
Habitat + Elev + LinDista
- Autumn
Habitat + Elev² × LinDist²
Habitat + Elev² + LinDist²a
Habitat + Elev × LinDist
Habitat + Elev + LinDist
- Winter
Habitat + Elev² × LinDist²
Habitat + Elev² + LinDist²
Habitat + Elev × LinDista
Habitat + Elev + LinDist

42,168

82

37,744

82

35,722

81

45,442

81

82,883

81

0.879
0.891
0.952
0.952

0.903
0.903
0.976
0.964

0.939
0.952
0.927
0.952

0.939
0.915
0.939
0.939

0.927
0.867
0.952
0.915

0.918
0.905
0.949
0.944

0.806
0.745
0.855
0.685

0.794
0.915
0.879
0.879

0.939
0.891
0.867
0.867

0.948
0.927
0.939
0.927

0.479
0.479
0.491
0.442

0.793
0.792
0.806
0.760

0.903
0.939
0.988
0.879

0.842
0.867
0.794
0.939

0.855
0.867
0.952
0.952

0.83
0.842
0.818
0.879

0.903
0.745
0.891
0.818

0.867
0.852
0.888
0.893

0.709
0.624
0.636
0.559

0.952
1.000
0.976
0.745

0.782
0.842
0.891
0.964

0.794
0.855
0.552
0.721

0.782
0.855
0.77
0.915

0.804
0.835
0.765
0.781

0.879
0.842
0.903
0.830

0.915
0.952
0.988
0.939

0.879
0.879
0.952
0.879

0.952
0.952
0.952
0.842

1.000
0.915
0.988
0.952

0.925
0.908
0.956
0.888

0.891
0.915
0.903
0.927

0.867
0.818
0.903
0.915

0.867
0.855
0.867
0.855

0.879
0.879
0.927
0.939

0.888
0.862
0.903
0.896

0.952
0.952

0.939
0.903

0.976
0.964

0.964
0.964

0.944
0.939

0.709
0.721
0.600
0.576

0.733
0.733
0.770
0.782

0.661
0.661
0.624
0.636

0.600
0.600
0.624
0.624

0.658
0.653
0.690
0.641

0.806
0.842
0.842

0.952
0.855
0.855

0.550
0.855
0.794

0.879
0.830
0.830

0.884
0.862
0.852

0.903
0.891
0.891
0.891

0.879
0.927
0.867
0.855

0.794
0.794
0.794
0.855

0.939
0.939
0.964
0.952

0.847
0.862
0.847
0.852

0.782
0.721

0.661
0.661

0.794
0.891

0.927
0.927

0.799
0.806

Step-length

36,512
83
- Spring
Habitat + Elev² × LinDist²
0.939
Habitat + Elev² + LinDist²
0.842
Habitat + Elev × LinDist
0.915
Habitat + Elev + LinDista
0.842
- Calving
42,168
82
Habitat + Elev × LinDist
0.891
Habitat + Elev + LinDista
0.915
- Post-calving
37,744
82
Habitat + Elev² × LinDist²
0.588
Habitat + Elev² + LinDist²
0.552
Habitat + Elev × LinDist
0.830
Habitat + Elev + LinDista
0.588
- Late summer
35,722
81
Habitat + Elev² + LinDist²
0.927
Habitat + Elev × LinDist
0.927
Habitat + Elev + LinDista
0.939
- Autumn
45,442
81
Habitat + Elev² × LinDist²
0.721
Habitat + Elev² + LinDist²
0.758
Habitat + Elev × LinDist
0.721
Habitat + Elev + LinDista
0.709
- Winter
82,883
81
Habitat + Elev × LinDist
0.830
Habitat + Elev + LinDista
0.830
a
Models retained to describe the seasonal RSF at each scale.
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Caribou strongly avoided mixed coniferous/deciduous forests across all seasons and scales; they
also tended to avoid early-successional jack pine forests except in a small number of cases
(Table 7.3). Similarly, early-successional black spruce forests were avoided in most cases, but
for the post-calving season at the step-length scale relative to open muskeg (Table 7.3). In
contrast, caribou were overall more likely to be found in areas where mature coniferous forests
were dominant, including jack pine and black spruce stands, or in wetlands including black
spruce bog and open muskegs; however, sign and magnitude of the beta coefficients associated
with these habitat types varied across spatio-temporal scales (Table 7.3).
At the population scale, caribou almost always selected for black spruce bogs, open muskegs,
and mature jack pine (Table 7.3). Mature black spruce forest was the reference category against
which other classes were compared for 1/3 of the models, or had no effect on caribou response,
with the exception of the post-calving season where it was clearly selected (Table 7.3).
Table 7.3. Estimates ± standard error (SE) of beta coefficients (fixed effects) for habitat classes (black spruce bogs =
swamps [BSB]; open muskegs [Omusk]; mature [>40 years old] jack pine [MJP] and black spruce [MBS]; earlysuccessional [≤40 years old] jack pine [ESJP] and black spruce [ESBS]; and mixed coniferous-deciduous forests
[MixCD]) from top generalized linear mixed models predicting seasonal resource selection for adult female caribou
of the Saskatchewan Boreal Shield (2014–2018). Scales of analysis include the population scale (availability as
defined by the study area); the home range scale (availability restricted to within home ranges), and the step-length
scale (availability restricted to within 800-m radius buffers around relocated caribou every 5 hrs). The reference
class is denoted by “R”.

were dominant, including jack pine and black spruce stands, or in wetlands including black
spruce bog and open muskegs; however, sign and magnitude of the beta coefficients associated
with these habitat types varied across spatio-temporal scales (Table 7.3).
At the population scale, caribou almost always selected for black spruce bogs, open muskegs,
and mature jack pine (Table 7.3). Mature black spruce forest was the reference category against
which other classes were compared for 1/3 of the models, or had no effect on caribou response,
with the exception of the post-calving season where it was clearly selected (Table 7.3).
At the home range scale, caribou almost always selected for black spruce bogs, mature black
spruce, and mature jack pine (Table 7.3). While open muskeg was selected for most of the time,
it was avoided in spring (Table 7.3).
At the step-length scale, in spring, mature jack pine forests were selected for while black spruce
bog and open muskegs were avoided, relative to mature black spruce forests (Table 7.3). In
contrast, during the calving season and relative to mature jack pine, black spruce bog and open
muskegs were selected, and mature black spruce forests were avoided (Table 7.3). During postcalving, both mature coniferous forests were selected relatively to open muskeg while black
spruce bogs were avoided; however, caribou showed selection for black spruce bogs and open
muskeg relative to mature black spruce in late summer, while mature jack pine forests were
neither selected nor avoided (Table 7.3). Finally, in autumn and winter, caribou selected for At
the home range scale, caribou almost always selected for black spruce bogs, mature black spruce,
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and mature jack pine (Table 7.3). While open muskeg was selected for most of the time, it was
avoided in spring (Table 7.3).
At the step-length scale, in spring, mature jack pine forests were selected for while black spruce
bog and open muskegs were avoided, relative to mature black spruce forests (Table 7.3). In
contrast, during the calving season and relative to mature jack pine, black spruce bog and open
muskegs were selected, and mature black spruce forests were avoided (Table 7.3). During postcalving, both mature coniferous forests were selected relatively to open muskeg while black
spruce bogs were avoided; however, caribou showed selection for black spruce bogs and open
muskeg relative to mature black spruce in late summer, while mature jack pine forests were
neither selected nor avoided (Table 7.3). Finally, in autumn and winter, caribou selected for
mature jack pine and black spruce bog relative to open muskegs while avoiding mature black
spruce forests (Table 7.3).
The effects of elevation and distance to linear features were scale-dependent. At the population
scale, females were always more likely to occur at lower elevation (βelevation ranging from −0.353
± 0.004 [SE] in winter to −0.180 ± 0.006 in late summer; Fig. 7.5). At the home range scale (i.e.,
when selecting habitat within the home range), caribou had mixed seasons responses to elevation
(Fig. 7.5). At the step-length or patch scale, caribou were slightly more likely to use areas at
higher elevation from spring to late summer, while they tended to select for lower elevation
during the winter (βelevation ranging from 0.029 ± 0.007 during post-calving to 0.045 ± 0.011
during calving; Fig. 7.5).
Caribou responses to linear features were generally weak, and only evident in consideration of
large distances (e.g., from 0–20 km). At the home range scale caribou were predicted to occur
closer to linear features albeit with small effect size (βLinDist ranging from −0.538 ± 0.007 in
autumn to −0.018 ± 0.005 during post-calving; Fig. 7.6). At the home range scale, caribou were
more likely to be found slightly farther from linear features during the snow-free calving, postcalving, late-summer, and autumn seasons (βLinDist ranging from 0.375 ± 0.007 in late summer to
0.414 ± 0.007 during calving; note the quadratic effect in autumn where βLinDist = −0.139 ± 0.009
and βLinDist² = 0.119 ± 0.003; Fig. 7.6). However, females were predicted to occur closer to be
somewhat closer to linear features in winter (βLinDist = −0.260 ± 0.006, Fig. 7.6). Distance to
linear features had no significant effect on caribou behavior at the step-length scale (Fig. 7.6).
Scale dependence in resource selection was clearly apparent from mapped probabilities of use of
resource units (Fig. 7.7). Using season-weighted RSF models, mapped probabilities of use
suggested that resource units in areas closer to linear features had better chances of being used by
caribou than areas far from this feature at the population scale, while this trend was overall
reversed at the home range scale. At the step-length scale, the distance to linear features did not
seem to impact the probability of use of a resource unit across the study area. Overall, each
spatial scale suggested different areas of high relative selection probability based on biophysical
attributes of habitat (Figs. 7.5–7.7).
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Fig. 7.5. Plot of the Resource Selection Function (RSF) scores (predicted probability of use – P[Use]) by adult
female caribou in the Saskatchewan Boreal Shield (2014–2018) as a function of elevation derived from the top
model for each season (A. Spring; B. Calving; C. Post-Calving; D. Late Summer; E. Autumn; and F. Winter) and
spatial scale of analysis, with all other predictor variables held constant. Solid lines represent the population scale
(availability as defined by the study area), dashed lines represent the home range scale (availability restricted to
within home ranges), and dotted lines represent step-length scale (labelled ‘Patch’: availability restricted to within
800-m radius buffers around relocated caribou every 5 hrs). Note that there was an interaction between elevation and
distance to linear features at the population scale in autumn and at the home range scale in winter, represented here
as the average over the higher-order effect.
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Fig. 7.6. Plot of the Resource Selection Function (RSF) scores (predicted probability of use – P[Use]) by adult
female caribou in the Saskatchewan Boreal Shield (2014–2018) as a function of the scaled distance to linear features
(roads, trails, transmission lines, etc.; centered by the mean and divided by SD) derived from the top model for each
season (A. Spring; B. Calving; C. Post-Calving; D. Late Summer; E. Autumn; and F. Winter) and spatial scale of
analysis, with all other predictor variables held constant. Distance to linear features was not included in the model at
the step-length scale due to non-significance (not plotted). Solid lines represent the population scale (availability as
defined by the study area) and dashed lines represent the home range scale (availability restricted to within home
ranges). Note that there was an interaction between elevation and distance to linear features at the population scale
in autumn and at the home range scale in winter, represented here as the average over the higher-order effect.
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A.

B.

C.

Fig. 7.7. Global resource selection functions (RSFs) showing the proportional probability of adult female caribou
occurrence in consideration of habitat availability at spatial scales in the Saskatchewan Boreal Shield (2014–2018):
A. Population scale, B. Home range scale, and C. 800-m Step-length scale. Beta-coefficients for each global RSF
were derived as the weighted average of beta-coefficients from 6 models describing resource selection by caribou
during the spring (SPR), calving (CLV), post-calving (PC), late summer (LSUM), autumn (AUT) and winter (WTR)
seasons. Coefficients were weighted according to the number of days in each season (LWS = 42; CLV = 46; PC =
57; LSUM = 50; AUT = 57; WTR = 113).

7.5 Discussion
We investigated the multi-scale, seasonal resource selection patterns of boreal woodland caribou
exposed to very low anthropogenic but high natural levels of disturbance. The species has rarely
been studied in this context, which may better represent the baseline conditions in which boreal
caribou evolved compared to regions where industrial activity is now pervasive. It is also typical
of many northern caribou ranges (Fig. 2.5; Environment Canada 2011, 2012). Responses of
caribou to habitat features in this environment were both scale-dependent and at times contrary
to our expectations. Selection by caribou for mature coniferous forests and black spruce bogs and
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muskegs, coupled with avoidance of early successional coniferous forests and mixed coniferousdeciduous forests was as expected; however, caribou in the Saskatchewan Boreal Shield did not
avoid linear features across all scales and, in the case of our home range-level analysis, across
seasons.
Linear features have often been associated with an increase in predation risk to caribou (e.g.,
James and Stuart Smith 2000; Johnson et al. 2015; McGreer et al. 2015; DeMars and Boutin
2017; Mumma et al. 2017). The presumption is that increased selection for and rates of travel on
linear features by wolves (Latham et al. 2011a, Dickie et al. 2017) facilitates encounter rates with
prey (e.g., Vander Vennen et al. 2016 but see DeCesare et al. 2012).
While we initially did not know how wolves might associate with linear features in the
Saskatchewan Boreal Shield (Chapter 8.0), we expected that caribou in our study area would
avoid linear features as observed in the southern boreal forest (James and Stuart Smith 2000;
DeCesare et al. 2012; McGreer et al. 2015; DeMars and Boutin 2017). We did not expect to find
that caribou selected for linear features in winter at the home range scale and in all seasons at the
population scale; and that they would not respond to linear features at the step-length scale.
Avoidance was only shown at the home range scale, where caribou avoided linear features
during the snow-free season (Fig. 7.5). However, in all cases the effect sizes though significant,
were weak and only evident in consideration of fairly large distances. At no time did we observe
any strong responses of selection for or avoidance of at very short distances to a linear feature,
e.g., within 1000 m.
Despite equivocal responses to linear features at most seasons and scales, the slight tendency of
avoidance shown by caribou at the home range scale may be explained as a potential response to
predation risk, if predators are using these features more in summer than winter (including a
summer-only effect of black bear use of these features [Czetwertynski 2007; Latham et al.
2011c, Tigner et al. 2014]). In northeast Alberta, Latham et al. (2011a) observed that
conventional (straight-line) geophysical survey lines were important movement corridors for 22
GPS-collared wolves during the snow-free season but not in winter. The latter may be due to
wolves abandoning such trails when snow depth approaches 40–45 cm (as noted by Latham et al.
[2011a] and shown by Paquet et al. 2010). However, Dickie et al. (2017), in a comprehensive
study of wolf behavior of 20 wolves (also in northeast Alberta) using 5-min travelling steps,
noted linear features being selected by wolves both in summer and winter, with travel rates
significantly higher on lines, compared to the surrounding forest. While travel rates on lines by
wolves in Dickie et al. (2017) were generally less in winter than summer, in winter the odds of
wolves selecting pipelines and conventional seismic lines, roads, railways and transmission lines
were still 2, 3, 4 and 8 times higher than the surrounding forest, respectively. In west-central
Alberta, Finnegan et al. (2018) also noted year-round selection of linear features by wolves.
We had considered that scale dependence in caribou responses to linear features may be
explained, in part, by similar patterns in scale dependency regarding elevation (Figs. 7.4 and
7.5). At the population scale, caribou were more likely to occur slightly closer to linear features,

Page 125 of 238

Status of Woodland Caribou in the Saskatchewan Boreal Shield
and we were curious whether this may have been due to the elevation at which these relatively
rare features were constructed: when caribou avoided linear features, such as during the snowfree period at the home range scale, higher elevations were selected. However, this does not
match with data on the elevation of these features, which averaged 498 ± 53 m (SD) and ranged
from 311–630 m, i.e., linear features were not especially constructed in low-lying areas at the
broad scale. Our population-scale results also implied that we might expect our sample of
caribou to have been caught nearer to roads than expected from random. Indeed, our 94 capture
locations were located nearer to linear features (3821 ± 325 m [𝑥𝑥̅ ± SE]) compared to random
points in the study area (8949 ± 445 m). However, we do not believe that this necessarily meant
that caribou were less likely to be sampled farther from roads than closer because, e.g., fuel
caches or accommodations were often located on or adjacent to linear features. While the latter
was true, our deployment strategy involved grid-like flight paths and wide loops crossing the
forest matrix with no purposeful tracking of linear features (which largely presented as gravel
roads in the study area), as opposed to searching along linear corridors to find caribou. Further,
in the case of our fixed-wing spotting plane, 7-h flight times allowed for extensive searching
away from linear features during each day of captures. We also believe that extensive coverage
of our study area (>80 h of helicopter flight time) was achieved because we searched intensively
for wolves at the same time as caribou as part of our wolf-capture program (Chapter 8.0), with
wolves occurring at very low density in the region and hence requiring considerable search effort
principally using lakes and rivers for track-finding, rather than roads or trails.
Considering all scales and seasons, we believe that habitat selection by caribou in the
Saskatchewan Boreal Shield shows signs of decoupling from the standard explanation for how
and why caribou might respond to linear features, elevation, and vegetation associations of
different ages. The scale-dependence and seasonal selection or avoidance of habitat features by
caribou in our study, compared to most other research on the subject, must be framed within the
context of: 1) the low densities of linear features in the Saskatchewan Boreal Shield; 2) the
relative abundances of alternate prey and predators, including species richness (estimates for
which are all relatively low; Chapters 3.0, 8.0, 9.0); and 3) successional dynamics of the forest
(Chapters 5.0 and 6.0).
At the low levels of anthropogenic disturbance observed there may be no association between
anthropogenic footprint and predation risk for caribou, or benefits to wolves, or that if predation
risk is elevated, it may not be perceived as such by naïve caribou. This speaks to the notion of
functional responses in habitat selection, wherein habitat use is likely to vary, following different
potential scenarios (reviewed in Holbrook et al. 2018), regarding environmental characteristics
such as the availability of a resource (Mysterud and Ims 1998) and in the context of foraging and
risk avoidance (Aarts et al. 2013). Functional responses in habitat selection have been shown for
boreal caribou where caribou adjusted the strength of selection for coniferous forest offering
shelter according to the amount of human disturbances (Moreau et al. 2012), or access to food
sources affected by the amount of surrounding refugia (Mason and Fortin 2017). However,
functional responses in the context of feature avoidance by caribou has received much less
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attention. Yet, this could be important for our understanding of caribou reactions to linear
features in environments where the latter is rare. In consideration of habitat-mediated apparent
competition, our interpretations must incorporate a response by predators, and there is some
evidence predator use of anthropogenic features to hunt prey is a function of feature availability.
Hebblewhite and Merrill (2008) showed that in areas of low human activity, wolf resource
selection was independent of proximity to humans; however, as human activity increased,
wolves displayed a functional response selecting areas closer to anthropogenic features. Houle et
al. (2010) also showed that during the denning period, wolves were more likely to select for
recent logging cutovers where cuts were most abundant. If wolves show a functional response to
anthropogenic features, disproportionately increasing their use as they become less rare on the
landscape, we must consider that caribou may respond in kind, i.e., disproportionately
associating or not associating risk from predation at low relative levels of anthropogenic
disturbance.
While caribou may not have been responding to linear features as initially predicted, they did
select for vegetation associations in line with what might be expected if selection was targeted to
avoid areas where alternate prey were more likely to occur. In wolf-moose-caribou systems,
moose tend to be the primary prey of wolves (e.g., Seip 1992; James et al. 2004). Moose
generally select for mature deciduous forests, young coniferous forests, mixed coniferousdeciduous forests, and riparian habitats (Courtois et al. 2002; Jacqmain et al. 2008), although
they may also select for mature coniferous forests for thermoregulation (Dussault et al. 2004).
Hence, caribou are expected to avoid forests of younger seral ages. However, critical to our
interpretation of caribou habitat selection in the Saskatchewan Boreal Shield is the observation
that both moose and wolves occurred at exceptionally low density relative to most areas where
resource selection by caribou has been previously studied. Why would this be the case, in an area
subject to such high rates of wildfire?
As part of our overall program, we conducted a large-scale evaluation of the successional
dynamics of forests within the Saskatchewan Boreal Shield. The combination of well-drained,
low-fertility soils and high rates of natural fire disturbance in the Saskatchewan Boreal Shield
tends to favor of one of the main (selected) habitats for boreal caribou (jack pine stands; 57.6%
of the region [Table 7.1]). Jack pine forests in this region are highly resilient to fire and typically
self-replace even after short-interval fires (Hart et al. 2019). Conifers heavily dominate the
Saskatchewan Boreal Shield landscape to the point that our maps estimated ~7% of habitat to be
classified as deciduous or mixed-wood forest. Young seral stands in the region were often
dominated by jack pine or black spruce (Hart et al. 2019), with low availability of deciduous
browse. We believe that this may be why alternate prey like moose (no deer are present this far
north in Saskatchewan) and hence wolf densities are among the lowest observed in boreal
caribou range (<50 moose and approx. 3 wolves per 1000 km2, respectively; see Chapter 8.0). In
Alberta and British Columbia where caribou co-occur with wolves and moose, densities of these
species can be much higher. Webb (2009) estimated wolf densities in areas adjacent to caribou
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habitat in the foothills and mountain regions of Alberta to range from 9.7 to 22.3 wolves/1000
km2, and James et al. (2004) estimated wolf abundance at 11.5 wolves/1000 km2 in east-central
Alberta. In his continental meta-analysis and study of the wolf-moose numerical response,
Messier (1994) recorded only 5/32 studies where wolf densities were <5 wolves/1000 km2; and
only 1/32 instances where moose were estimated to occur at a density less than in the
Saskatchewan Boreal Shield (Carmacks Yukon, where 40 moose/1000 km2 associated with 2
wolves/1000 km2).
Our observations and analyses also suggest that natural disturbance should not be conflated with
anthropogenic disturbance in the Saskatchewan Boreal Shield. Even with a high amount of
natural disturbance the habitat does not appear to support the moose and wolf densities required
to invoke habitat-mediated apparent competition to explain responses in caribou habitat
selection. Perhaps this should not be surprising in the Saskatchewan Boreal Shield, a range that
is north of the boreal plains and borders on barren-ground caribou habitat. The factors affecting
the ecology of the key large mammals of the boreal forest—caribou, moose, and wolves—differ
in ecological (or niche) space. At some point in latitude a predominately moose-wolf system
gives way to a caribou-wolf system, with barren-ground caribou replacing boreal caribou and
moose on the landscape as the dominant component of ungulate biomass. The implication is that
hypothesized mechanisms of population limitation to caribou via habitat and predation can differ
from place to place across Canada, and our results suggest that there is strong evidence that the
mechanism of habitat-mediated apparent competition as it is generally thought to apply to boreal
caribou (reviewed in Environment Canada 2012) is not operating to the same extent in the
Saskatchewan Boreal Shield. We propose that the mechanisms of population limitation to
caribou by means of habitat and predation differ from place to place depending on local context.
We strongly suspect that macroecological factors governing predator-prey species richness and
successional trajectories, including primary productivity and other geoclimatic variables, must be
better considered while assessing links between habitat, disturbance, and predation to caribou
demography at macroecological scales.
While most of our RSF models showed strong scale-dependency, the results were also dependent
on biological season, offering insight into the ecology of caribou of the Saskatchewan Boreal
Shield. At the population and home range scales, season affected the relative strength of
selection for specific habitat types (e.g., mature jack pine forests were selected in winter, while
black spruce bogs and open muskegs were selected during calving). At the step-length scale, we
observed inter-seasonal variation in the positive responses of caribou to specific habitat types
that may be related to seasonal changes in the availability and accessibility of forage. For
instance, during winter and spring, caribou showed exceptionally strong selection for mature jack
pine forest, which supports relatively high abundance of terrestrial lichens important to caribou
(Thomas et al. 1994; Thompson et al. 2015). Further, Greuel (2018) found that lichen recovery
after wildfire in the Saskatchewan Boreal Shield was most rapid in jack pine forests, resulting in
higher (but more variable) lichen abundance after 35 years in comparison to well-drained black
spruce forests (>2000 kg/ha of lichen versus <1000 kg/ha respectively). While black spruce bogs
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were estimated to have the highest biomass of forage lichens (Table 7.1), the open forest canopy
does not offer the shelter and reduced snow depth of mature jack pine and black spruce forests.
The calving and post-calving seasons are critical for recruitment in caribou. Indeed, while
pregnancy rates are often high (e.g., Seip 1992; Wittmer et al. 2005; Courtois et al. 2007;
Mumma et al. 2017), adult caribou mortality is highest in the snow-free period and calves are
more at risk during their early life (McLoughlin et al. 2003; Pinard et al. 2012; Mahoney et al.
2016). During the calving season, at both the population and home range scales, caribou showed
the strongest selection for black spruce bogs and open muskegs, and these vegetation
associations were the only ones selected for at the step-length scales. These wetland habitats are
expected to offer high quality food resources that may be necessary for supporting lactation and
replenishing fat and protein stores depleted during pregnancy and winter (Thomas et al. 1994).
Moreover, Latham et al. (2011c) showed that forested wetlands also may offer refuge from black
bears that are likely important predators of caribou calves. While forage in open muskegs may
also appeal to moose (Timmerman and McNicol 1988; Shipley 2010) and hence represent a
trade-off between predation risk from wolves and bears (e.g., Leblond et al. 2016), the low
densities of moose on the landscape likely precluded much increase in predation risk from
wolves via apparent competition.
The post-calving season was the only season where caribou showed the strongest selection for
mature black spruce forests. Mature black spruce forests tend to have denser lateral cover, which
may reduce the visibility of caribou mothers and neonates to predators (Courbin et al. 2009).
Solitary dispersal into mature conifer forests following calving has been shown to reduce calf
mortality (Gustine et al. 2006); thus, caribou in our study area may have selected for mature
black spruce forest to minimize predation risk to calves. Interestingly, the predictive capacity of
the models developed for the post-calving seasons was not as strong compared to other seasons
(Table 2). This might be explained by the fact that, while most female caribou give birth every
year, most caribou calf mortality occurs during the calving or post-calving season (McLoughlin
et al. 2003; Pinard et al. 2012; Mahoney et al. 2016). Therefore, caribou might adapt their
resource selection strategies according to whether they retained a calf at heel or not (e.g., Viejou
et al. 2018). Further investigation into how female caribou select habitat according to their
parental status will shed light on the proximate factors driving resource selection during the postcalving and other seasons.
Understanding where, and where not, habitat-mediated apparent competition applies to the
ecology of woodland caribou is likely to be critical to the continued development of Canada’s
national framework for caribou recovery (Environment Canada 2012, 2014; Environment and
Climate Change Canada 2017). Collectively, our results allow us to draw some conclusions
regarding implications to habitat-based management for boreal and mountain caribou. This is
salient, as the current federal (pan-Canadian) recovery strategy for boreal caribou (Environment
Canada 2012) targets a policy of forest management such that no more than 35% of boreal
caribou range (2.4 million km2) should be less than 40 years of age as a result of natural or

Page 129 of 238

Status of Woodland Caribou in the Saskatchewan Boreal Shield
anthropogenic disturbance, or otherwise impacted by industry. This is based heavily on the
assumption of habitat-mediated apparent competition, i.e., that “…habitat alteration (i.e., habitat
loss, degradation, and fragmentation) from both anthropogenic and natural sources, and
increased predation as a result of habitat alteration have led to local population declines
throughout their distribution (Environment Canada 2012: vi).” This policy is currently being
acted on throughout the country as Canada moves to developing local range plans in response to
Environment Canada (2012), which is a mandated response into the drafting of a formal recovery
strategy like Environment Canada (2012). However, our results suggest that managing for total
rates of disturbance (both natural and anthropogenic) may not yield results if caribou in less
developed areas fail to respond to disturbance in the manner expected from highly developed
regions (either behaviorally, in terms of resource selection, or possibly numerically). This is not
trivial as the majority of boreal caribou range in Canada occurs in areas that, while not well
studied, have industrial disturbance rates similar to the Saskatchewan Boreal Shield. The
management implications for developing national policy for the species may therefore be
especially important in this context, because, in essence, we know the least about caribou where
they occur the most. Our results suggest that things can be different for caribou in systems where
natural fire regimes occur in concert with very low levels of anthropogenic disturbance. For
boreal caribou, these systems include those found in the Yukon, Northwest Territories, and the
northern extents of boreal caribou range in Manitoba, Ontario, Québec, and Labrador (see
Appendix J “Critical Habitat Fact Sheets” of Environment Canada [2012]).
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Plate 8.1. A timber wolf of the Saskatchewan Boreal Shield in May, 2016. Photo credit: Clara Superbie.

8.0 ECOLOGY OF BOREAL SHIELD WOLVES
8.1 Introduction
Integral to understanding the population dynamics of woodland caribou is understanding the
species’ relationship with its year-round predator, the wolf. Wolves are thought to limit
distribution and abundance of boreal caribou at multiple spatial scales (Rettie and Messier 2000),
particularly as mediated by landscape disturbance and apparent competition with alternate prey
like moose and deer (i.e., habitat-mediated apparent competition; see Section 7.1.1). In general, it
is hypothesized that through much of the boreal forest increases in the abundance of alternate
prey through landscape disturbance (that increases the availability of deciduous shrubs and trees)
may lead to increases in wolf (or other predator) numbers, which in turn imparts a negative effect
on caribou through increased predation risk (Seip 1992; Wittmer et al. 2005; Serrouya et al.
2015).
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Direct evidence for the role of wolves in habitat-mediated apparent competition between
alternate ungulate prey and caribou comes primarily from the boreal plains of Alberta and in
British Columbia (Latham et al. 2011a,b; Serrouya et al. 2017, 2019). For example, Latham et al.
(2011b) assessed the effects of increasing densities of white-tailed deer on wolf–caribou
dynamics in north-eastern Alberta, before (1994–1997) and after (2005–2009) a major industrial
expansion (mainly increases in seismic exploration lines, well sites, roads, and harvest cutovers
in the region). These authors observed that white-tailed deer densities increased 17.5× (while
moose remained unchanged). Wolf numbers also increased from approximately 6–11.5/1,000
km2. Hair contents of wolf scats from the 1990s to 2000s (n = 648 and 397, respectively)
indicated frequency dependent selection, with the relative consumption of moose by wolves
declining substantively during this time period (from 64% to 18.6% of scats), whereas use of
deer and beaver increased (to 40.8% and 47.9% from 9.4% and 14.7%, respectively). Caribou
increased in the diet of wolves from that of very rare (0.5%) to rare (5.0%). Latham et al.
(2011b) concluded that changes to the landscape that permitted invasion of deer into the system
resulted in a numeric response by wolves and higher incidental predation on caribou.
Further to the numerical considerations above, landscape modifications may also influence the
rate at which predators like wolves encounter and kill caribou (McCutchen 2007; Paquet et al.
2010; Latham et al. 2011a,b; Whittington et al. 2011; Dickie et al. 2017; DeMars and Boutin
2017), therefore affecting the (steepness of the) functional response of predators to caribou (i.e.,
caribou killed per predator per unit time as a function of caribou density [see Holling 1959; Dale
et al. 1994; Messier 1994] for discussion). Much of the work on this topic has focused on the
proximate behavioural reactions of both wolves and caribou to anthropogenic disturbance to
understand how human activities are influencing wolf functional responses. Some studies have
demonstrated that wolves move at reduced speeds and exhibit more undirected movements (prey
searching and hunting) when near to roads (Courbin et al. 2014) and cut-blocks (Ehlers et al.
2014), while other have shown that wolves exhibit increased movement rates and linear travel in
areas with high densities of linear and non-linear industrial features (Lesmerises et al. 2012;
Ehlers et al. 2014; Dickie et al. 2017). The latter has been interpreted either as a means of
reducing encounters with humans (Ehlers et al. 2014), increasing encounter rates with prey
(McKenzie et al. 2012; Dickie et al. 2017), or facilitating territory monitoring (Dickie et al.
2017). Similarly, caribou have been shown to adjust their behaviour to human disturbance, with
much evidence indicating avoidance of human developments (Dyer et al. 2001; Fortin et al.
2013; Losier et al. 2015). However, it is clear that this is a simplified picture given that the
degree of avoidance can depend heavily on the availability of habitat types (i.e., caribou
functional responses in habitat selection are modified by human disturbance [Losier et al. 2015])
and avoidance at short distances can still result in caribou clustering around areas of human
activity (Fortin et al. 2013).
In northeast Alberta, Latham et al. (2011a) observed that conventional (straight-line) geophysical
survey lines were important movement corridors for 22 GPS-collared wolves during the snowfree season but not in winter. The latter may be due to wolves abandoning such trails when snow
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depth approaches 40–45 cm (as noted by Latham et al. [2011a] and shown by Paquet et al. 2010).
However, Dickie et al. (2017), in a comprehensive study of wolf behavior of 20 wolves (also in
northeast Alberta) using 5-min travelling steps, noted linear features being selected by wolves
both in summer and winter, with travel rates significantly higher on lines, compared to the
surrounding forest. While travel rates on lines by wolves in Dickie et al. (2017) were generally
less in winter than summer, in winter the odds of wolves selecting pipelines and conventional
seismic lines, roads, railways and transmission lines were still 2, 3, 4 and 8 times higher than the
surrounding forest, respectively. In west-central Alberta, Finnegan et al. (2018) also noted yearround selection of linear features by wolves.
A few researchers have gone a step further to explicitly examine the effects of human
disturbance on wolf-caribou encounters or predation events. Since adult caribou survival shows
very little (relative) temporal variation in most systems (Environment Canada 2008; Fortin et al.
2017; also see Gaillard et al. 2000) and wolf removal studies have shown that adult caribou
mortality is relatively resistant to even substantial manipulation of wolf densities (Hayes et al.
2003; Hervieux et al. 2014), we might expect that changes to wolf functional responses as a
result of human impacts will have greater effects on calf mortality. A small number of studies
have related calf mortality to environmental factors, including human disturbance (Environment
Canada 2008; Mahoney et al. 2016; Fortin et al. 2017), and some studies are beginning to
provide evidence for changes in wolf behaviour mediated by human disturbance that then has
knock-on effects on calf mortality (DeMars and Boutin 2017). Together, the combination of
numerical increases in predators on the landscape (numerical responses) and potential changes to
predator hunting efficiency (functional responses) are expected to influence predation rates on
caribou (i.e., as the total response sensu Messier [1994]).
8.1.1 OBJECTIVES AND PREDICTIONS
Prior to our program very little work had been published on the ecology of wolves of the
Saskatchewan Boreal Shield. We did not know how wolves might be distributed in the
Saskatchewan Boreal Shield both in terms of density and territory size; how territory size related
to group size; how wolves might respond to the low densities of linear features observed on the
landscape (averaging 0.11 km/km2; see Chapter 7.0); nor how wolf distribution might respond to
the high spatial extent of recent wildfires (Chapter 5.0) and effects of the latter on the
distribution of both caribou and alternate prey. Further, the seasonal (winter) presence of
migratory barren-ground caribou (principally of the Qamanirjuaq herd [Nagy et al. 2011]) at the
northern borders of the Saskatchewan Boreal Shield was a potential though unknown modifier of
both wolf abundance and behaviour.
While natural disturbance is high in the Saskatchewan Boreal Shield, there is also limited
availability of high-quality habitat for moose (e.g., deciduous and mixed-wood forests, estimated
as <8% in terrestrial area; Chapter 5.0). Indeed, moose exist at relatively low density: among 13
surveys where moose were observed in the study area (Table 3.1), densities averaged 45.7
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moose/1000 km2. This was the second-lowest density of moose observed by Messier (1994) in
his North American-wide survey of 33 studies (where both moose and wolves were sympatric).
Following equations presented in Messier (1994), we computed that wolves in our study area
would be encountering and killing moose at a very low rate, perhaps 0.3 moose killed per 100
days per wolf, which is capable of supporting a density of <2.0 wolves/1000 km2 assuming
moose are the preferred prey. This compares to other caribou ranges in Alberta, e.g., where
moose densities can be as high as 120–250 moose/1000 km2 (e.g., Little Smoky [pre-wolf
removal, unpubl. data cited in Kuzyk et al. 2006]) overlapping with a diversity of other ungulates
including elk, mule deer, and/or white-tailed deer, supporting densities as high as 25
wolves/1000 km2 (e.g., Hervieux et al. 2014; wolf densities were 11.0 wolves/1000 km2 in the
study of Kuzyk [2002]). In comparison to northeast Alberta, Latham et al. (2011b) estimated an
average of 11.5 wolves/1000 km2 for the West Side-Athabasca River caribou range concomitant
with deer densities as high as 1700 deer/1000 km2, while Ranger and Anderson (2012) reported
260 moose and 490 deer/1000 km2 for the region in 2011.
Wolves are believed to have evolved as a largely obligate predator of ungulates: where ungulate
biomass is low wolf densities are expected to follow in suit (Keith 1983; Messier 1994; Fuller et
al. 2003; Kuzyk and Hatter 2014). Lake et al. (2013, 2015), working in the relatively
unproductive Yukon Flats area of Alaska, estimated average densities of wolves as 3.3–3.6
wolves/1000 km2 (depending on territory estimator and time of year) opposed to an estimated 80
moose/1000 km2. Kittle et al. (2015) showed that in an approximately 40,000 km2 study area of
the boreal shield of northern Ontario (also see Kittle et al. 2017), wolf space-use patterns
concentrated near deciduous, mixed deciduous/coniferous and disturbed forest stands favoured
by moose, and in proximity to linear corridors, including shorelines and road networks remaining
from commercial forestry activities. Their study area supported relatively low moose densities
(ranging from 46 moose/1000 km² in the south-east [Nakina] to 24 moose/1000 km² in the northwest [Pickle Lake]), not dissimilar to what we found in the Saskatchewan Boreal Shield (Table
3.1). To these moose densities, Kittle et al. (2015) observed average wolf densities of 5.1
wolves/1000 km² (Nakina) and 3.1 wolves/1000 km² (Pickle Lake).
Across North America, total ungulate biomass per km2 is significantly and positively related to
wolf density (R2 = 0.64, df = 31, P < 0.001). Fuller et al.’s (2003) linear equation predicts wolf
densities of 4.7 wolves/1000 km2 for the Saskatchewan Boreal Shield based on the standardized
ungulate biomass coefficients [bmi-values] derived by Keith (1983). Kuzyk and Hatter (2014)
recently refined the Fuller et al. (2003) model into a quadratic equation (R2 = 0.85, P < 0.0001),
recognizing the need for a zero-intercept which could be important at low ungulate bmi (as
pointed out by Cariappa et al. [2011]), while also taking into account data points in Fuller et al.
(2003) that may have been confounded by heavy human exploitation rates. The quadratic
equation of Kuzyk and Hatter (2014) predicts a wolf density of 1.9 wolves/1000 km2 in our study
area. While the macroecological study of Messier (1994) and Kuzyk and Hatter (2014) both
estimate <2.0 wolves/1000 km2 in the Saskatchewan Boreal Shield, given the presence of
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wintering barren-ground caribou in the north and west parts of the study area, we were unsure
about what to expect for wolf density (in fact, at the start of our study we did not know that
boreal caribou densities would also be as high as they are [Chapter 3.0]). However, a density of
<5.0 wolves/1000 km2 seemed like a reasonable expectation for the Saskatchewan Boreal Shield.
Coupled with an expectation of low wolf density, we also expected to find relatively large
territory sizes. Indeed, Kittle et al. (2015) observed that wolf territory size was inversely related
to wolf habitat quality, measured as projected wolf use, probability of moose occupancy, and
proportion of preferred land cover classes (and wolf density was positively related to habitat
quality). In Lake et al. (2015), average winter territory size for 5 packs ranged from 1433 km2
with the 95% adaptive kernel to 1608 km2 with the minimum convex polygon or MCP (annual
territory sizes were 1,395 km2 and 1,515 km2, respectively, for two packs with enough data
[Lake et al. 2013]). Carnivore territory size is widely known to vary inversely with food
availability, and as expected in more productive environments like the boreal plains and Rocky
Mountain foothills of Alberta, wolf territories are much smaller. Latham (2009) documented
average territory size (100% MCP) to be 𝑥𝑥̅ = 1087 ± 452 (95% CL, n = 8 packs). In west-central
Alberta, territory sizes (also 100% MCP) were 937 km2 in the study of Kuzyk (2002).

Following from an expectation of larger territory sizes, we also expected pack sizes to be
relatively small, perhaps similar to those of Kittle et al. (2015, 2017) who observed pack sizes
averaging 4.5 wolves per pack (n = 17) in the Nakina region and 3.8 wolves per pack (n = 12) in
the Pickle Lake region (pack sizes at first encounter, computed from Appendix S1 of Kittle et al.
2017). In Alberta, Latham (2009) observed winter pack sizes of 2–22 wolves (𝑥𝑥̅ = 7.8 ± 3.37,
95% CL, n = 11 packs). Kuzyk (2002) observed late winter wolf pack size ranging from 4–18
members per pack with a mean pack size of 8.2 wolves/pack. The pack sizes of Lake et al.
(2015) averaged 5.0 and 4.8 in November and March, respectively. Fuller et al. (2003) estimated
an average pack size of 6.5 from 11 studies across North America where moose were prey.
While we may have had some expectations of wolf densities, territory sizes, and pack sizes, we
did not know how wolves would respond to the habitat conditions and exceptionally limited
extent of linear features in the Saskatchewan Boreal Shield. This aspect of wolf ecology has
never been addressed at the levels of anthropogenic disturbance observed in our study area,
anywhere in North America. However, as noted in Section 7.5, Hebblewhite and Merrill (2008)
showed that in areas of low human activity, wolf resource selection was independent of
proximity to humans, but as human activity increased, wolves displayed a functional response
selecting areas closer to anthropogenic features. If wolves show a functional response to
anthropogenic features, disproportionately increasing their use only as they become less rare on
the landscape, we may not see a response of wolves to roads, cutlines, and trails at the 0.11 km
of lines/km2 observed in the SK1 unit. Understanding the nature of this response, however, may
be critical to interpreting how caribou may react to linear features in areas of low anthropogenic
disturbance (Chapter 7.0).
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To address our questions, in 2014 we initiated a comprehensive GPS-tracking study of wolves
throughout the same region of the Saskatchewan Boreal Shield where we were simultaneously
monitoring boreal caribou (Figs. 3.1 and 8.1). We aimed to document seasonal wolf habitat
selection in relation to the same landscape variables use to estimate caribou habitat selection
(Chapter 7.0) including anthropogenic features (i.e., multi-scale Resource Selection Functions
[RSFs], see Section 7.3.5). We also estimated wolf density and territory and pack sizes to
compare with other studies and help interpret how wolves and moose might factor into the
hypothesis of habitat-mediated apparent competition as a limiting factor to caribou.

8.2 Methods
8.2.1 WOLF MONITORING AND TELEMETRY
Between March 2014 and May 2016, 37 wolves (15 males, 19 females, 3 unrecorded sex)
representing 22 packs were tracked in the study area using GPS telemetry collars (Lotek
Iridium® TrackM 2D; Lotek Inc., Newmarket, ON, Canada). In March, 2014, we deployed 26
GPS collars, supplemented by 11 GPS collars on wolves in March, 2015, to improve sample
sizes following collar malfunction and wolf mortality after the first year of tracking. All wolves
were captured and equipped with collars after physical immobilization (net gun) through the
tendered services of Bighorn Helicopters Inc. (Cranbrook, British Columbia, Canada), following
approved animal care protocol 20130127 of the University of Saskatchewan (guided by the
Canada Council on Animal Care and the U of S Animal Research and Ethics Board) and permit
14FW037 of the Saskatchewan Ministry of the Environment. Upon capture we collected
biological samples (blood, hair) for use in future analyses of diet and genetic analysis. Coat
colour was recorded for 12 of the wolves, and was described as: 4 white, 2 grey, 1 dark grey, 2
blue-black, and 3 black. The average shoulder height of captured wolves was 82 cm (range 68–
106 cm). The average total length from snout to tail was 182 cm (range 164– 206 cm).
8.2.2 ESTIMATING TERRITORY SIZE
Our GPS collars were scheduled to record wolf movements every 3 hours, with a fix rate success
averaging >94%. All non-fixes, 2-dimensional fixes and fixes with low horizontal dilution of
precision (e.g., >10; Poole et al. 2003; Adams et al. 2013 ) were removed from the dataset (n =
5051) and only 3-D fixes or better were used for estimating territory sizes (n = 94,045).
Resulting GPS data were truncated to match the time of collaring and suspected time the collar
was dropped or deemed stationary. Wolves with less than nine months of data were removed for
calculations of territory size (Kusak et al. 2005; Mattisson et al. 2013). The remaining 17 wolves
generated 63,838 GPS fixes, with between 2046 and 6006 locations per wolf. We defined
resident wolves (n = 13) as those separated from transients, migrating, or dispersing (n = 4)
wolves, so that the very large home ranges calculated for transient wolves did not affect the
(overall) mean territory sizes of residents. We used the terms resident and transient to describe
the different movement patterns of these wolves following Hinton et al. (2016).
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We calculated territory sizes on an individual basis (one wolf per pack), as only two sets of
wolves originating from the same pack met criteria of having at least nine months of data.
However, for these two pairs of wolves initially captured together, in both cases one wolf
remained on a resident territory while the other dispersed shortly thereafter and was transient
(wolves 140004 [resident] vs. 140009 [transient]; wolves 140021 [resident] vs. 140020
[transient]). Wolf 140023, an adult female, was located within the largest pack observed (10
wolves). The territory size of this animal was quite large, however, and we were unsure whether
this animal dispersed from its original pack during the period of study (inflating territory size);
hence, we presented means for territory sizes both with and without this wolf. That said, wolf
territory size is expected to increase with pack size (Fig. 2 of Macdonald 1983).
We applied several methods to determine territory size, for comparison. The 100% Minimum
Convex Polygon (MCP) and 95% Kernel Density Estimator (KDE; Cooley 2016) were
calculated using ArcMap 10.5. These two methods were also calculated in R using the
adehabitatHR package, version 0.4.15 (with no variation in the 100% MCP), along with 95%
MCP and 50% KDE. The 95% KDE was calculated using the reference bandwidth as well as the
ad hoc method for unbroken home ranges (Kie 2013). To account for spatio-temporal autocorrelation in our telemetry data, we also estimated a 95% weighted autocorrelated kernel
density (AKDE) home range using the autocorrelated Gaussian reference function bandwidth
with debiased area (Flemming and Calabrese 2016; Flemming et al. 2018) available in the ctmm
(Continuous-Time Movement Modelling) package (Version 0.5.1) in R (Calabrese et al. 2016).
In this method, the optimization of the smoothing bandwidth explicitly accounts for
autocorrelation in the data using an autocorrelated movement model. Specifically, we used a
fitted Ornstein-Uhlenbeck-F (OUF) motion model characterized by a continuous, correlated
velocity motion restricted to a finite home range using initial model parameters obtained from
the empirical variogram of the telemetry data which provides a means of visualizing
autocorrelation structure (Flemming et al. 2014).
8.2.3 ESTIMATING DENSITY
To directly estimate wolf density we engaged the Alberta Biodiversity Monitoring Institute to
conduct a wolf-specific (tailored) survey over 4,500 km2 in the centre of our study area in early
2017. From February through February 27, 2017, observers D. Drinnan (Black Sheep Aviation,
Watson Lake, YT) and observer G. Watts used a 8GCBC Scout fixed-wing aircraft to conduct a
wolf-specific density survey following a standardized methods to compare with the same team’s
surveys concurrently being conducted in Alberta, British Columbia, and the Northwest
Territories as part of a joint study of wolf-moose-caribou relationships. Tracks were isolated into
discrete groups, with group size being estimated when animals branched apart. Flights were
staged out of Key Lake operation and covered a study area of ~4,500 km2 with 3-km transect
spacing. We summarize the results of ABMI (2017) here, but the full report can be found as
Appendix A.
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8.2.4 DEFINING SEASONS
Following the same methods as Section 7.3.2 for caribou, we estimated seasonal boundary dates
for wolves using a Generalized Additive Mixed Model (GAMM) to identify population-level
changes in daily movement rates. We omitted individual wolves that did not survive a full 365
days over the two year monitoring period (Mar 2014–Mar 2016) or wolves that demonstrated
long migrations outside of the study area (Fig. 8.1), leaving n = 9 wolves (packs) for analysis.
We fit log-transformed daily movement rate (m/h/day) as the response variable and the day of
the year (1–365) as the smoothing function using the library gamm4 (Version 0.2-5,
https://CRAN.R-project.org/package=gamm4, published on 25 Jul 2017) implemented in R (R
Version 3.5.1, www.r-project.org, accessed 2 Jul 2018). To account for the hierarchical sampling
design (i.e., relocations nested within individual wolves), we included animal ID as a random
intercept. We used a cyclic cubic regression spline, with the optimal curve estimated by
generalized cross-validation (Wood 2006). To find the local maxima and minima of this curve,
we identified the second derivatives of the model smoother.
8.2.5 SPATIAL SCALES OF RESOURCE SELECTION
For analysis of resource selection, we defined habitat availability to wolves at two spatial scales
within each season. At the population scale, availability was defined as the 100% MCP around
all of the GPS locations of included animals, truncated at the boundary of the Boreal Shield
ecozone in Saskatchewan due to a lack of environmental data for areas outside this boundary and
that of the province. For the individual (within) home range scale, we defined availability using
the 95% weighted autocorrelated kernel density estimate (AKDE) available in the ctmm
(continuous-time movement modelling) package in R (Calabrese et al. 2016; also see Section
7.3.3). This method explicitly accounts for spatiotemporal autocorrelation in telemetry data by
calculating an appropriate smoother bandwidth given the data and an autocorrelated movement
model. We used a fitted Ornstein-Uhlenbeck-F (OUF) motion model using initial model
parameters obtained from visualizing the auto-correlation structure in an empirical variogram of
the telemetry data (Fleming et al. 2014). Individual home ranges (territories) were also truncated
at the Saskatchewan Boreal Shield ecozone boundaries. Seasonal AKDEs were only calculated
for those individuals that survived the entire season in question. AKDEs were discarded if the
variogram did not asymptote. Individuals who showed movement patterns indicative of
dispersal, or patterns we were unable to confidently characterize, were not considered in
calculating AKDEs.
8.2.6 ENVIRONMENTAL COVARIATES
As in Section 7.3.4, we described the environment within our study area in terms of resource
units defined as 30 × 30-m pixels characterized by the following attributes: elevation (m),
proximity to linear features in m (e.g., major roads, trails, geophysical survey lines, fire breaks,
transmission lines, etc.; Figs. 5.1–5.4), and habitat type (n = 7 habitat classes considering
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vegetation association and time since fire, as described in Tables 5.1 and 7.1, Fig. 7.2). We
extracted elevation values (Fig. 5.3) from a raster layer (resolution = 30 × 30 m) derived from a
digital elevation model for the study area in ArcGIS® (ArcGIS Desktop, v. 10.2.1,
Environmental Systems Research Institute [ESRI], Redlands, California, USA). We measured
the proximity to a linear feature as the Euclidean distance (m) between a point location and the
edge of the closest linear feature (Fig. 5.4, Appendix D). The habitat classes were derived from a
raster layer of 27 Forest Ecosite Classes (FECs). The FECs were grouped and retained according
to specific habitat features relevant to boreal woodland caribou (Fig. 5.1; Tables 5.1, 7.1;
McLoughlin et al. 2016). The vegetation raster was updated each year with wildfire data to
account for changes in forest stand age (Fig. 5.2). The age threshold between the earlysuccessional and mature forests was 40 years post-fire, chosen for expected recovery time for
forage lichens for caribou (Greuel 2018; Chapter 6.0). These classes included mature jack pine
forest (>40 years), mature black spruce forest (>40 years), early-successional jack pine forest
(≤40 years, early-successional black spruce forest (≤40 years), mixed coniferous and deciduous
forest, open muskeg, and black spruce bog. We did not consider relocations falling into water,
pixels for which we did not have any data, or areas described by rare habitat types including
mixed swamp, sand dunes, and stands of white spruce as these associations represented <0.3% of
the study area.
8.2.7 SEASONAL RESOURCE SELECTION FUNCTIONS
For each identified season (here, winter and summer, see Fig. 8.2) and scale (population and
home range [territory]), as in Section 7.3.5 we generated RSFs using logistic regression to
compare biotic and abiotic environmental attributes (i.e., elevation, Euclidean distance to the
edge of the closest linear feature, and habitat classes) associated with sets of used points (GPS
relocations of tracked caribou) to sets of available points randomly sampled (i.e., we used a useavailability design sensu Manly et al. 2002) from within the population range and individual
territory, respective to scale of study. To model the characteristics of the environment available
to caribou at each scale, we chose a ratio of 10:1 available random points to each used point. We
used Generalized Linear Mixed Models (GLMMs) of the logit form available in the lme4
(Version 1.1-18-1, https://CRAN.R-project.org/package=lme4, accessed on 17 Aug 2018)
package in R, with a Bernoulli response (presence/availability) and animal ID as a random
intercept (Gillies et al. 2006).
As for used points, for randomly generated available points at each spatio-temporal scale we
removed points occurring in water, rare habitat types as defined previously, and areas with no
available vegetation data. For the home range (territory) scale, we excluded all GPS fixes and
random points falling outside the corresponding individual’s territorial bounds. Total number of
individuals of and relocations used at each scale are summarized in Table and 8.6.
Prior to model fitting, we scaled all continuous variables (i.e., elevation and distance to linear
features) by centering them to zero and dividing by 2.0 standard deviations using the rescale

Page 139 of 238

Status of Woodland Caribou in the Saskatchewan Boreal Shield
function from the package arm (1.10-1, https://CRAN.R-project.org/package=arm, accessed on
13 Apr 2018) implemented in R. We used habitat selection ratios (Manly et al. 2002) to assign
reference habitat classes for each. The reference habitat class was that for which the selection
ratio was closest to 1.0, therefore indicating neither selection nor avoidance (Manly et al. 2002).
For each season and scale, we fitted five potential candidate models: global, quadratic,
interaction, simple, and habitat only. We used Akaike Information Criteria (AIC) to determine
the model that best fits the data. We based the selection of the best models on their predictive
performance using 5-fold cross validation (Boyce et al. 2002). In each round, we withheld a
different sample representing 20% of the individuals in our full data set (i.e., individual blocking;
Roberts et al. 2017). We estimated Spearman-rank correlations (RS) between 10 RSF bins and
area-adjusted frequencies using the R script
“Appendix_6_Box_2_CODE_Blocking_by_group.R” provided by Roberts et al. (2017).
8.2.8 COMPARING RSFS OF WOLVES VS. CARIBOU
In interpreting wolf vs. caribou resource selection, we can interpret differences by comparing
resource selection functions (RSFs) of wolves and caribou (e.g., Tables 7.3 vs. 8.3 and 8.5);
however, there exists a method that can help with this interpretation directly where it is possible
to allocate contrasting datasets to specific spatial and temporal domains. One of our primary
interests was in directly comparing how relative use of the landscape by wolves compared to that
of adult female boreal caribou during the critical calving and post-calving periods (and black
bears vs. caribou, and bears vs. wolves; see Section 9.2.3 for all bear-related comparisons
including a bear-wolf comparison). A statistical technique to do this uses logistic regression
(including mixed-effects models) to estimate the RSF coefficients of a latent selection difference
(LSD) function (e.g., Roever et al. 2008; Viejou et al. 2017). Here, the LSD function contrasts
the habitat use of two classes of locations, e.g., classes based on species. In this analysis, we
targeted locations to include through the calving and post-calving seasons to assess spatial
separation between wolves and caribou. We used the same covariates that were used in the
species-specific RSF analyses of Chapter 7.0 and here which included: habitat class (Table 7.1),
elevation, and distance to linear features. We truncated the use-availability data of all species to
match the beginning of the calving season and end of post-calving season for boreal caribou
(calving: May 1–June 15, post-calving: Jun 16–Aug 11; Section 7.4.1). All points (ratio 1:10
used:available) were constrained to the overlain bounds of the population range for wolves and
caribou (Fig. 8.5), and for comparability all use data included a randomly selected location of
one point per species per day. As our analysis was thus more balanced with respect to sample
sizes per individual, we adopted a generalized linear model to estimate our RSF, rather than a
generalized linear mixed effects model. We used GPS data from 2014–2016. Data for all LSD
modelling were cleaned and handled using the same methods as for RSF analyses.
For each LSD as for all RSF models, we fitted five potential candidate models: global, quadratic,
interaction, simple, and habitat only. We again used AIC to determine the model that best fits the
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data, but calculated the relative operating characteristic curve (ROC) index to rate the probability
that a model would correctly discriminate between one species and the other (presented in
Chapter 9.0, Fig. 9.10, as part of the discussion surrounding multi-species LSD models. ROC
graphs plot the true positive rate, also called sensitivity, against the false positive rate, also called
specificity (Swets 1988). A model with high discrimination ability will have high true positives
and low false positives. Area under the curve (AUC) is calculated from the ROC where AUC
values of 0.9 and above are indicative of high model accuracy, 0.7 to 0.9 good model accuracy,
and less than 0.7 low model accuracy (Nielsen et al. 2010).

8.3 Results
8.3.1 SIZE OF PACKS AND TERRITORIES
We tracked 37 wolves in the study area from March 2014 to May 2016 (Fig. 8.1). Over the
course of the monitoring period, 28 of the GPS collars went offline (76%), six wolves were
confirmed dead (16%), one collar prematurely released, and two stationary collars remained

Fig. 8.1. GPS location data obtained from 37 wolves (21 packs + 1 solitary wolf) within Canada’s Western Boreal
Shield collected between March 2014–2016 (territory-size analysis [Table 8.1] included data for 17 packs with at
least 9 months of data). Circles, squares and triangles represent GPS locations of individual wolves while symbol
colour indicates pack membership. Yellow lines are roads in the study area.
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uninvestigated and the fate of each wolf remained unknown. Forty-six percent of wolf collars
lasted at least one year on the animal, while two collars lasted at least two years.
Wolf packs (2+ individuals) with size recorded (n = 21) at capture ranged from 2–10 wolves
with a mean of 4.00 ± 2.32 wolves/pack (𝑥𝑥̅ ± 1 SD; SE = 0.51). Pack sizes of resident territorial
wolves (Table 8.1) increased with territory size (R2 = 0.31, F1,10 = 4.44, P = 0.06).
Table 8.1. Wolf ID (adults or subadults), sex, pack size, and home range (territory) estimate (km2) of wolves of the
Saskatchewan Boreal Shield using the following methods: 100% Minimum Convex Polygons (MCP) and 95%
Kernel Density Estimator (KDE; Cooley 2016) calculated using ArcMap v. 10.5. These two methods were also
calculated in R using the adehabitatHR package, version 0.4.15, along with 95% MCP and 50% KDE. The 95%
KDE was calculated using the reference bandwidth as well as the ad hoc method for unbroken home ranges (Kie
2013). To account for spatio-temporal auto-correlation in our telemetry data, we also estimated a 95% weighted
autocorrelated kernel density (AKDE) home range using the autocorrelated Gaussian reference function bandwidth
with debiased area (Flemming and Calabrese 2016; Flemming et al. 2018) available in the ctmm (Continuous-Time
Movement Modelling) package (Version 0.5.1) in R (Calabrese et al. 2016). The latter was used to define territories
for habitat selection. Only wolves with at least 9 months of data are included. Mean, SD, and SE included are for the
13 resident wolves. Also estimated is the mean territory size excluding wolf 140023*, given its large territory.

Animal
ID

Sex

Resident wolves
140004
140005
140007
140008
140010
140017
140019
140021
140023*
140027
140037
140038
140039
Mean
SD
SE

F
F
F
M
M
F
M
M
F
F
F
F
F

Transient wolves
140009
140015
140018
140020

M
F
F
M

Pack
Size

100%
MCP

95%
MCP

95% KDE
ArcGIS

95% KDE
ad hoc

50% KDE
Core

95%
AKDE

6
2
5
2
4
5
5
Unk.
10
3
2
2
9

3194
2158
7855
8211
3507
2218
1735
2011
11184
2566
1841
4213
5958
4358
3023
839

1114
1182
4372
6391
2381
1390
1551
1476
7111
2013
949
2099
5220
2865
2145
595

521
598
2210
3449
1282
872
997
938
3236
1502
555
1266
2959
1568
1045
290

953
1086
3795
4866
2260
1262
1688
1498
7026
2540
1098
2263
4594
2687
1857
515

157
181
940
1537
426
384
476
365
1317
795
244
523
1241
660
462
128

1012
1120
6001
6767
2336
1521
1752
1717
9568
2605
1149
2234
5325
3316
2707
751

6
Unk.
2
6

87627
12132
17265
33631

59978
9843
13071
22670

18832
4885
6490
5220

82729
8734
11728
18269

8412
1938
3467
1993

119655
18844
22508
23701

3789
2320
670

2511
1801
520

1429
958
277

2325
1381
399

606
436
126

*Mean excluding 140023
SD
SE

2795
2036
588
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Ranges of tracked wolves were exceptionally large for transient packs (approaching 100,000
km2; Table 8.1, Fig. 8.1). Resident pack territory sizes were also quite large, and varied
depending on estimator (Table 8.1). Territory sizes of resident wolves used for habitat selection
analyses (95% AKDE method) averaged 3316 km2 (SD = 2707).
8.3.2 DENSITY SURVEY
At the time of the ABMI (2017) wolf survey, the methods for which relies on tracks rather than
actual observations of wolves, snow conditions were reported as “very good” for tracking
(significant snowfall event followed-by good weather). Light conditions were fair overall, and
some wind and blowing snow occurred on the second day of the survey. While our survey flights
specifically focused on spotting and following up tracks of wolves (and hence not directly
estimating moose or caribou abundance), the team observed 11 moose and 7 boreal caribou
incidentally during the survey. This ratio of moose:caribou sightings was not dissimilar from the
roughly 46 moose/1000 km2 to 37 caribou/1000 km2 estimated from Table 3.1 (Chapter 3.0).
These ratios are not independent of each other (Fisher Exact Test, 2-sided, P = 0.79).

Fig. 8.2. Flight transects and waypoints collected during the Key Lake operation (SK) wolf census by the Alberta
Biodiversity Monitoring Institute, Feb 25–27, 2017. Locations of species observations, and wolf tracks that helped
determine wolf pack locations, are marked by small yellow points. Wolf packs are estimated by light green
polygons. Full report included as Appendix A.
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The ABMI team directly sighted two wolves on the grid in isolated areas (e.g., not with packs),
and one wolf was observed to be sick or injured. Based principally on tracks 5 packs were
identified in the grid area (Fig. 8.2), with an estimate of 18 wolves in total or 3.6 wolves per
pack. The team noted that one of the 5 packs was on the edge of the survey area (Fig. 8.2) that
typically would not be included in an ABMI wolf-density estimate; excluding this edge pack
which was estimated at 4 wolves, the density estimate was 14 wolves/4500 km2, or 3.1
wolves/1000 km2.
8.3.3 SEASONS AND MOVEMENT RATES
We defined seasons for the wolves using the range of peak points from the movement model
(i.e., significant increases or decreases in the daily movement rate; Fig. 8.3). The highest peaks
occurred between May 11 and November 1, inclusive. Based on these peaks we defined seasons
for habitat selection analyses into two categories: snow-free (May 11 to October 31) and winter
periods (Nov 1 to May 10).

Fig. 8.3. A generalized additive mixed model fitted to the log daily movement rate (m/h/day) for 9 wolves (s(yrday,
7.37)) of the Saskatchewan Boreal Shield, 2014–2016, presented as a smoothed function of Julian date (yrday). The
solid line is the predicted daily movement rate and the dashed lines alongside represent 95% confidence intervals.
Units on the y-axis have been scaled to linear units so that the predicted values are centered on zero. Seasonal
boundaries (vertical dashed lines) were delineated using local maxima and minima (i.e., significant increases or
decreases in the daily movement rate).
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8.3.4 SEASONAL RESOURCE SELECTION
Selected models of resource selection at both scales for the population-level RSF model were the
same across seasons, including additive habitat and quadratic terms of elevation and distance to
linear features, the latter two variables also being included as an interaction (Table 8.2).
Selection for open muskeg was a common and significant behaviour at the population scale:
open muskeg was the only selected habitat in summer and in winter its selection occurred with
strongest effect size. In winter, selection was more generalized and probability of occurrence at
the level of the population was predicted not only by open muskeg, but also mature jack pine (a
key habitat of caribou in winter, see Chapter 7.0; Table 7.3) and mixed deciduous and coniferous
forest (Table 7.3). This is in contrast to summer selection of habitat, where old-growth pine and
black spruce stands were strongly avoided (while black spruce stands remained avoided in
winter, avoidance was reduced; Table 8.3). Young black spruce and jack pine stands (<40 yrs)
were avoided in summer, while in winter these younger forests continued to be avoided (young
black spruce) or were neither significantly used or avoided (young jack pine; Table 8.3). Across
the study area, wolves were more likely to be found at lower elevation (Fig. 8.4). Inclusion of
both the additive and quadratic terms (Table 8.3) meant that in consideration of large distances
(0–40 km) linear features were avoided at the population scale (in both seasons, Fig. 8.4).
At the home range (territory) scale, additive models of habitat and quadratic effects of elevation
and distance to linear features were included in the selected model for the snow-free season
(Table 8.4), while the same model applied during winter but with an interaction between
quadratic terms of elevation and distance to linear features (Table 8.4). Here, as at the population
scale, wolves selected for open muskeg in both seasons with relatively strong effect size. Mature
black spruce also continued to be avoided, again in both seasons. The pattern of summer
avoidance of mixed coniferous-deciduous forest but selection for this vegetation association in
winter was again repeated (relative to the population-level analysis), although at the finer scale
effect size increased (Table 8.5). Black spruce swamp was selected again in winter, and while at
the population scale this feature was avoided with small effect size in summer, it was selected for
with small effect size in summer at the finer scale. However, selection for mature jack pine,
showed the opposite trend at the home range scale compared to the population-level analysis,
where selection in summer (albeit with small effect size) and avoidance in winter was indicated.
That is, whereas winter territories included more mature jack pine in their ranges relatively to the
study area, within home ranges wolves used them less than expected. In both seasons, wolves
again preferred lower elevations (Table 8.5); that is, even while probability of occurrence in the
study area indicated greater occurrence of wolves in the lower-elevation portions (Fig. 5.3, 8.4),
they also sought out lower elevations and drainages within their home ranges (Fig. 8.4). In the
snow-free season wolves were ambivalent to linear features (Fig. 8.4): while significant, the
quadratic effect and overlap of confidence intervals suggested that at close to and far from lines
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Table 8.2. Comparison of models used to predict resource selection at the population scale for wolves of the
Saskatchewan Boreal Shield, 2014–2016. Models are ranked based on Akaike’s Information Criteria (AIC) values.
ΔAIC measures the difference between each model and the top model and Akaike weights (wi) indicates the
probability that a model is best among an entire set of candidate models.

AIC

ΔAIC

wi

Habitat + elevation² × LinDist²

151564.4

0

1.0

Habitat + elevation² + LinDist²

151669.8

105.4

<0.001

Habitat + elevation × LinDist

152698.5

1134.1

<0.001

Habitat + elevation + LinDist

152698.9

1134.5

<0.001

Habitat + elevation² × LinDist²

83326.5

0

0.947

Habitat + elevation² + LinDist²

83332.2

5.7

0.053

Habitat + elevation × LinDist

83403.4

77

<0.001

Habitat + elevation + LinDist

83410.6

84.1

<0.001

Season

Model

Snow-free

Winter

Table 8.3. Summary of beta coefficients (β) ± standard error (SE), and p-values (P) for generalized linear mixed
models predicting seasonal resource selection at the population scale for wolves of the Saskatchewan Boreal Shield,
2014–2016.

Snow-free
β

SE

P

β

SE

P

Black Spruce Swamp

-0.080

0.024

0.001

0.193

0.043

<0.001

Mature Black Spruce

-0.789

0.029

<0.001

-0.358

0.046

<0.001

Mature Jack Pine

-2.461a

0.029

<0.001

0.110

0.042

0.010

Mixed Con-Dec

-0.295

0.028

<0.001

0.274

0.043

<0.001

Open Muskeg

0.141

0.024

<0.001

0.674

0.041

<0.001

Young-Mid Black Spruce

-0.183

0.029

<0.001

-2.545a

0.077

<0.001

Young-Mid Jack Pine

-0.230

0.021

<0.001

0.034

0.041

0.405

Elevation

-0.638

0.009

<0.001

-0.688

0.013

<0.001

Elevation²

0.023

0.008

0.002

-0.070

0.011

<0.001

LinDist

-0.190

0.010

<0.001

-0.062

0.013

<0.001

LinDist²

0.174

0.005

<0.001

0.052

0.008

<0.001

Elevation × LinDist

-0.070

0.007

<0.001

0.030

0.011

0.006

Habitat Feature

a

Winter

Indicates reference habitat class. (+) significant (–) significant
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effect on probability of occurrence was the same). That said, within the immediate vicinity of
lines (<10000 m), use was slightly more than expected from chance (Fig. 8.4). However, in
winter they showed much clearer selection for linear features (Fig. 8.4): if linear features
occurred within a territories home range, wolves were more likely to be found within 10 km of
those lines than farther from them.

Fig. 8.4. Plot of the predicted probability of use, P(Use), by wolves of the Saskatchewan Boreal Shield, 2014–2016,
as a function of the scaled (centered by the mean and divided by standard deviation) elevation and distance to linear
features derived from the top model for each season and spatial scale. Solid lines represent the population scale and
dashed lines represent the home range scale. Linear or quadratic terms were plotted based on significance in the top
model.
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Table 8.4. Comparison of models used to predict resource selection at the territory (home range) scale for wolves of
the Saskatchewan Boreal Shield, 2014–2016. Models are ranked based on Akaike’s Information Criteria (AIC)
values. Delta AIC (ΔAIC) measures the difference between each model and the top model and Akaike weights (wi)
indicates the probability that a model is best among an entire set of candidate models.

AIC

ΔAIC

wi

Habitat + elevation² + LinDist²

125038.5

0

0.71

Habitat + elevation² × LinDist²

125040.3

1.8

0.29

Habitat + elevation × LinDist

125214.3

175.8

<0.001

Habitat + elevation + LinDist

125258.1

219.6

<0.001

Habitat

128736.6

3698.1

<0.001

Habitat + elevation² × LinDist²

84971.2

0

1

Habitat + elevation × LinDist

85100.2

129

<0.001

Habitat + elevation² + LinDist²

85328.5

357.3

<0.001

Habitat + elevation + LinDist

85329.6

358.4

<0.001

Habitat

86184.2

1213

<0.001

Season

Model

Snow-free

Winter

Table 8.5. Summary of beta coefficients (β) ± standard error (SE), and p-values (P) for generalized linear mixed
models predicting seasonal resource selection at the home range (territory) scale for wolves of the Saskatchewan
Boreal Shield.

Snow-free
β

SE

P

β

SE

P

Black Spruce Swamp

0.038

0.034

0.262

0.029

0.035

0.400

Mature Black Spruce

-0.422

0.039

<0.001

-0.207

0.040

0.000

Mature Jack Pine

0.126

0.033

0.000

-2.070 a

0.256

0.000

Mixed Con-Dec

-2.310 a

0.303

0.000

0.492

0.036

<0.001

Open Muskeg

0.163

0.034

0.000

0.432

0.033

<0.001

Young-Mid Black Spruce

0.132

0.037

0.000

-0.083

0.042

0.050

Young-Mid Jack Pine

-0.055

0.032

0.086

-0.194

0.031

0.000

Elevation

-1.196

0.022

<0.001

-0.762

0.025

<0.001

Elevation²

-0.036

0.012

0.002

-0.058

0.013

0.000

LinDist

-0.226

0.013

<0.001

-0.012

0.015

0.444

LinDist²

0.084

0.006

<0.001

-0.089

0.008

<0.001

NA

NA

NA

0.233

0.013

<0.001

Habitat Feature

Elevation × LinDist
a

Winter

Indicates reference habitat class for that season. (+) significant (–) significant
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Table 8.6. Sample size of GPS fixes (n) and number of individuals (N) used to develop generalized linear mixed
models estimating seasonal resource selection for wolves of the Saskatchewan Boreal Shield, 2014–2016. Indicated
are the associated Spearman-rank (RS) correlation between 10 Resource Selection Function (RSF) bins and areaadjusted frequencies for individually blocked five-fold (F1, F2, F3, F4, F5) cross-validation. Mean represents the
average RS of the five folds.

Spearman-rank correlation (RS)
Scale

Season

n

N

F1

F2

F3

F4

F5

Mean

Population

Summer

262922

18

0.552

0.733

1.000

0.964

0.255

0.701

Winter

144386

14

0.927

0.830

0.770

0.709

0.455

0.738

Summer

212069

13

0.830

0.358

0.636

0.709

0.212

0.549

Winter

142890

13

0.891

0.358

0.370

-0.224

0.576

0.394

Home range

Predictive capacity of our RSF models was considerably better at the population scale relative to
the home range scale (Table 8.6) At the population scale, models presented mean RS values of
0.701 and 0.738 in the snow-free and winter seasons, respectively (Table 8.6). While our models
accurately reflected the habitat selection patterns of our tracked animals, it was obvious that
individual wolves sometimes behaved quite differently from one another particularly when
analyzed within seasons at the home range scale. Here, wolf RSF models were sensitive to the
input data, with RS averaging 0.549 and 0.394 among sampled datasets in the snow-free and
winter seasons, respectively (Table 8.6). A model with good predictive performance would be
expected to be one with a strong positive correlation, as more use locations (area-adjusted)
would continually be falling within higher RSF bins (Boyce et al. 2002). Lower and in one case
negative RS-values at the home range scale in winter suggested that some wolves were quite
different and in some cases opposing in terms of habitat selection patterns at that scale and time.
8.3.5 COMPARING SELECTION FUNCTIONS
Territories of resident wolves and boreal caribou overlapped considerably (Fig. 8.5), presenting
good sample sizes (one randomly selected location per available individual per day) for direct
comparison of resource selection patterns of the two species using LSD modelling during the
calving and post-calving period for caribou (Table 8.7). The global model was selected based on
lowest AIC for presenting coefficients (Table 8.7). The relative probability of occurrence of
wolves was significantly higher in mixed-wood coniferous-deciduous forest compared to caribou
(Table 8.8). Wolves also significantly selected the younger seral stages of jack pine and black
spruce forests, while using relatively less open muskeg, black spruce swamp, and mature black
spruce forest compared to caribou (Table 8.8). The latter were shown to be key habitat classes
selected by caribou during the calving and post-calving periods (Table 7.3). Wolf occurrence
increased with lower elevation in the study area relative to caribou, possibly reflecting the
change in elevation from northwest to southeast (Fig. 5.3) but also their use of drainages more
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than did caribou. Considering both additive and quadratic terms of distance to linear features,
wolves were located closer to lines than were caribou during the calving and post-calving season
in the immediate vicinity of lines, e.g., within 5000 m, but as distance increased there was no
difference in selection except at far distances to lines (Table 7.3).
We evaluated our LSD model using ROC and AUC. In comparison, the models performed well
appearing to correctly discriminate between one species and the other (presented in Chapter 9.0,
Fig. 9.10). What is notable about this comparison is that of the species being compared, whether
bear-wolf, bear-caribou, or wolf caribou, it was the model comparing wolves to caribou (from
Table 8.8) that was least discriminatory than the others (AUC = 0.682). Collectively, in addition
to interpreting coefficients of Tables 8.8 and 9.10, the data suggest that wolves and caribou
differed less in their patterns of resource selection during the calving and post-calving season
than did bears and caribou, or bears and wolves.

Fig. 8.5. Location of the
study area defining
population bounds of GPStracked gray wolves, boreal
caribou, and black bears
within the Saskatchewan
Boreal Shield, 2014–18. The
study area differed for each
species, indicated by the
solid, dotted, and dashed
lines. The study area for
black bears and wolves were
defined as the 100%
minimum convex polygon
(MCP) around all GPS fixes
for each species, excluding
transient or dispersing
animals. The study area for
caribou was defined as the
population range of boreal
caribou with sufficient data
to compute kernel-density
home ranges (see Fig. 7.1).
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Table 8.7. Comparison of latent selection difference (LSD) models used to directly compare resource selection
during the calving and post-calving seasons between wolves and caribou in the Saskatchewan Boreal Shield, 2014–
2016. Number of points of use for each species (n) used in each model are shown, as constrained by the overlain
population boundaries of wolves and caribou which also determined the domain of habitat availability, with one
randomly selected point used per animal per day during the calving (May 1–June 15) and post-calving (June 16–
August 11) seasons (Section 7.4.1). N indicates the number of individuals for which points (one per day) were
randomly selected for constructing a model. Models are ranked based on Akaike’s information criteria (AIC) values.
Delta AIC (ΔAIC) measures the difference between each model and the top model and Akaike weights (wi) indicates
the probability that a model is best among an entire set of candidate models.

Species

n

N

Model

AIC

ΔAIC df

wi

Wolf vs.

1671

15

Habitat + Elev² × LinDist²

10876.7

0 12

0.79

Caribou

18939

83

Habitat + Elev² + LinDist²

10879.3

2.6 11

0.21

Habitat + Elev × LinDist

11023

146.3 10

<0.001

Habitat + Elev + LinDist

11032.4

155.7

9

<0.001

Habitat

11240.3

363.6

8

<0.001

Table 8.8. Summary of beta coefficients (β) ± standard error (SE), and p-values (P) for latent selection difference
(LSD) models comparing resource selection during the calving and post-calving seasons between wolves and boreal
caribou in the Saskatchewan Boreal Shield, 2014–2017. Models are constrained by the overlain population
boundaries of wolves and caribou. Coefficients and direction are referenced to wolves. For example, relative
probability of occurrence of wolves is significantly higher in mixed coniferous-deciduous stands than it is for boreal
caribou during the calving and post-calving seasons; while occurrence of wolves in open muskeg is significantly less
than it is for boreal caribou.

Variable

a

Wolf vs. Caribou
β
SE
P

Black Spruce Swamp

-0.521

0.086

<0.001

Mature Black Spruce

-0.442

0.114

<0.001

Mature Jack Pine

-2.692a

0.069

<0.001

Mixed Con-Dec

1.560

0.125

<0.001

Open Muskeg

-0.202

0.085

0.018

Young-Mid Black Spruce

0.258

0.112

0.022

Young-Mid Jack Pine

0.170

0.078

0.030

Elevation

-0.513

0.031

<0.001

Elevation²

0.007

0.031

0.813

LinDist

-0.159

0.039

<0.001

LinDist²

0.208

0.017

<0.001

Elevation × LinDist

0.043

0.020

0.032

Indicates reference habitat class for that season. (+) significant (–) significant
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8.4 Discussion
Resident wolves of the Saskatchewan Boreal Shield exhibit notably large territories for the
species. Excluding transient ranges, resident territories were 2–3 times as large as reported
through much of the boreal forest including areas of reportedly low ungulate biomass (e.g., the
Yukon Flats of north-central Alaska; Lake et al. 2013, 2015). The smallest territories for wolves
have been noted in areas of exceptionally high ungulate biomass, e.g., northeast mainland
Minnesota (78–153 km2 [𝑥𝑥̅ = 116 km2] for winter territories with densities ranging from 29–59
wolves/1000 km2 [𝑥𝑥̅ = 39/1000 km2]; Fuller 1989). Here, white-tailed deer densities were
estimated at 6200 deer/1000 km2 and moose at 20/1000 km2, translating into the standardized
ungulate biomass index, or bmi, of Keith (1983) and Fuller et al. (2003) of 6.32 bmi/km2. In this
environment, the population of wolves consumed on average 19 deer per wolf per year (54% of
which were fawns; Fuller 1989). The largest ranges for wolves occur in tundra and taiga
environments where packs make seasonal movements with migratory barren-ground caribou.
Here, ranges are perhaps better termed home ranges, as differences between male and females
are notable and the expeditionary nature of movements marked. For example, Walton et al.
(2001) observed annual ranges (95% MCP) that averaged 63,058 km2 ± 12,836 (SE) for males
and 44,936 ± 7,564 km2 for females on the tundra while tracking movements of the Bathurst
caribou herd (Northwest Territories and Nunavut). Wolves likely migrating with barren-ground
caribou in the taiga of northern Manitoba ranged over as much as 196,000 km2 (Scurrah 2012).
Combined with the large territories observed, it was perhaps not surprising that we estimated
wolf density in our study area as being at the low end of what has been observed for the species
in North America. At 3.1 wolves/1000 km2, the density of wolves in the Saskatchewan Boreal
Shield is 3–4× lower than what has been observed in caribou range of the boreal plains of
northeast Alberta and the Rocky Mountain foothills (e.g., Kuzyk 2002; Latham et al. 2011b).
The ungulate prey base available to wolves, of course, is much greater in these areas compared to
what is found in shield habitat. Latham et al. (2011b) was observing 700–1700 deer/1000 km2
(data in Latham 2009) and wolf densities of 11.5/1000 km2. Winter aerial surveys for deer and
moose densities in 2010–11 for wildlife management unit (WMU) 516, which comprised much
of the study area of Latham et al. (2009, 2011b), reported 260 moose and 490 deer/1000 km2,
respectively (Ranger and Anderson 2012). This translates into an ungulate biomass of 2.05
bmi/km2 even excluding boreal caribou (i.e., alternate ungulate-prey biomass only). Following
Keith (1983), Fuller et al. (2003), and Kuzyk and Hatter (2014), total moose + boreal caribou
biomass may locally be as low as 0.36 bmi/km2 in our study area, which is lower than any bmi
observed of Fuller et al.’s 32 studies reviewed. In terms of ungulate biomass per wolf, however,
it was not the lowest ratio (Fuller et al. 2003). Given the minimum-count data used in Table 3.1,
we are likely to have underestimated moose or caribou densities (see Section 3.3.3) in estimating
ungulate biomass, but perhaps not by much. Indeed, the surveyors of ABMI (2017) noted that in
our study area there was: “considerably low ungulate density when considering the estimated
number of wolf packs in the area.”
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Ballard et al. (1997) and Stephenson and James (1982), working in northwest Alaska, showed
that wolves only migrated with the western Arctic caribou herd in years when alternate ungulate
prey densities were too low to sustain territories. Abandoning territoriality at low food density is
not unusual for vertebrates, as territoriality is well known to vary with the economics of food
defense (Carpenter and MacMillen 1976; McLoughlin et al. 2000). Food availability in space but
also time (e.g., seasonality [McLoughlin et al. 2000]) is fundamental to the spacing and structure
of carnivore societies in that it can set the limits to both territory but also group sizes (Macdonald
1983). Several of the transient wolf packs we followed appeared to track the movements of the
Qamanirjuaq caribou herd which calves in the Kivalliq region of Nunavut but winters as far
south as the northern borders of our study area (Nagy et al. 2011; COSEWIC 2016, see Fig. 8.6).

Fig. 8.6. Barren-ground caribou populations in Canada. Map by Bonnie Fournier, Government of the NWT, as
presented in COSEWIC (2016). The Qamanirjuaq herd calves on the tundra in the northern portion of its range, and
winters as far south as the northeast border of our study area. Boulanger et al. (2018) estimated that the Qamanirjuaq
herd contained approximately 290,000 adults and yearlings in June 2017.

On two occasions GPS-collared pack mates diverged in their patterns with one remaining within
the territory and the other becoming transient (Section 8.1.2), and the tracked adult female of our
largest resident territory (wolf 140023, 100% MCP: 11,200 km2; Table 8.1) was suspected of
becoming transient near the end of her tracking history. Such variable behaviour might be
expected where prey densities needed to support territories are marginal. Indeed, we believe that
the large annual ranges observed by wolves of the Saskatchewan Boreal Shield present a
transition between defensible territories more clearly defined in the south and west of the study
area and the excursion-like movements of wolves that characterize packs following migratory
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barren-ground caribou (Fig. 8.1). A similar mix of transient vs. resident territories was noted by
Scurrah (2012) for wolves captured in boreal shield and taiga habitat near Thompson, Manitoba,
which also bordered the range of Qamanirjuaq caribou.
Average pack sizes in our study were small in size at 4.0 wolves per pack, but this is not unusual
for other low-density wolf populations (e.g., Kittle et al. 2015, 2017; Lake et al. 2015). While
total ungulate biomass available is significantly and positively related to wolf density in North
America, the same is not true for pack size (R2 = 0.004, df = 24, P = 0.76 [Fuller et al. 2003]).
Hunting tactics and efficiency or risk to wolves are likely to differ considerably depending on the
prey species consumed; hence, pack sizes may better reflect the primary prey base used by
wolves, rather than total biomass of ungulates on the landscape.
The largest packs are typically observed where large-bodied ungulates like moose, elk, and bison
are the principal source of prey. For example, MacNulty (2014) showed that in Yellowstone
National Park, capture success for elk did not improve beyond pack sizes of 6 wolves, but for
wolves hunting bison capture success did not asymptote until there were at least 9–13 wolves per
pack. Carbyn et al. (1993) observed an average pack size of 9.1 wolves (and up to 42
wolves/pack) for bison-hunting specialists in Wood Buffalo National Park. Barber-Meyer et al.
(2016) calculated a significant difference in the mean pack sizes for wolf populations preying
primarily on deer vs. moose (5.1 vs. 8.2 wolves/pack). Even in high-density wolf areas, if
smaller species are the primary prey source, pack sizes need not be very large, however. For
example, in Fuller’s (1999) study of wolves in northeast Minnesota, where deer and beaver were
the primary and secondary prey, respectively, pack sizes averaged 4.9 wolves. The observed
pack sizes in the Saskatchewan Boreal Shield suggest that moose, despite being higher in
biomass on the landscape than are boreal caribou, are perhaps not the primary prey of wolves.
In areas where moose and boreal caribou overlap in the diets of wolves, caribou are often neither
reported as their primary nor even secondary prey source, giving rise to the adage that “while
wolves may be important to boreal caribou, boreal caribou are not important to wolves.” For
example, in northeast Alberta, Latham et al. (2011b) reported that caribou rarely factored into the
scat-content of wolves (5%) compared to moose (18.6%) and white-tailed deer (40.8%) and
beaver (47.9%). But even prior to the observed 17.5× increase in deer densities and widespread
landscape disturbance reported in Latham et al.’s (2011b) study area (which prompted their
investigation) when wolves were preying largely on moose (64% of scats), beaver (14.7%) and
deer (9.4%) still out-ranked caribou (0.5%) as a component of wolf diet. Boreal woodland
caribou are neither listed as a primary nor secondary prey source in Fuller et al.’s (2003) metaanalysis of ungulate biomass relative to wolf densities in North America.
Yet the seeming lack of importance of boreal caribou to wolves, where they co-occur, is not
necessarily universal. Research on boreal caribou/alternate prey/wolf relationships are strongly
biased towards regions where multiple alternate prey occur within the ungulate assemblage,
meaning that how wolves and caribou interact within the presence of only moose, is not all that
well known. Understandably, boreal caribou ecology is focused on regions of high natural
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resource development often where species like white-tailed deer and moose occur sympatrically,
or deer have recently invaded (a simple Web of Science [© 2019 Clarivate Analytics] literature
search shows that more than half of 600 research articles published on ‘woodland caribou’ since
1980 are directed at the provinces of Alberta and/or British Columbia alone). Yet, moose and
boreal caribou are sympatric without white-tailed deer through the vast majority of extant
caribou range in Canada (compare Fig. 2.5 with Fig. 8.7). Throughout this region, some 1.5
million km2 of boreal caribou habitat (62.5% of the species North America range), research on
boreal caribou is generally lacking just as it had been in the Saskatchewan Boreal Shield. Boreal
moose-caribou-wolf systems, perhaps better described as moose-caribou-beaver-wolf systems,
are understudied. Given that such systems characterize most of boreal caribou range in Canada,
however, we need to understand them better.

Fig. 8.7. The distribution of white-tailed deer as an alternate prey source for wolves, which is generally restricted to
areas of high levels of anthropogenic disturbance (see Fig. 2.5). Creative Commons, reprinted from Heffelfinger
(2011). Numbers indicate subspecies of white-tailed deer described in the literature.

Where boreal caribou have been studied in the absence of white-tailed deer, diets of wolves are
expected to be biased towards moose (e.g., Tremblay et al. 2001), although the extent of bias
likely depends on the availability of moose and wolf pack sizes. In Tremblay et al. (2001), who
followed two packs ranging in size from 12–15 and 7–13 members, ungulate densities occurred
at 80 moose/1000 km2 compared to 33 boreal caribou/1000 km2; while wolf densities of the
region were 7.4 wolves per 1000 km2. Biomass consumed by these packs ranged from 65.2 to
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96.3% moose (with few calves consumed, and caribou generally factoring in as <2% of biomass
consumed (except in one year for one pack, where 17.9% of the diet was caribou). However, in
the shield and taiga of northern Manitoba, from stable-isotope analyses of wolf hair Moayeri
(2013) found that boreal woodland caribou were primary summer prey for wolves in northern
ranges even where rare, with moose being the primary prey farther south, followed by caribou
(with beaver also providing important contributions). Some migratory wolves consumed up to
half their summer diet from Qamanirjuaq barren-ground caribou (Moayeri 2013), matching with
Scurrah’s (2012) observations that wolves of the region moved widely between boreal caribou
and barren-ground caribou ranges. While we have yet to undertake a diet study for wolves based
on the samples we have archived, we believe that wolves of the Saskatchewan Boreal Shield are
most likely to have diets similar to those observed in northern Manitoba (Moayeri 2013). In
consideration of the literature, the densities at which we observed wolves (3.1/1000 km2) and
their average pack sizes (4.0 wolves/pack), the moose (47/1000 km2) and boreal caribou
densities (37/1000 km2) that we documented, and the seasonal presence of Qamanirjuaq caribou
in the north, caribou are possibly more important to wolves than are moose. In fact, we would go
so far as to argue that in terms of apparent competition, it may be that the caribou in the region
may be more detrimental to moose than vice versa. Future research on diet of wolves from
archived samples may help us to better frame this hypothesis.
Yet the above should probably not be surprising. At some point in latitudinal space moose-deerwolf-caribou dynamics give way to solely a wolf-caribou or wolf-caribou-muskox system. The
transition occurs somewhere. We need to pay more attention to why and where this occurs if we
want to fully understand the ecology of boreal caribou. This is important, because at present our
management approach to boreal caribou throughout their Canada-wide range—some 2.4 million
km2—is predicated on the assumption that habitat-mediated apparent competition is an important
consideration for all boreal caribou populations. It is the reason why we are managing for boreal
caribou with targets of landscape disturbance in all range plans currently being developed for the
species, in terms of the amount of fire on the landscape as much as anthropogenic disturbance
(Environment Canada 2011, 2012; ECCC 2017). Why aren’t moose and hence wolf and caribou
densities responding as expected in the Saskatchewan Boreal Shield, given the high amount of
natural disturbance occurring on the landscape?
The answer may be found in how wolves are behaviorally responding to landscape disturbance
and availability of land cover types, as revealed through their RSF models. Under habitatmediated apparent competition one of the key tenets is that predators like wolves will seek out
preferred alternate ungulate prey in younger forests than older. Disturbance (both natural and
anthropogenic) is widely believed to generally increase the abundance of food resources to
browsing ungulates by resetting the landscape to an early successional stage (Chapin et al. 2004;
Bergeron and Dansereau 1993). Habitat selection by browsing ungulates like moose and deer is
primarily driven by foraging concerns tempered by antipredator behaviour; hence, wolves are
expected to disproportionately use deciduous, mixed, and disturbed forest, corresponding to
high-quality habitat of browsing ungulates like moose (Courbin et al. 2009; Houle et al. 2009;
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Kittle et al. 2015), with changes in the relative abundance of deciduous habitat is expected to
influence browser abundance (Street et al. 2015). Vors et al. (2007) pointed out that moose
populations typically increase 2–15 years after logging and peak within 40 years after
disturbance (Eason 1985; Crête 1988; Payne et al. 1988; Timmerman and McNichol 1988; Maier
et al. 2005). Indeed, caribou have been shown to avoid such high quality moose habitat more
strongly than they avoid wolves (Avgar et al. 2015).
We show support for the basic precept of habitat-mediated apparent competition described
above, but with one important caveat: while deciduous and mixed forest are attractants to wolves
in our models, there was an opposite than expected reaction to landscape disturbance both in
general and with respect to natural vs. anthropogenic disturbance (below). Wolves clearly
selected for deciduous and mixed forest especially during winter, and they also did this relative
to caribou during the calving and post-calving seasons (Table 8.8). However, the largest
vegetation association in terms of spatial extent—stands of jack pine less than 40 years of age—
was generally avoided by wolves in all seasons and scales, except in winter at the population
scale where wolf selection/avoidance was neither selected nor avoided. Similarly, stands of black
spruce burned within the past 40 years were avoided by wolves at all seasons and scales, except
during the snow-free season at the home range scale (which was also reflected in how they used
this habitat relative to caribou during the calving period, Table 8.8). Collectively, young and
mid-aged jack pine and black spruce stands (aged <40 years) accounts for almost all of the
recently burned habitat in the Saskatchewan Boreal Shield, and 42.2% of the land base (Table
5.1). That wolves generally avoided these habitats of <40 years of age (while as did caribou
[Table 7.3], although in comparison to caribou wolves avoided somewhat less [Table 8.8 all P =
0.022–0.033]) suggests that these vegetation associations are not supporting alternate prey like
moose, or, if they are, wolves are not strongly seeking them out. Rather, wolves appear to be
focusing on open muskeg (all seasons and scales), albeit while in direct comparison to caribou
they used them less (Table 8.8). The latter is an important caribou habitat as shown in Table 7.3,
but also possibly beaver habitat. That said, mature jack pine was equivocally selected for by
wolves (though used less relative to the strength of selection for habitat class presented by
caribou [Table 8.8]) while mature black spruce was strongly avoided. Both of these habitats are
important for caribou (Table 7.3). When placed into context of how black bears separated from
caribou and wolves separated from caribou, wolves showed less discrimination in the resource
selection patterns with caribou than they did with black bears (also see Table 9.10).
Despite the high amount of natural disturbance in the Saskatchewan Boreal Shield (as we point
out in Chapter 5.0), the combination of well-drained, low-fertility soils tended to favour jack
pine stands (57% of land mass [Table 5.1]). Hart et al. (2019) showed conclusively that jack pine
forests in this region are highly resilient to fire and typically self-replace even after short-interval
fires. Young seral stands in the region were often dominated by regenerating jack pine or black
spruce (Hart et al. 2019), with low availability of deciduous browse. We believe that alternate
prey species like moose (there are no deer) may not have the same opportunities to respond to
disturbance in the Saskatchewan Boreal Shield as in the more widely studied wolf-moose-
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caribou-deer systems of the southern and western range of boreal caribou. The picture that is
emerging is that wolf movements and densities are not responding as expected according to the
hypothesis of habitat-mediated apparent competition because of a potential decoupling between
how alternate prey can respond to landscape disturbance in the study area. How widespread this
decoupling may be among other northern boreal caribou ranges—in shield and taiga habitat from
Saskatchewan through to Labrador—is as yet unknown.
Wolf responses to linear features were evident only over relatively large distances. Effect sizes
on probability of occurrence within, e.g., 1000 m was not detectable; but over larger distances
we observed that wolves were more likely to be farther than closer from linear features in terms
of territory placement in the study area. Within territories, during the snow-free season (summer)
wolves did not show much of a response (confidence intervals related to response and probability
of use overlapped from 0–40 km; Fig. 8.4), but there was a slight uptick in affinity to select for
closer distances to lines if they were nearby, e.g., within 10 km distant (Fig. 8.4). The strongest

Plate 8.2. A camera-trap photo of one of our GPS-collared wolves in summer, 2015, walking nearby a trail close to
an outfitter’s cabin. While wolf territories generally occurred at greater distances from linear features in the study
area (they were avoided at the population scale [Fig. 8.4]), if lines occurred within their home ranges wolves showed
a slight tendency to locate within 10 km of them. The effect was slightest in summer, but more noticeable in winter
(Fig. 8.4). Using our LSD modelling (Table 8.8), wolves were also more likely to be within 10 km of a line than
were caribou in direct comparison during the calving and post-calving season.
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effect of linear features at the home range scale was in winter where it was apparent that wolf
probability of occurrence within their territories was more likely to be closer to lines than farther
(Fig. 8.4). However, the latter was on a very large scale in terms of distance to a line, e.g.,
between 0 and 10-km vs. 40-km distant; within 10 km of a line there was no change in relative
use (Fig. 8.4). While both wolves and caribou tended to avoid lines in summer, wolves showed
stronger selection of lines within their immediate vicinity than did caribou (calving and postcalving season; Table 8.8).
We suspect that we are not seeing a strong response of wolves to linear features because of a
functional (habitat) response to lines at the low-end of linear-feature density (although related in
concept, do not confuse a wolf functional habitat response, sensu Mysterud and Ims [1998], with
that of a wolf predator-prey functional response sensu Holling [1959]). The habitat functional
response, which describes a change in selection or preference of a habitat feature with a change
in that feature’s availability (Mysterud and Ims 1998), has been shown for wolves before
including in regards to anthropogenic landscape features. Working in a high-density region of
linear features (average densities of 2.66–5.66 km/km2), DeMars and Boutin (2018) showed that
individual selection coefficients for linear feature density (within a 1000-m radius) by 23 wolves
in northeast British Columbia weakly though negatively related to mean linear feature density
with each wolf’s territory (from 2–8 km/km2). Dickie (2016) did not detect a functional response
in her analysis of how wolves used standard linear features (roads, pipelines, transmission
corridors, etc.) as a function of their density in the boreal plains of east-central Alberta and westcentral Saskatchewan (range 0.52–3.57 km/km2), although there was a positive functional
response to selection for ‘low-impact’ seismic lines (ranging from 0–11.7 km/km2) in summer.
Hebblewhite and Merrill (2008), working in an area with lower linear feature densities adjacent
to Banff National Park (𝑥𝑥̅ = 0.81 km/km2, ranging from >12 km/km2 near towns to <0.5 km/km2
in remote backcountry areas), demonstrated a clear positive functional response of wolves to
lines and other areas of human use. Wolves disproportionately increased their use of
anthropogenic features as they increased in availability within territories, while modifying their
day/night use of areas with high human activity (which was interpreted as wolf avoidance of
humans during the day). On a macroecological scale, Muhly et al. (2019), working with data
from 172 GPS-collared wolves across Canada, showed that wolves were more likely
to select forest harvest cut blocks in regions with higher cutblock density (i.e., a positive
functional response to high-quality habitats for ungulate prey) and to select for higher road
density in regions where road density was high (i.e., a positive functional response to humancreated travel routes).
Wolves are expected to use linear features where advantages are gained in terms of increasing
encounter rates with prey. Using a mechanistic first passage time model developed using GPSdata from tracked wolves, McKenzie et al. (2012) suggested that wolf encounter rates with prey
should be a function of linear feature density. This modelling is supported by direct observations
of wolf-caribou dynamics in areas of high linear-feature density, e.g., in northeast British
Columbia (DeMars and Boutin 2018). Here, DeMars and Boutin (2018) found increased wolf
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selection of peatlands (caribou refugia) while female boreal caribou avoided lines. However,
most caribou could not completely avoid exposure to lines at the high densities encountered and
variation in female response had demographic effects: increased proportional use of lines by
females negatively impacted survival of their neonate calves. But what could we expect in an
environment of low densities of linear features coupled with low densities of prey?
In the Saskatchewan Boreal Shield, line densities on the landscape are very low (all types
including roads, trails, transmission lines, etc. averaging only 0.11 km/km2 (Chapter 7.0): more
than an order of magnitude lower than observed in DeMars and Boutin (2018) and other regions
where caribou and wolves are known to react to linear features (e.g., 1.8 km/km2 of combined
linear developments per township in Latham et al. 2011a). At the same time, ungulate biomass is
around an order of magnitude lower compared to places like the study area of DeMars and
Boutin (2018): 0.36 bmi/km2 vs. 2.87 bmi/km2 in northeast British Columbia (region 7B, as
reported in Kuzyk and Hatter [2011]). One of the interesting findings of the wolf predator-prey
encounter-rate modelling of McKenzie et al. (2012), was that the combination of low prey + low
linear feature density resulted in the lowest expected encounter rates of prey by wolves. Further,
encounter rates interacted with density, with the model’s interaction term suggested that
increasing line density had a stronger effect on actual encounter rates at higher vs. lower prey
density (e.g., Fig. 3 of McKenzie et al. [2012] where at 0.5 prey/km2 encounter rates per hour by
wolves was always between 0.04 and 0.05, but at 3.0 prey/km2 encounter rates increased from
0.26 to 0.34 as line density increased from 0 to 8 km/km2). The advantages to hunting on lines in
the Saskatchewan Boreal Shield must be relatively low for wolves. Indeed, the modelling of
McKenzie et al. (2012) showed in low-density prey environments, at low-seismic line densities,
without prey attraction to linear features it would not be advantageous for predators to bias their
movements towards these features.
The most important implication of our work on the movements and habitat selection of wolves is
that we demonstrate, for the Saskatchewan Boreal Shield, evidence to suggest a decoupling of
some of the key components of habitat-mediated apparent competition (responses of predators
and alternate prey to disturbance) necessary to invoke the hypothesis as an explanation for
caribou population dynamics. Despite the high amount of disturbance on the landscape,
deciduous and mixed forests remain quite rare and coniferous forests dominate even at young
seral stages. This likely explains the low relative abundance of moose and large territory sizes
and low densities of wolves we observed, while the small pack sizes exhibited, suggest that
moose are perhaps not the primary source of prey for wolves in the region (confirmation of
which must await analysis of the diet of wolves in the study area). Further, wolves are also not
responding strongly to linear features. This may be because the densities of ungulate prey and the
density of linear features do not increase the hunting efficiency of wolves in this landscape, as
compared to a high-density prey, high-density linear feature environment (McKenzie et al. 2012;
DeMars and Boutin 2018). The latter also follows from what might be expected if wolves show a
functional (habitat) response to anthropogenic disturbance, which is gaining support in the
literature (Hebblewhite and Merrill 2008; Muhly et al. 2019).
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The application of our findings are likely wide-ranging, particularly with respect to the
management of boreal caribou in northern administrative units such as the Saskatchewan Boreal
Shield. Canada is presently moving towards managing for all sources of natural and
anthropogenic disturbance (mapped as a 500-m buffer) in the same manner throughout the entire
range of boreal caribou (Environment Canada 2011, 2012; ECCC 2017), on the assumption of
not only ubiquity to habitat-mediated apparent competition as a limiting factor to caribou
population growth rate, but also that there are no functional habitat responses of wolves (or
caribou) to the density of linear features on the landscape. If the response of wolves to linear
features is functional (i.e., non-linear) to the availability of these features, the nature of caribou
responses to linear features may also not be universal throughout the boreal (see Section 6.5).
As we expand on in Section 10.2.2, germane to this argument is that it is likely that reclamation
of habitat, perhaps below some threshold of effect, may be expected to generate a non-linear and
increasing benefit to caribou populations, incentivizing reclamation efforts especially in areas of
moderate linear-feature disturbance. On the other hand, where linear features occur at low
densities, further increases in development should proceed cautiously, recognizing that the
potential relationship between these features to caribou and their predators will likely be nonlinear (exponential) in nature. Understanding these relationships not only in regions of highdensity anthropogenic disturbance, but also in regions of low or ‘benchmark’ levels of human
activity, will be critical to tailoring our management approach to boreal caribou through much of
their range, including most of the northern caribou ranges in Canada.

Artwork courtesy of and © Jean Polfus
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9.0 ECOLOGY OF BLACK BEARS OF THE
SASKATCHEWAN BOREAL SHIELD
9.1 Introduction
In May, 2016, we launched a new project on the movements and habitat selection of black bears
of the Saskatchewan Boreal Shield. The study was developed to help fill gaps in our research
program on caribou habitat selection and population dynamics (Chapters 3.0 and 7.0). In
addition to understanding how wolf numbers and distribution (Chapter 8.0) might affect boreal
caribou in our study area––and the influence of disturbances like wildfire and human activities
on this relationship––we did not want to ignore the potential role of black bears in limiting
caribou numbers or affecting caribou distribution.
Predation risk for caribou is highest in summer when bears are active. McLoughlin et al. (2003)
showed that for boreal caribou in northeast Alberta, 78.8% of adult mortalities occurred within
the snow-free period. In the Saskatchewan Boreal Shield, mortalities of collared caribou also
primarily happened during the snow-free period, with 19/25 (76%) of deaths occurring in the
period April 1 through to the end of October (Section 3.0, Fig. 3.6). Yet, the impact of black
bears on adult caribou survival is expected to be marginal compared to predation by wolves.
Rather, it is the potential for black bears as a predator of caribou calves, and thus a limiting
factor to recruitment, that is of major concern to caribou biologists.
In Newfoundland, where there are no wolves, black bears are not a significant predator of adult
boreal caribou even in high-density populations of caribou. In a longitudinal study of adult
survival from 2004–2011, Lewis and Mahoney (2014) observed that of 47 deaths where cause
was known, 24 were from predation. But of these, only 5 could be attributed to black bears (vs.
18 by coyotes and 1 by an unknown predator). On an annualized basis, black bears must only
account for a small fraction of adult boreal caribou mortality; however, in terms of the species’
potential impact on annual recruitment via calf survival, black bears may indeed be important.
Ballard (1994), after reviewing the literature regarding the potential effects that black bear
predation may have on boreal caribou (in advance of a proposed re-introduction of caribou to
northeast Minnesota), concluded that while bears would always likely be a secondary source of
adult caribou mortality (0–5% adults annually), effects on calf predation could still be high (6–
30% of calves). Lewis and Mahoney (2014) showed that of 730 neonate boreal caribou calves
radio-tagged from 2003–2012 in Newfoundland, 57% died from predation within 6 months, with
most (90%) of the mortalities being due to predation including black bear (34%), coyote (28%),
bald eagle or lynx (16%; with the remainder undetermined). In the Laurentides Wildlife Reserve
region of Québec (eastern boreal shield), while very few adults caribou were expected to be
killed by bears, in terms of impacts on recruitment, only 46.3% of the calves survived during the
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first 50 days following birth, with 57.3% of them dying from black bear predation (Pinard et al.
2012). Approximately 95% of all calf mortality could eventually be attributed to calf predation.
While individual bears may only rarely take caribou calves, relative to other predators their
cumulative effect on mean calf recruitment can be considerable. This is because black bear
densities in the boreal forest can be more than an order of magnitude larger than that of wolves.
For example, in the study of Pinard et al. (2012) and Leblond et al. (2013), while wolves
occurred at an estimated 4.4 wolves/1000 km2, black bear density was 220/1000 km2. In
northeast Alberta, black bear densities of >200/1000 km2 occur with wolf densities of around
10/1000 km2 (Latham et al. 2011c). Just as understanding wolf densities and habitat selection is
important for a fundamental understanding of the drivers of adult caribou survival, the same is
needed for black bears to develop a fuller understanding of boreal caribou recruitment. After all,
population growth rate of caribou populations depends on both. In fact, the equation of Hatter and
𝑆𝑆
Bergerud (1991), 𝜆𝜆 = 1−𝑅𝑅 (where S is survival and R is recruitment), gives equal weight to adult

annual survival and annual recruitment, the latter being the product of parturition rate (driven
mainly by pregnancy rate and in utero mortality) and calf survival (Section 3.2.4).
9.1.1 OBJECTIVES AND PREDICTIONS

Prior to our program very little work had been published on the ecology of black bears of
Saskatchewan, with no published works applicable to the boreal shield. As for wolves, we did
not know how bears might be distributed in the Saskatchewan Boreal Shield both in terms of
density and territory size; how bears might respond to the low densities of linear features
observed on the landscape (averaging 0.11 km/km2; see Chapter 7.0); nor how bear distribution
might respond to the high spatial extent of recent wildfires (Chapter 5.0). Our primary interest,
however, was the extent to which black bears might distribute relative to adult female caribou
during the period in which caribou calves are most vulnerable to predation. In DeMars and
Boutin (2018), of the 63 boreal caribou calves followed only 33 survived to 4 weeks old. It is the
calving (May 1–June 15) and post-calving period (June 16–August 11), see Section 7.4.1, that is
of critical interest to understanding potential effects of bears on caribou recruitment.
Black bear ecology in boreal (woodland) caribou range is, on the whole, not well researched. A
few studies allow us to make some predictions, however. For example, Latham et al. (2011c),
working in east-central Alberta, showed that GPS-tracked black bears avoided bogs and fens,
while selecting upland mixed woods and various industrial features; however, boreal caribou
showed strong selection for bogs and fens relative to bears (supporting the hypothesis that
caribou in the boreal forest attempt to minimize predation risk by selecting peatlands to avoid
areas frequented by predators, see Section 7.1.1). Habitat selection by individual bears was
highly variable in Latham et al. (2011c), and some bears selected habitats similar to those
selected by caribou, with the potential for some individual specialist of calf-predation to be
important to caribou. This agrees with the idea that independence in habitat selection strategies
by a generalist omnivore predator, like a black bear, should be expected (Garshelis 2008).
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Working in the area of the Laurentides Wildlife Reserve in Québec, Bastille-Rousseau et al.
(2011) found that use of habitat by black bears was also quite variable, but within their home
ranges bears significantly displayed stronger selection for areas with higher vegetation
abundance, avoiding areas that had a high probability of occurrence for both caribou and moose
neonates. While bears of this region did not generally select for caribou calving areas, wolves
were even less inclined to do so, instead focusing on medium-aged cutblocks more amenable to
moose (Lesmerises et al. 2012; Leblond et al. 2016). The upshot was that bears were responsible
for 93.7% of the predation events in the Laurentides region (Pinard et al. 2012). Leblond et al.
(2016) subsequently showed adult female caribou that eventually lost their calf to predation
selected for vegetative associations that were more favourable to bears during the calving season,
compared to mothers that did not.
Following the above, we can expect that for the Saskatchewan Boreal Shield black bears are
likely to have high individual-level variability in habitat responses and preference to select for
herbaceous forage-rich vegetation associations. During spring and summer, this would most
likely be deciduous-mixed forest (Table 7.1). To test this, we conducted a detailed study of black
bear habitat selection from GPS-collared bears using similar methods to those presented in
Chapters 7.0 and 8.0 for caribou and wolves, respectively. As for wolves, we compared
differences between black bear and caribou habitat selection using resource selection functions
(RSFs) modelled as latent selection differences (LSD, see Roever et al. 2008; Erickson et al.
2014; Viejou et al. 2018).
Considering that bears are largely opportunistic predators of caribou calves (Ballard 1994;
Bastille-Rousseau et al. 2011), it is likely that the importance of black bears to caribou
recruitment will depend on the absolute density of bears, and relative bear density in comparison
to that of other predators. Indeed, in the study of Leblond et al. (2016), where black bears were
almost exclusively the predator of caribou calves, bears occurring at a density 50× that of
wolves. We also had a similar density of wolves as in Leblond et al. (3.1/1000 km2 [Chapter 8.0]
vs. 4.4/1000 km2); although the high moose density in the Laurentides Reserve (410 moose/1000
km2 [Leblond et al. 2016]) is at odds with the low moose density we observed in the
Saskatchewan Boreal Shield (47 moose/1000 km2, Chapter 3.0). It is unknown how the high
density of moose in the Laurentides may have supported the relatively high densities of black
bears observed, and the implications of this to both black bear habitat selection and role in
caribou calf mortality in Leblond et al. (2016), but it is likely important. Understanding black
bear density in the Saskatchewan Boreal Shield was therefore another of our main objectives.
Unfortunately, estimating the densities of bears including black bears is very difficult, often
requiring a dedicated program of capture-mark-recapture, e.g., using hair-snagging stations to
identify individuals (marks) by DNA (Settlage et al. 2010). While we were not able to estimate
densities directly in our study area, we were in a position to infer density based on the average
size of home ranges. In adult female brown bears (e.g., Dahle and Swenson 2006) home range
size inversely declines with increasing density (also see Fig. 9.11). The same could be expected
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for American black bears (Oli et al. 2002). We predicted that home range size of black bears
would be larger on average compared to studies of black bears in more productive forests than
we observed in the Saskatchewan Boreal Shield (see Fig. 10.1), for example where mixed-wood
and deciduous stands are more prevalent. The latter vegetation association has been shown to be
important to black bears within boreal caribou range (e.g., Latham et al. 2011c, BastilleRousseau et al. 2011); however, in the our study area the habitat feature is relatively rare (~7% of
the terrestrial area, Tables 5.1 and 7.1).

9.2 Methods
9.2.1 BLACK BEAR MONITORING AND TELEMETRY
We tracked black bear movements using Global Positioning System (GPS)-satellite collars
primarily from 2017–2018, but commenced our program with a pilot capture program in May,
2016. We captured black bears using two methods. We used baited culvert traps in May 2016 to
capture three bears, which were then immobilized using a mixture of Telazol® (Zoetis Services
LLC, 10 Sylvan Way Parsippany, NJ 07054) and medetomidine injected via dart-syringe
(reversed with atipamezole). While this capture program delivered less than desired results in
terms of numbers of bears captured, we established relationships with outfitters in the study area
to help establish and maintain bait stations in spring, 2017, to increase our ability to capture
bears. In the first two weeks of May, 2017, we captured 24 black bears using previously
established hunter bait-sites to lure bears. As bears approached the bait, they were tranquilized
using the same mixture used in the 2016 field season (which worked very well), injected via
dart-syringes fired from either a low-velocity DANiNJECTTM (Olga's Allé 4, 6000 Kolding
Denmark) pneumatic dart rifle or a Pneu Dart, Inc. (15223 Route 87 Highway, Williamsport, PA
17701), 0.22 calibre cartridge-powered dart rifle (Fig. 9.1A). Each dart also contained a
telemetry-tracking device which enabled efficient and timely retrieval and processing of
tranquilized animals. The darts all had a VHF-transmitter attachment so that the anesthetized
bear could be located in the brush (Fig. 9.1B).
On capture (Fig. 9.2), bears were sexed, measured (for length, chest girth, head circumference,
and head width), and field-aged based tooth wear and body and skull size. Ear biopsy punches
(stored in 95% ethanol) were obtained for tissue samples, hair was pulled from between the
shoulder blades for potential use in eventual isotope analysis, and blood samples were obtained
from (principally) the femoral vein. We collected two 10-ml vials of blood without
ethylenediaminetetraacetic acid (EDTA) preservative for serum and 4-ml of blood with EDTA
for potential future use. We did not have the capability to weigh bears in the field. After
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A.

B.

Fig. 9.1. In early May, 2017, black bears in the study area were baited to sites and selected for darting from tree
stands (A), and tracked to the site of full immobilization using VHF telemetry based on frequencies transmitted from
tails of darts (B). In (A) an adult male captured and collared the previous day returns to a bait site.
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Fig. 9.2. An immobilized adult female black bear after being fitted for a GPS-satellite collar, just prior to
administration of the drug reversal agent and release (Saskatchewan Boreal Shield, May, 2017).

data and sample collection, bears were fitted with either a Lotek Wireless Inc. (115 Pony Drive,
Newmarket, ON L3Y 7B5) Iridium® Track M 2D or Telonics Inc. (932 E. Impala Avenue Mesa,
AZ 85204-6699) TGW 4680-3 GPS/Argos radio collar. All collars had remotely-timed automatic
releases. All collars fit on males and younger females included a leather section to join collar
webbing, to facilitate stretch with growth until (anticipated) premature release (no collar was
retained by a bear longer than 2 years). Medetomidine was reversed with atipamezole. All bears
were given meloxicam for pain management. Depending on available cover, waking bears were
either monitored from a distance to ensure safe and successful recovery, or were left alone and
monitored by telemetry so as not to create undue stress with visible human presence. All capture
protocols in 2016 and 2017 and immobilization dosages were approved by the University of
Saskatchewan’s Animal Research and Ethics Board certified to standards of the Canadian
Council on Animal Care, Animal Use Protocol no. 20160011, and Academic Research Permit
no. 16FW051 from the Saskatchewan Ministry of Environment.
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9.2.2 DEFINING SEASONS AND HOME RANGES
Our GPS-collars were programmed to collect location data at 5-hr intervals. Data were collected
throughout the year but largely ceased at the commencement of denning in October and early
November. All non-fixes, 2-dimensional fixes and fixes with low horizontal dilution of precision
(e.g., >10; Poole et al. 2003; Adams et al. 2013 ) were removed from the dataset and only 3-D
fixes or better were used for estimating home ranges (n = 51,249). Resulting GPS data were
truncated to match the time of collaring and suspected time the collar was dropped or deemed
stationary. In total, for computing annual home ranges were able to retain data from 14
individuals in 2017 that lived throughout the entire active season (3 sub-adult males, 5 adult
males, and 6 females) to estimate annual ranges from GPS data. One adult female from the pilot
2016 season survived until early summer of 2017, however, she was excluded from the final
analysis for reasons explained later. While this individual’s data could have been used to
establish its 2016 home range, yearly variation in food availability, and the subsequent impacts
of this variation on home range size, we were reluctant to include this animal’s data in
comparison’s with 2017 ranges to minimize annual variance (Schooley 1994) in both our home
range analyses and those related to habitat selection (below).
We were unable to use a Generalized Additive Mixed Model (GAMM) to identify populationlevel changes in daily movement rates to define seasons as we did for wolves and caribou
(Section 7.3.2) based on movement rates, due to insufficient data. Following Lesmerises et al.
(2015), which established spring, summer, and fall observation periods for black bears based on
scat analyses of diet, we designated seasonal ranges as spring (capture to June 30), summer (July
1–August 31), and fall (September 1–denning). All bears denned between September 10 and
October 23 in 2017, with a mean denning date of October 3. We used these seasons for analysis
of habitat selection (Section 9.2.3); however, as our main interest here was to estimate the annual
range of black bears for comparison with other studies, and in consideration of small seasonal
sample sizes, we did not compute seasonal ranges for each age and sex strata. We computed 95%
MCPs to estimate annual home ranges to compare with other studies (full-year data only);
however, we used the 95% weighted autocorrelated kernel density estimate (AKDE) for the
purposes of defining home ranges for home range-level analysis of habitat selection (below).
9.2.3 SPATIAL SCALES OF RESOURCE SELECTION
As for both caribou and wolves, we defined the environment available to tested bears based on
two spatial extents. At the population scale, the entire study area defined as 100% MCP of GPS
locations was made available to bears. For the individual (within) home range scale, we defined
availability using the 95% weighted AKDE available in the ctmm (continuous-time movement
modelling) package in R (Calabrese et al. 2016; also see Section 7.3.3). This method explicitly
accounts for spatiotemporal autocorrelation in telemetry data by calculating an appropriate
smoother bandwidth given the data and an autocorrelated movement model. We used a fitted
Ornstein-Uhlenbeck-F (OUF) motion model using initial model parameters obtained from
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visualizing the auto-correlation structure in an empirical variogram of the telemetry data
(Fleming et al. 2014). Seasonal AKDEs were only calculated for those individuals that survived
an entire season. AKDEs were discarded if the variogram did not asymptote, leaving n = 18, 11,
and 10 bears for testing at the population scale in spring, summer, and fall; and n = 9, 10, and 10
bears for testing at the home range scale across seasons, respectively. We were unable to
separate sex and age effects in our analyses due to sample sizes.
9.2.4 ENVIRONMENTAL COVARIATES
As in Section 7.3.4, we described the environment within our study area in terms of resource
units defined as 30 × 30-m pixels characterized by the following: elevation (m), proximity to
linear features in m (e.g., major roads, trails, geophysical survey lines, fire breaks, transmission
lines, etc.; Figs. 5.1–5.4), and habitat type (n = 7 habitat classes considering vegetation
association and time since fire, as described in Tables 5.1 and 7.1, Fig. 7.2). We extracted
elevation values (Fig. 5.3) from a raster layer (resolution = 30 × 30 m) derived from a digital
elevation model for the study area in ArcGIS® (ArcGIS Desktop, v. 10.2.1, Environmental
Systems Research Institute [ESRI], Redlands, California, USA). We measured the proximity to a
linear feature as the Euclidean distance (m) between a point location and the edge of the closest
linear feature (Fig. 5.4, Appendix D). The habitat classes were derived from a raster layer of 27
Forest Ecosite Classes (FECs). The FECs were grouped and retained according to specific
habitat features relevant to boreal woodland caribou (McLoughlin et al. 2016). The vegetation
raster was updated each year with wildfire data to account for changes in forest stand age (Fig.
5.2). The age threshold between the early-successional and mature forests was 40 years post-fire,
chosen for expected recovery time for forage lichens for caribou (Greuel 2018; Chapter 6.0).
These classes included mature jack pine forest (>40 years), mature black spruce forest (>40
years), early-successional jack pine forest (≤40 years, early-successional black spruce forest (≤40
years), mixed coniferous and deciduous forest, open muskeg, and black spruce bog. We did not
consider relocations falling into water, pixels for which we did not have any data, or areas
described by rare habitat types including mixed swamp, sand dunes, and stands of white spruce
as these associations represented <0.3% of the study area.
9.2.5 SEASONAL RESOURCE SELECTION FUNCTIONS
For each identified season (spring, summer, fall) and scale (population and home range) we
generated RSFs using logistic regression to compare biotic and abiotic environmental attributes
(i.e., elevation, Euclidean distance to the edge of the closest linear feature, and habitat classes)
associated with sets of used points (GPS relocations of tracked caribou) to sets of available
points randomly sampled (i.e., we used a use-availability design sensu Manly et al. 2002) from
within the population range and individual territory, respective to scale of study. To model the
characteristics of the environment available to caribou at each scale, we again chose a ratio of
10:1 available random points to each used point. We used Generalized Linear Mixed Models
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(GLMMs) of the logit form available in the lme4 (Version 1.1-18-1, https://CRAN.Rproject.org/package=lme4, accessed on 17 Aug 2018) package in R, with a Bernoulli response
(presence/availability) and animal ID as a random intercept (Gillies et al. 2006).
As for used points, for randomly generated available points at each spatio-temporal scale we
removed points occurring in water, rare habitat types as defined previously, and areas with no
available vegetation data. For the home range scale, we excluded all GPS fixes and random
points falling outside the corresponding individual’s territorial bounds. Total number of
individuals of and relocations used at each scale are summarized in Table 9.8.
Prior to model fitting, we scaled all continuous variables (i.e., elevation and distance to linear
features) by centering them to zero and dividing by 2.0 standard deviations using the rescale
function from the package arm (1.10-1, https://CRAN.R-project.org/package=arm, accessed on
13 Apr 2018) implemented in R. We used habitat selection ratios (Manly et al. 2002) to assign
reference habitat classes for each. The reference habitat class was that for which the selection
ratio was closest to 1.0, therefore indicating neither selection nor avoidance (Manly et al. 2002).
For each season and scale, we fitted five potential candidate models: global, quadratic,
interaction, simple, and habitat only. We used Akaike Information Criteria (AIC) to determine
the model that best fits the data. We based the selection of the best models on their predictive
performance using 5-fold cross validation (Boyce et al. 2002). In each round, we withheld a
different sample representing 20% of the individuals in our full data set (i.e., individual blocking;
Roberts et al. 2017). We estimated Spearman-rank correlations (RS) between 10-RSF bins and
area-adjusted frequencies using the R script provided by Roberts et al. (2017).
9.2.6 COMPARING RSFS OF BEARS VS. CARIBOU AND BEARS VS. WOLVES
Further to describing seasonal resource selection by black bears of the Saskatchewan Boreal
Shield to compare with models for caribou (i.e., comparing results of Sections 9.3.2 with 7.4.2),
we were interested in directly comparing how black bear relative use of the landscape compared
to that of adult female boreal caribou during the critical calving and post-calving periods. A
statistical technique to do this uses logistic regression (including mixed-effects models) to
estimate the RSF coefficients of a latent selection difference (LSD) function (e.g., Roever et al.
2008; Viejou et al. 2017). Here, the LSD function contrasts the habitat use of two classes of
locations, e.g., classes based on species. In this analysis, we targeted locations to include through
the calving and post-calving seasons to assess spatial separation between black bears and
caribou, but also bears and wolves (see Section 8.2.4 for the LSD comparison of caribou and
wolves). We used the same covariates that were used in the species-specific RSF analyses of
Chapters 7.0 and 8.0 which included: habitat class (Table 7.1), elevation, and distance to linear
features. We truncated the use-availability data of all species to match the beginning of the
calving season and end of post-calving season for boreal caribou (calving: May 1–June 15, postcalving: Jun 16–Aug 11; Section 7.4.1). All points (ratio 1:10 used:available) were constrained to
the overlain bounds of the population range for black bears and caribou, or bears and wolves (see
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Fig. 8.5), and for comparability all use data included a randomly selected location of one point
per species per day. As our analysis was thus more balanced with respect to sample sizes per
individual, we adopted a generalized linear model to estimate our RSF, rather than a generalized
linear mixed model. We used GPS data from 2017 in the bear-caribou analysis and 2017 (bear)
and 2014–2015 (wolf) data in the bear-wolf analysis. Data for all LSD modelling were cleaned
and handled using the same methods as for RSF analyses.
For each LSD as for all RSF models, we fitted five potential candidate models: global, quadratic,
interaction, simple, and habitat only. We again used AIC to determine the model that best fits the
data, but calculated the relative operating characteristic curve (ROC) index to rate the probability
that a model would correctly discriminate between one species and the other. ROC graphs plot
the true positive rate, also called sensitivity, against the false positive rate, also called specificity
(Swets 1988). A model with high discrimination ability will have high true positives and low
false positives. Area under the curve (AUC) is calculated from the ROC where AUC values of
0.9 and above are indicative of high model accuracy, 0.7 to 0.9 good model accuracy, and less
than 0.7 low model accuracy (Nielsen et al. 2010).

Plate 9.1. A black bear moving through a jack pine stand (young-mid age class, <40 years old). Black bears used
these stands more than any other in the fall (Table 9.4), where they supported some of the highest recorded
abundances of blueberries (Section 9.3). Note the high cover of lichen, which recovered extensively in some places
by 35 years after fire (Chapter 6.0).
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9.3 Results
9.3.1 ANNUAL RANGE SIZE
Subadult males aged at least age 2 (n = 3) ranged over very large areas due to what was likely
dispersal behaviour (Fig. 9.3). The average annual area encompassed by 95% MCPs for
dispersing males was 1934 km2 ± 367 km2 (𝑥𝑥̅ ± SE, SD = 637 km2), ranging from 1253–2706
km2. Ranges were typically defined by a directional track pattern. We did not include the
estimates of range size of subadults in computing average home range sizes for males (below).
Adult males presented the largest established annual ranges (Fig. 9.4), ranging from 87.7–447.0
km2 with an average of 316.5 ± 62.1 km2 (𝑥𝑥̅ ± SE, SD = 138.8 km2, n = 5). Compared to the
annual ranges of dispersing subadult males, adult males exhibited less linear travel with more
densely clustered locations (Fig. 9.3). Females had the smallest home ranges of all age and sex
classes (Fig. 9.5), ranging from 39.9–131.78 km2 with an annual average of 79.8 ± 13.2 km2 (𝑥𝑥̅ ±
SE, SD = 32.3 km2, n = 6). Average adult male annual ranges were larger than those of females
(F = 25. 8, Fcrit = 4.96, P < 0.001). As we did not have ages for females, which were more
difficult to field class compared to adult and subadult males, we did not female ranges based on
age-class. We only note here that all females were independent, but also recognize that because
dispersal is strongly male-biased in black bears (e.g., Costello 2010) subadult female black bears
are noted as having even smaller home ranges than are adult females (Powell et al. 1997).

Fig. 9.3. Example linear dispersal pattern and annual polygon of a subadult male tracked by GPS-collar in the
Saskatchewan Boreal Shield, May–October 2017. This individual’s annual range was 2706 km² (95% MCP).
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Fig. 9.4. Example annual polygon of an adult male tracked by GPS-collar in the Saskatchewan Boreal Shield, May–
October 2017. Clusters at either end of the range indicate sites of regular activity, with travel between these focal
points. This individual’s annual home range was 374 km2 (95% MCP).

Fig. 9.5. Example annual polygon of a female tracked by GPS-collar in the Saskatchewan Boreal Shield, May–
October 2017. This individual’s annual home range was 90.5 km2 (95% MCP).
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9.3.2 SEASONAL RESOURCE SELECTION
Of the five candidate models estimated per season at the population scale, the global model had
the lowest AIC value across all seasons (Table 9.1). The global models included both quadratic
and interaction terms for elevation and distance to linear features. At the home range scale for
black bears, the top models were the global, quadratic, and vegetation-only models for the
spring, summer, and fall seasons, respectively (Table 9.3). The top models for the individual bear
RSFs almost always included elevation and distance to linear features, with some exceptions, but
inclusion of quadratic or interaction terms varied by individual (Table 9.6).
In spring at the population level, black bears selected for mixed coniferous-deciduous habitats
and avoided black spruce swamp and mature black spruce habitats (Table 9.2). In summer, bears
selected for mixed coniferous-deciduous, open muskeg, and young-mid jack pine habitats (Table
9.2). In fall, bears selected for mature black spruce, young-mid black spruce, and young-mid jack
pine (Table 9.2). In spring and summer bears preferred lower elevations, but this weakened into
the fall (Table 9.1, Fig. 9.6). Bears were always more likely to be found closer to linear features
in all seasons at the population scale (Table 9.1, Fig. 9.6).
At the home range scale, bears largely selected for mixed conifer-deciduous stands, especially at
low elevation, while avoiding black spruce swamp in the spring (Table 9.3). In summer, the
avoidance of black spruce swamp was weakened somewhat (significant only at P = 0.62), while
bears again selected for patches (rasters) of mixed coniferous-deciduous forest. In addition, they
started to selected for greater young-mid jack pine stands while avoiding older forests like
mature black spruce and jack pine stands (Table 9.3). The switch to young-mid jack pine
strengthened to strongest effect size of all coefficients considered (in all seasons) through the fall
while avoidance of black spruce swamp also remained strong (Table 9.3). In fact, within home
ranges in the fall probability of occurrence was driven almost solely by vegetation concerns,
particularly with respect to the presence of jack pine forests <40 years of age. The switch to
young-mid jack pine occurred while selection for mixed-coniferous deciduous stands lost
strength (Table 9.3). Within their home ranges for both the spring and summer seasons bears
selected for lower elevations and less distance from linear features (Table 9.3, Fig. 9.6). The top
model for the fall season at the home range scale did not include elevation or distance to linear
features (Table 9.3).
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Table 9.1. Comparison of models used to predict resource selection at the population scale for black bears of the
Saskatchewan Boreal Shield, 2017. Models are ranked based on Akaike’s Information Criteria (AIC) values. ΔAIC
measures the difference between each model and the top model and Akaike weights (wi) indicates the probability
that a model is best among an entire set of candidate models.

AIC

ΔAIC

wi

Habitat + Elev² × LinDist²

8306.3

0

1

Habitat + Elev² + LinDist²

8336.6

30.3

<0.001

Habitat + Elev × LinDist

8357.2

51

<0.001

Habitat + Elev + LinDist

8372.7

66.4

<0.001

Habitat + Elev² × LinDist²

12779.8

0

0.817

Habitat + Elev² + LinDist²

12783.7

3.9

0.117

Habitat + Elev × LinDist

12785.3

5.5

0.052

Habitat + Elev + LinDist

12787.8

8.1

0.015

Habitat + Elev² × LinDist²

5910.7

0

0.63

Habitat + Elev × LinDist

5911.8

1

0.37

Habitat + Elev² + LinDist²

5928.1

17.4

<0.001

Habitat + Elev + LinDist

5930.2

19.5

<0.001

Season

Model

Spring

Summer

Fall

Table 9.2. Summary of beta coefficients (β) ± standard error (SE), and p-values (P) for generalized linear mixed
models predicting seasonal resource selection at the population scale for black bears of the Saskatchewan Boreal
Shield, 2017.

Spring
Habitat feature

β

Summer

SE

P

β

Black Spruce Swamp

-0.382

0.135

0.005

0.044

Mature Black Spruce

-0.295

0.142

Mature Jack Pine

-0.121

Mixed Con-Dec

0.413

Open Muskeg

0.108

Fall

SE

P

β

SE

P

0.104

0.670

-0.941

0.190

<0.001

0.037

-3.227

a

0.099

<0.001

0.405

0.194

0.036

0.126

0.338

-0.109

0.102

0.285

-0.313

0.168

0.063

0.140

0.003

0.824

0.110

<0.001

-2.749a

0.157

<0.001

0.133

0.416

0.249

0.106

0.019

-0.257

0.182

0.159

Young-Mid Black Spruce

-3.389

a

0.133

<0.001

0.153

0.127

0.231

0.655

0.183

<0.001

Young-Mid Jack Pine

-0.221

0.131

0.092

0.519

0.099

<0.001

1.029

0.156

<0.001

Elevation

-0.852

0.078

<0.001

-0.200

0.044

<0.001

0.180

0.053

<0.001

Elevation²

-0.175

0.028

<0.001

-0.031

0.019

0.107

-0.058

0.028

0.037

LinDist

-2.397

0.108

<0.001

-1.624

0.055

<0.001

-1.109

0.063

<0.001

LinDist²

0.283

0.081

<0.001

0.148

0.052

0.004

-0.047

0.064

0.458

Elevation × LinDist

-0.520

0.095

<0.001

-0.139

0.057

0.016

0.307

0.070

<0.001

a

Indicates reference habitat class for that season. (+) significant (–) significant
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Fig. 9.6. Plot of the predicted (relative) probability of use, P(Use), by black bears in the northeast Saskatchewan
Boreal Shield, 2017, as a function of the scaled (centered by the mean and divided by standard deviation) elevation
and distance to linear features derived from the top model for each season (spring, summer, fall) and spatial scale
(availability set to the population’s 100% MCP boundary of movements and when for each bear availability is
constrained to within the home range). Solid lines represent the population scale and dashed lines represent the
home range scale. Linear and/or quadratic terms were plotted based on significance in the top model. The top fall
model at the home range scale does not include elevation or distance to linear feature terms (due to nonsignificance).
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Table 9.3. Comparison of models used to predict resource selection at the home range scale for black bears of the
Saskatchewan Boreal Shield, 2017. Models are ranked based on Akaike’s Information Criteria (AIC) values. ΔAIC
measures the difference between each model and the top model and Akaike weights (wi) indicates the probability
that a model is best among an entire set of candidate models.

AIC

ΔAIC

wi

Habitat + Elev² × LinDist²

8043.2

0

1

Habitat + Elev² + LinDist²

8063.6

20.4

<0.001

Habitat + Elev × LinDist

8064

20.8

<0.001

Habitat + Elev + LinDist

8092

48.8

<0.001

8247.9

204.7

<0.001

Habitat + Elev² + LinDist²

14253.5

0

0.448

Habitat + Elev² × LinDist²

14254.5

1

0.268

Habitat + Elev + LinDist

14255.1

1.6

0.202

Habitat + Elev × LinDist

14256.9

3.4

0.082

Habitat

14383.1

129.5

<0.001

Habitat

6571.3

0

0.573

Habitat + Elev + LinDist

6573.9

2.5

0.16

Habitat + Elev² + LinDist²

6574.1

2.8

0.142

Habitat + Elev × LinDist

6575.6

4.3

0.067

Habitat + Elev² × LinDist²

6575.9

4.6

0.058

Season

Model

Spring

Habitat
Summer

Fall

Table 9.4. Summary of beta coefficients (β) ± standard error (SE), and p-values (P) for generalized linear mixed
models predicting seasonal resource selection at the home range scale for black bears of the Saskatchewan Boreal
Shield, 2017.

Spring
Habitat feature

β

Summer

Fall

SE

P

β

SE

P

β

SE

P

Black Spruce Swamp

-0.306

0.111

0.006

-0.208

0.111

0.062

-0.655

0.175

0.000

Mature Black Spruce

0.048

0.126

0.703

-0.351

0.129

0.007

-2.465

a

0.128

<0.001

Mature Jack Pine

0.167

0.104

0.108

-0.225

0.113

0.047

-0.115

0.146

0.432

Mixed Con-Dec

0.348

0.124

0.005

0.249

0.115

0.030

-0.124

0.195

0.525

-2.481a

0.094

<0.001

-0.048

0.113

0.667

-0.146

0.166

0.378

Young-Mid Black Spruce

0.104

0.139

0.454

-2.278

0.123

<0.001

0.328

0.170

0.054

Young-Mid Jack Pine

-0.099

0.110

0.367

0.236

0.105

0.025

0.722

0.142

<0.001

Elevation

-0.403

0.068

0.000

-0.226

0.042

<0.001

NA

NA

NA

Elevation²

-0.107

0.032

0.001

-0.025

0.025

0.313

NA

NA

NA

LinDist

-0.693

0.057

<0.001

-0.358

0.040

<0.001

NA

NA

NA

LinDist²

0.092

0.027

0.001

0.033

0.015

0.031

NA

NA

NA

Elevation × LinDist

-0.255

0.057

0.000

NA

NA

NA

NA

NA

NA

Open Muskeg

a

a

Indicates reference habitat class for that season. (+) significant (–) significant
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Predictive ability of the population scale black bear model in spring was best in spring and
lowest in the fall as sample sizes (no. bears) declined (Table 9.5); however, the same pattern of
declining predictive ability as the seasons progressed from spring through fall was also reflected
in RSF models at the home range scale (Table 9.5). The latter occurred without an associated
decline in animals (Table 9.5). Because actual number of GPS used points per animal was
similar between spring and fall, it is likely that the decrease in predictive ability reflected
divergence in habitat selection patterns among bears as the year progressed. A model with good
predictive performance would be expected to be one with a strong positive correlation, as more
use locations (area-adjusted) would continually be falling within higher RSF bins (Boyce et al.
2002). Lower and negative RS-values suggested that some bears had opposing patterns in terms
of habitat selection patterns within a season.
Table 9.5. Sample size of GPS fixes (n) and number of individuals (N) used to develop generalized linear mixed
models estimating seasonal resource selection for black bears of the Saskatchewan Boreal Shield, 2017. Indicated
are the associated Spearman-rank (RS) correlation between 10 Resource Selection Function (RSF) bins and areaadjusted frequencies for individually blocked five-fold (F1, F2, F3, F4, F5) cross-validation. Mean represents the
average RS of the five folds.

Spearman-rank correlation (RS)
Scale

Season

n

N

F1

F2

F3

F4

F5

Mean

Population

Spring

16423

18

0.960

0.963

0.985

0.997

0.578

0.897

Summer

23749

11

0.079

0.988

0.921

0.976

-0.915

0.410

Fall

11077

10

-0.733

0.839

0.891

0.219

0.176

0.278

Spring

13574

9

0.954

0.176

0.596

0.976

Summer

23627

10

0.055

0.827

0.061

0.927

0.830

0.540

Fall

11077

10

0.200

0.100

0.700

-0.086

0.600

0.303

Home range

0.675

When RSFs were not modelled with individual ID as a random effect, but rather built
individually (with availability also constrained to within the home range), the individual nature
of habitat selection by bears was more clear. This included different sets of predictors being
included in RSF models among bears (Table 9.6). While most individual bears responded
similarly but with different effect sizes to variables of habitat selection (Appendix F), spring was
the most consistent in terms of direction of response, with summer and fall including a few bears
that opposed responses (e.g., bear 3203, and adult male, significantly avoided mixed forest in
summer, where all other bears selected it to some extent). The differences in individual-level
RSF modelling was most noticeable in terms of response to elevation (Fig. 9.7) with some
functional responses to habitat selection indicated (i.e., stronger responses to a feature with
changing availability). For example, bears living in home ranges at high elevation in general,
showed an increasing affinity to low elevation habitat in summer where it occurred (Fig. 9.7B).
Individual bear responses to linear features was variable (Fig. 9.8).
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Fig. 9.7. Plot of the (relative) predicted probability of use, P(Use), by individual black bears in of the Saskatchewan
Boreal Shield, 2017, as a function of the scaled (centered by the mean and divided by standard deviation) elevation
derived from the top model for each season. Each line corresponds to an individual bear. Linear or quadratic terms
were plotted based on significance in the top model.
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Fig. 9.8. Responses of bears to linear features were highly variable. Plotted is the predicted (relative) probability of
use, P(Use), by individual black bears in of the Saskatchewan Boreal Shield, 2017, as a function of the scaled
(centered by the mean and divided by standard deviation) distance to linear features derived from the top model for
each season. Each line corresponds to an individual bear. Linear or quadratic terms were plotted based on
significance in the top model.
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Table 9.6. Summary of Akaike’s information criteria (AIC) values and Akaike weights (wi) of top models used to
predict resource selection by individual black bears (with ID indicated) in the Saskatchewan Boreal Shield, 2017.
Akaike weights (wi) indicates the probability that selected model was the (relative) best among an entire set of bearspecific candidate models.

Season

Bear

Model

AIC

wi

Spring

3002

Habitat + Elev² + LinDist²

342.3

0.6503

3007

Habitat + Elev² × LinDist²

768.6

0.638

3019

Habitat + Elev + LinDist

266.1

0.529

3022

Habitat + Elev² + LinDist²

1110.5

0.41

3023

Habitat + Elev² × LinDist²

991.9

0.89

3029

Habitat + Elev + LinDist

974.7

0.606

3031

Habitat + Elev + LinDist

1121.8

0.36

3039

Habitat + Elev² + LinDist²

1066.3

0.564

3053

Habitat + Elev² + LinDist²

1215.6

0.7

3002

Habitat

670.6

0.532

3019

Habitat + Elev² × LinDist²

1732.1

0.965

3021

Habitat + Elev² × LinDist²

322

0.89

3022

Habitat + Elev² × LinDist²

1829.1

0.56

3023

Habitat + Elev² × LinDist²

1317.1

0.992

3029

Habitat + Elev² × LinDist²

1755.3

0.7358

3031

Habitat + Elev² + LinDist²

1643.7

0.73

3035

Habitat + Elev² × LinDist²

627.8

0.828

3039

Habitat + Elev² + LinDist²

1877.1

0.73

3053

Habitat + Elev² × LinDist²

1854.8

0.961

3002

Habitat + Elev² + LinDist²

216

0.5464

3019

Habitat + Elev² + LinDist²

350.2

0.704

3021

Habitat + Elev² × LinDist²

317.5

0.62

3022

Habitat + Elev² + LinDist²

745.9

0.58

3023

Habitat + Elev² × LinDist²

898.7

0.9968

3029

Habitat + Elev² × LinDist²

996.6

0.9985

3031

Habitat + Elev² × LinDist²

933.2

0.88

3035

Habitat + Elev² + LinDist²

228

0.64

3039

Habitat + Elev² × LinDist²

297.5

0.52

3053

Habitat + LinDist + LinDist²

1139.3

1

Summer

Fall
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Overall, predictive capacity of our individual-level RSF models was variable and a function of
sample size. For a season, the grand-mean RS among individuals was 0.528, 0.740, and 0.676 for
spring, summer, and fall, respectively (Appendix F). Mean RS-values correlated with sample size
(GPS-points) available to individuals in each season, which ranged from n = 36 to n = 283 (F =
9.31, P = 0.005, R2 = 0.26).
9.3.3 COMPARING RSFS OF BEARS VS. CARIBOU AND BEARS VS. WOLVES
We compared resource selection patterns between black bears and boreal caribou, and bears and
wolves, by truncating availability at the population range size of bears overlaid by the population
range of caribou or wolves (i.e., ranges as defined by MCP boundaries used to define population
boundaries; Fig. 8.5). Of the five candidate models estimated per species comparison, the global
model had lowest AIC in the bear-caribou comparison, while the bear-wolf comparison was
identical save the lack of an interaction term between elevation and the quadratic term for
distance to linear features (Table 9.7).
Table 9.7. Comparison of latent selection difference (LSD) models used to directly compare resource selection
during the calving and post-calving seasons between black bears and boreal caribou and bears and wolves in the
Saskatchewan Boreal Shield, 2014–2017. Number of points of use for each species (n) used in each model are
shown, as constrained by the population boundary of black bears which also determined the domain of habitat
availability (see Fig. 8.5). N indicates the number of individuals for which points (one per day) were randomly
selected for constructing a model. Models are ranked based on Akaike’s information criteria (AIC) values. Delta
AIC (ΔAIC) measures the difference between each model and the top model and Akaike weights (wi) indicates the
probability that a model is best among an entire set of candidate models.

Species

n

N

Model

AIC

ΔAIC df

wi

Bear vs.

774

18

Habitat + Elev² × LinDist²

3268

0 12

0.9953

Caribou

8525

39

Habitat + Elev² + LinDist²

3278.7

10.7 11

0.0047

Habitat + Elev × LinDist

3319.4

51.4 10

<0.001

Habitat + Elev + LinDist

3332.3

64.2

9

<0.001

5086

1818

7

<0.001

Habitat
Bear vs.

598

15

Habitat + Elev² + LinDist²

1083.5

0 11

0.67

Wolf

582

7

Habitat + Elev² × LinDist²

1085

1.5 12

0.33

Habitat + Elev + LinDist

1113

Habitat + Elev × LinDist

1113.1

Habitat

1620.2

29.5

9

<0.001

29.5 10

<0.001

536.7

7

<0.001
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Table 9.8. Summary of beta coefficients (β) ± standard error (SE), and p-values (P) for latent selection difference
(LSD) models comparing resource selection during the calving and post-calving seasons between black bears and
boreal caribou and bears and wolves in the Saskatchewan Boreal Shield, 2014–2017. Models are constrained by the
population boundary of black bears (see Fig. 8.5). Coefficients and direction are referenced to black bears. For
example, relative probability of occurrence of black bears is significantly higher in mixed coniferous-deciduous
stands of forest than it is for boreal caribou during the calving and post-calving seasons; while occurrence of bears in
open muskeg is significantly less than it is for caribou.

Bear vs. Caribou
β

SE

P

β

SE

P

Black Spruce Swamp

-0.851

0.157

<0.001

-0.241a

0.243

0.321

Mature Black Spruce

-0.478

0.187

0.011

-0.082

0.317

0.796

Mature Jack Pine

-0.471

0.157

0.003

-1.126

0.253

<0.001

Mixed Con-Dec

2.269

0.236

<0.001

0.688

0.309

0.026

Open Muskeg

-0.513

0.161

0.001

-0.310

0.275

0.258

Young-Mid Black Spruce

0.299

0.215

0.165

0.423

0.333

0.204

Young-Mid Jack Pine

-4.457a

0.176

<0.001

0.898

0.305

0.003

Elevation

-0.755

0.131

<0.001

0.277

0.085

0.001

Elevation²

-0.092

0.046

0.046

0.261

0.073

<0.001

LinDist

-2.840

0.117

<0.001

-2.580

0.232

<0.001

LinDist²

0.726

0.060

<0.001

-1.216

0.365

<0.001

Elevation × LinDist

-0.451

0.130

<0.001

NA

NA

NA

Habitat feature

a

Bear vs. Wolf

Indicates reference habitat class. (+) significant (–) significant

Habitat selection by black bears strongly juxtaposed boreal caribou during the calving and postcalving seasons, with black bear probability of occurrence being significantly less in all habitat
classes known to be important to caribou at this time, including black spruce swamp, open
muskeg, and mature black spruce and jack pine forests (Table 7.3). Further, black bears clearly
selected for mixed coniferous-deciduous forests relative to caribou, which were also observed to
avoid this habitat class during calving and post-calving (Table 7.3). Relative selection for linear
features suggested that bears, more than caribou, were generally found closer to linear features
within the immediate vicinity of lines (Fig. 9.8). Black bear probability of occurrence, relative to
caribou, was also expected to be at lower elevation within the population range of black bears.
Relative to wolves, black bears were expected to be found significantly more in mixed
coniferous-deciduous forest and young-mid jack pine stands (Table 9.8), the latter habitat being a
strong predictor of black bear habitat selection in summer through autumn (Table 9.4). Wolves
were more likely to occur in mature jack pine stands than were bears, and it was clear that bears
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were expected to be found closer to linear features than wolves (Table 9.8). Relative to wolves,
bears were also more likely to be found at higher elevation, possibly because of wolf selection
for drainages (Chapter 8.0).
We evaluated our LSD models using ROC and AUC. In comparison, the models performed well
appearing to correctly discriminate between one species and the other (Fig. 9.10). Models
comparing bears to both caribou and wolves discriminated very well (AUC = 0.912 and 0.863
respectively). The model comparing wolves to caribou (from Table 8.8) was less discriminatory
than the others (AUC = 0.682). These data, in addition to interpreting coefficients of Tables 8.8
and 9.10, strongly suggest that wolves and caribou differed less in their patterns of resource
selection during the calving and post-calving season than did bears and caribou, or bears and
wolves.

Fig. 9.10. Relative operating characteristic curves (ROC) and area under the curve (AUC) for each of three models
attempting to assess differential habitat selection of black bears, wolves, and boreal caribou in the Saskatchewan
Boreal Shield, 2014–2017 (for the wolf-caribou comparison see Section 8.24). The straight line represents the case
where AUC = 0.5 and the model has no discrimination capacity.
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9.4 Discussion
At writing, our work on black bears remains somewhat preliminary; however, we have been able
to make some conclusions with analyses of the data to date. In particular, the home ranges that
we observed are large, suggesting that the relative density of bears in the Saskatchewan Boreal
Shield is low, at least in comparison to other boreal populations. Second, the data suggest that
overlap between the habitat selection of bears and that of boreal caribou during the calving and
post-calving season is not strong, as both species used responded quite differently to vegetation
associations as well as linear features. Both information on bear density and habitat selection
informs on the extent to which predation by black bears may limit the caribou population.
The larger-than-average home ranges observed in this study were as predicted as compared to
more highly productive forests (see Fig. 10.1) or in agricultural areas (review in Powell et al.
1997). Adult male annual ranges (95% MCP) averaged 317 km2 with that of females (all age
classes) averaging 80 km2. By comparison, Nilsen et al. (2005) in their review observed a mean
of 232 ± 399 km2 (𝑥𝑥̅ ± SD, SE = 94) for adult males (n = 18 studies) and 34 ± 34 km2 (SE = 7.5)
for females (n = 21 studies). Very few researchers have studied the movements of black bears in
within boreal caribou range. In the Laurentides, where black bears have been noted as being the
principal predator of boreal caribou calves (Pinard et al. 2012; Leblond et al. 2016), Brodeur et
al. (2006) observed the multiannual home range size of 12 mature females (100% MCP) as 65.1
± 20.0 km2 (𝑥𝑥̅ ± SE). In another Québec study, at the Gaspésie Conservation Park, Mosnier et al.
(2008a,b) noted mean adult male home ranges as large as what we found, but females averaged
even larger (95% MCP for males 303 ± 74 km2 (SE), n = 12; for females 193 ± 82, n = 8).
However, Mosnier et al.’s study occurred during a period of intensive predator control, which
Czetwertynski et al. (2007) observed to greatly inflate home range sizes of black bears. Working
in and around the Cold Lake Air Weapons Range (CLAWR) of Alberta, Czetwertynski et al.
(2007) reported that females with cubs had significantly smaller home ranges (𝑥𝑥̅ = 27.5 km2)
than did hunted females outside the range (𝑥𝑥̅ = 58 km2). Unhunted CLAWR males also had
smaller home ranges (𝑥𝑥̅ = 123.5 km2) than did hunted males (𝑥𝑥̅ = 378 km2). Mosnier et al.
(2008a,b) further interpreted their large-scale bear movements as a response to the noted
unproductive, high-elevation environment and seasonal altitudinal movements of bears (while
part of the Atlantic Maritimes ecozone, the area is mountainous and includes the highest peak of
the Appalachian Mountains in Canada). While the mean home range size we observed for adult
males are among the largest yet reported within the boreal forest†, the movements shown by
dispersing subadult males were the largest ranges we could find in the literature.

†Pacas

and Paquet (1994) noted very large home ranges of black bears in Riding Mountain National Park, Manitoba
(among the largest in the literature); however, these estimates are not comparable with the 95% MCP given the 95%
harmonic mean estimator they used. The latter depends strongly on resolution (Lawson and Rodgers 1997) which
was undefined in Pacas and Paquet (1994), but isoclines can by much larger than the 95% MCP (Dixon and
Chapman (1980).
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We are confident that, given the size of our observed annual ranges, black bear density in the
Saskatchewan Boreal Shield likely ranks among the lowest known for the species within the
boreal forest. Home range size in bears is expected to be inversely related to population density,
when viewed within populations after substantial changes in density in space (e.g., brown bears
controlling for body size, Dahle and Swenson 2006) or time (adult female black bears, Oli et al.
2002). Czetwertynski et al. (2007) concluded that the significant differences in home range size
they observed in the hunted and protected control area was due, in large part, to the density
gradient between the areas. Density was estimated to be 3× that within CLAWR compared to
outside the range where hunting of bears was heavy, and interestingly these differences
manifested in life histories including cub survival and age at first reproduction. Among regions,
relationships between bear home range size and population density can be quite strong, as we
demonstrate here for brown (grizzly) bear home range size of adult females vs. adult female
density (Fig. 9.11) using data presented in McLoughlin et al. (2000). While black bear and
grizzly bear diets and habitat selection have some important differences, e.g., related to use of
elevation and open habitats, greater use of roots and digging capability of grizzly bears (e.g.,
Aune 1994); as grazers and opportunistic omnivores the relationship presented in Fig. 9.11 is
likely to hold similar for both species.

Fig. 9.11. Home range size of adult female grizzly (brown) bears in North America is inversely related with the
density of adult females. Data in Table 1 of McLoughlin et al. (2000), n = 25 study areas, R2 = 0.551, P < 0.0001).
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The killing of boreal caribou calves (or adults) by black bears is likely to be opportunistic
(Ballard 1994; Bastille-Rousseau et al. 2011), and while the habits of some individual black
bears have been suggested to show affinity for at least the periphery of boreal caribou core range
(Latham et al. 2011c), there is thus far no evidence that an omnivore like a black bear is capable
of regulating caribou populations. That is, while their impacts can be important and even the
primary cause of death of predated calves (Pinard et al. 2012), the predation rate of black bears
on calves is most probable to be a function of relative bear density, not caribou density. As noted
in Section 9.1, black bear densities can be an order of magnitude greater than that of wolves;
however, due to the differential habitat selection between the species, the impact of bears on
caribou is still not well understood.
Clearly the overlap between the species during the period in which neonate caribou are most
vulnerable to predation differs. In the critical calving and post-calving season, our LSD analysis
showed that black bears clearly selected for the small patches of mixed-wood and deciduous
forests present on the landscape, and avoided all the key caribou habitats noted as being
important for calving like black spruce swamp and stands of mature black spruce, and open
muskeg (Tables 7.3, 9.4, 9.8). Bears also occurred at lower elevation which occurred along
drainages, especially in consideration of within-home range availability of habitat (Table 9.8).
And black bears were much closer to anthropogenic features in all seasons than were caribou
(Table 9.8); in part, no doubt, due to the baiting of bears by outfitters in the study area into early
June. Latham et al. (2011c) found that black bears selected rivers and streams, well-drained
upland mixed woods, and various industrial features associated with this type of forest, much
like Young and Ruff (1982) and Czetwertynski (2007). Pelchat and Ruff (1983), studying the
habitat use patterns of black bears in Cold Lake Alberta, noted that aspen-dominated stands were
far superior in terms of producing foods consumed by bears, with muskeg being the least
productive of foods common in scats.
Habitat differences between black bears and caribou were, however, most notable into summer
and autumn (e.g., Table 7.3 vs. 9.4), where bears focused clearly on young seral stages of jack
pine forest (<40 years old) with great effect size in terms of relative probability of occurrence.
Caribou did the opposite (Table 7.3). As summer progressed, the relative use of the young jack
pine stands intensified for bears. However, this should not be surprising as black bears rely
heavily on carbohydrates and in particular berry fruits to prepare for winter dormancy through
much of North America (Nelson et al. 1983). As part of our work in Chapters 5.0 and 6.0 we
sampled 79 jack pine stands between 0–40 years old, and 47 jack pine stands from 41–167 years
old. Velvet-leaved blueberry and lingonberry (Vaccinium myrtilloides, Vaccinium vitis-idaea)
were more commonly found and with equal or greater cover in young (<40 years old) jack pine
stands (ecosite classes BS3, BS4, BS5, BS6) compared to mature stands, and generally,
blueberry occurs more commonly in jack pine stands than it does in any other stand.
Ballard (1994), in his review, concluded that black bear predation as an ungulate limiting factor
is dependent upon the density of black bears in relation to the number and density of other
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predator and prey species. Caribou densities in our study area are relatively high (Chapter 3.0).
Taking into account the low overall (expected) population density of black bears based on
observed home range sizes, combined with strongly juxtaposed habitat selection patterns
between bears and caribou, and the likely density-independent nature of black bear predation as a
function of caribou density, we conclude here that caribou recruitment in the Saskatchewan
Boreal Shield is not likely to be strongly limited by black bears.

Artwork courtesy of and © Jean Polfus
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10.0 CONCLUSIONS
10.1 Summary of Findings
In consideration of all data available at the time of writing, including information presented in
McLoughlin et al. (2016), we have come to the following conclusions with respect to the ecology
of boreal (woodland) caribou and their predators of the Saskatchewan Boreal Shield:
1. Caribou of the Saskatchewan Boreal Shield occupy some of the most pristine habitat available
to non-migratory, forest-dwelling caribou in Canada, with very low levels of anthropogenic
disturbance and linear features occurring at an average of 0.11 km of line/km2 within the
population range of caribou examined (Chapters 2.0, 3.0, 5.0, 7.0).
2. Although being subject to a large fire footprint in the past 40 years, the Saskatchewan Boreal
Shield retains large tracts of high-quality habitat available for caribou, with half (50.1%) of the
land area characterized by >40 year-old pine and black spruce forests, and black spruce swamps
and open muskegs. These vegetation associations strongly predicted caribou probability of
occurrence at different scales with some variation across seasons, e.g., the importance of mature
jack pine stands was most prominent in winter (Chapters 5.0 and 7.0).
3. The successional dynamics of the forest favours conifer-dominated stands at all seral stages,
with only ~7% being mapped as deciduous or mixed-wood forest despite the high fire return
interval. Jack pine stands, in particular, are highly resilient in response to fire (Chapter 5.0).
4. Jack pine stands are suitable for lichen colonization relatively early after fire, and may provide
good winter habitat (in terms of forage availability) for caribou as early as 35 years postdisturbance (Chapter 6.0). Estimates of lichen forage availability within the amounts and types
of vegetation associations selected by caribou do not appear to be limiting (Chapter 6.0). Our
finding that approximately half of the available vegetation associations were mature forests
selected by caribou was expected and reflects the natural fire cycle in the region, which is
approximately 100 years (Chapters 5.0–7.0).
5. Selected habitat by caribou supports some of the highest densities currently observed for nonmigratory, boreal caribou in Canada which we estimate at 36.9 caribou/1000 km2 (95% CI: 26.7–
47.2 caribou/1000 km2) or approximately 3380 caribou in our study area, and what we expect to
be around a minimum of 4000 caribou across the Saskatchewan Boreal Shield (Chapter 3.0).
6. At the same time, wolf densities in the region are very low, based on survey data (3.1
wolves/1000 km2) and low estimates of ungulate prey biomass (caribou and moose, there are no
deer), and large territory sizes (on average 3.5× as large as found in other caribou ranges;
Chapter 8.0).
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7. Black bear densities, while not measured directly, are very likely to be lower than as reported
in the southern boreal forest given that the home ranges we observed are some of the largest for
the species in North America (Chapter 9.0).
8. Caribou did not generally avoid linear (anthropogenic) features. Only in consideration of large
distances did they slightly displace from linear features at the home range scale (where relative
use was constrained by availability of features within the home range) and only during the snowfree seasons. Lack of avoidance occurred at the home range scale in winter, and at all seasons at
the population-level scale (availability across much of the SK1 range) and at the fine scale, when
movements were tracked within 5-hr windows and lines mapped within 800-m buffers (Chapter
7.0).
9. Wolves avoided linear features at the population scale, in the sense that territories where they
occurred were placed in general farther from lines. Where wolves showed some selection for
linear features, it occurred weakly within territories, more strongly in winter than in summer
(Chapter 8.0). Effects were not acute, but only evident e.g., when comparing using within vs.
beyond 10 km of a line. Wolves were expected to be closer to lines more than were caribou at
these distances.
10. Wolves selected for open muskegs year round, and deciduous-coniferous mixed forest
especially during winter. Mature jack pine (<40 years) was generally avoided by wolves as was
black spruce burned within the past 40 years, except during the snow-free season at the home
range scale (which was also reflected in how they used this habitat relative to caribou during the
calving period, Chapter 8.0);
11. Collectively, young and mid-aged jack pine and black spruce stands (aged <40 years)
accounted for almost all of the recently burned habitat in the Saskatchewan Boreal Shield, and
42.2% of the land base (Chapter 5.0). That wolves generally avoided these habitats (as did
caribou, although in comparison to caribou wolves avoided younger habitats somewhat less)
suggests that these vegetation associations are not strongly supporting alternate prey like moose
(which occurred at relatively low density, 45.7 moose/1000 km2 [95% CI: 37.8–53.6 moose/1000
km2], Chapter 3.0), or, if they are, wolves are not seeking them out in these vegetation
associations (Chapter 7.0);
12. While caribou and wolves showed discrimination in selection patterns during the calving and
post-calving seasons, the strongest juxtaposition in habitat selection patterns observed were
between black bears and caribou, and bears and wolves. Black bears used mixed-wood forests as
did wolves, but increasingly and through the summer and especially in fall bears selected for
stands of jack pine <40 years (Chapter 9.0).
13. Black bears generally selected for linear features at all seasons and scales, although this was
quite variable amongst individual bears. In direct comparison to both wolves and caribou during
the calving and post-calving season, they selected for them more strongly than either species
(Chapter 9.0).
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14. Mortality of adult boreal caribou occurred primarily during the snow-free season from April
through October (19/25 mortalities from 94 caribou at risk; Chapter 3.0).
15. Cause of death could not be determined for most caribou; however, hunting of caribou was
the least important cause of death (only 1/94 caribou in the four years of study; Chapter 3.0).
16. We observed that the caribou population from 2014–2018 was characterized by high adult
female survival rates (0.895 [geometric mean], 95% CI: 0.855–0.933); moderate recruitment
(0.192, 95% CI: 0.16–0.223 calves per female in March) ranging from a low of 0.134 calves/cow
in 2016 to as high as 0.244 calves/cow in March of 2018; and high late-term pregnancy rates
(0.933 in March 2014, 95% CI: 0.878–0.978); see Chapter 3.0.
17. We observed annual population growth rates (Chapter 3.0) for the caribou population (λ) of
1.004 (95% CI: 0.934–1.070) and 1.070 (95% CI: 1.012–1.119) for the first and second intervals
of the study (2014–15 and 2015–16). In the third interval (2016–17), λ decreased due to both a
drop in recruitment but also survival. The geometric mean, unweighted population growth rate
among the first three years (2014–2017) was unity (1.0001). An unintended consequence of our
sampling regime, in which all caribou of the study (n = 94) were collared in March 2014, was
that we were unable to separate year effects of survival from that of age, an observation that has
ramifications for other programs that rely on radio-collared animals to estimate caribou survival
(Chapter 3.0) but do not take into account age-related senescence in the study design.
18. A comprehensive analysis of genetic relatedness and substructure of caribou in the SK1
(Saskatchewan Boreal Shield) unit, relative to other units in Alberta (Cold Lake Air Weapons
Range), the Saskatchewan Boreal Plains (SK2 West, Central, East), and several units of eastern
and central Manitoba, indicates that caribou of the SK1 unit have greatest genetic overlap with
caribou of the SK2-Central range. No substructure was detected within the SK1 unit, meaning
that there is no genetic evidence to subdivide the SK1 unit for management purposes (Chapter
4.0);
19. From genetic information, we observed that migrants per generation was bi-directional but
always net positive into of the SK1 unit from all other examined units (Chapter 4.0). This
strongly suggests that the Saskatchewan Boreal Shield serves as a destination or possible refugia
for boreal caribou immigrants for all adjacent populations. In light of the demographics of the
population (Chapter 3.0), we conclude that the SK1 unit is not a sink habitat, however. The
importance of the SK1 unit to the conservation status of adjacent units may be quite important in
the context of metapopulation dynamics (Chapter 4.0, Section 10.2.3).

10.2 Management Implications
Our work has implications to the management and conservation of boreal caribou both within the
context of advancing policy at the local scale of the SK1 administrative unit—by clarifying the
status, trend, and critical habitat features of the caribou population—but also with respect to
broader caribou-predator-habitat-disturbance relationships in northern boreal shield habitat.
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While the former was our principal goal and motivation for conducting this work, it may be the
wider implications of the latter that proves to be the most valuable.
Northern caribou ranges, like that of the Saskatchewan Boreal Shield, have thus far received very
little attention. This is not surprising, as most research on woodland (boreal and mountain)
caribou occurs in areas of substantive resource extraction and in the context of industrial impacts
on caribou population viability. Excepting the longitudinal and fundamental research programs
on caribou of Newfoundland (e.g., Schaefer and Mahoney 2013; Mahoney et al. 2016; Schaefer
et al. 2016), almost all work on ‘non-migratory’ woodland caribou (R. t. tarandus) occurs in the
boreal plains of western Canada; the southern shield region of Québec and Ontario; and with
respect to mountain caribou, in heavily developed regions of the Rocky Mountains. Caribou are
rarely studied in areas where logging or oil and gas development are not occurring. Yet, it is in
the northern boreal shield and taiga where the majority of Canada’s boreal caribou exist, both in
terms of numbers of individuals and extent of range. This includes approximately 62.5% of
extant boreal caribou range (1.5 million km2) classed as (northern) western and eastern Canadian
shield, where moose are the only alternate ungulate prey available in the context of habitatmediated apparent competition (see Section 3.1.1; areas with no presence of deer; Fig. 8.7);
forests are characterized by generally low net primary productivity (e.g., <0.3 kg C/m2/year; Fig.
10.1); and linear features on the landscape occur at levels similar to that of the Saskatchewan
Boreal Shield (i.e., 0.1–0.5 km lines/km2; see Fig. 2.5).
10.2.1 PRIMARY PRODUCTIVITY LIKELY MODULATES HABITAT-MEDIATED
APPARENT COMPETITION
Of particular importance to low-productivity, northern shield caribou populations, we present
evidence that points towards a decoupling of some of the key components of habitat-mediated
apparent competition (responses of predators and alternate prey to disturbance) necessary to
invoke the hypothesis as a principal limiting factor to caribou populations. As we explain in
Section 3.1.1, habitat-mediated apparent competition refers to how landscape disturbance might
increase the abundance of browsing ungulates (especially white-tailed deer and moose) by
reducing the seral age of forests, promoting predator (primarily wolf) numbers with negative
impacts on caribou through heightened predation risk. The concept is now widely assumed to be
the key mechanism driving declines in caribou populations across the country. Indeed, the
hypothesis features prominently in why we are managing for disturbance in the federal Recovery
Strategy boreal caribou in Canada (Environment Canada 2012).
Despite the high amount of disturbance on the landscape in the Saskatchewan Boreal Shield, the
successional dynamics in this low-productivity environment are such that deciduous and mixedwood forests remained quite rare and coniferous forests dominated even at the low average-age
of the forest (Chapter 5.0). This likely explains why, as shown in Chapter 8.0, we observed low
relative biomass of ungulates (kg/km2) and large territory sizes and low densities of wolves,
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Fig. 10.1. Net primary productivity (NPP) mapped at 1-km2 resolution in Canada, data from 1994. Reproduced from
Liu et al. (2002).

with small pack sizes suggesting that moose are perhaps not the primary source of prey for
wolves in Saskatchewan Boreal Shield. Habitat selection of wolves (Chapter 8.0) indicated
selection for wetland (open muskeg) habitat in all scales and seasons, as might be expected for
use of beaver and caribou, with affinity to mixed-wood and deciduous forests in winter; but
otherwise relative use of habitats was not strongly differentiated from that of caribou (Chapter
8.0). Discrimination of selection patterns between wolves and caribou was not strong relative to
wolves and bears or bears and caribou (Chapters 8.0 and 9.0; Fig. 9.10). Widespread burns (jack
pine and black spruce stands <40 years of age) in the region were avoided by wolves, which
would not be expected if these areas strongly supported moose (while there are no deer)
populations as expected under habitat-mediated apparent competition (Chapter 8.0).
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Our work on black bears (Chapter 9.0) confirms that bears and caribou do not closely overlap in
habitat selection during the critical calving and post-calving seasons, and that the density of
bears is likely considerably lower than as found elsewhere in the boreal forest. Home range sizes
were among the largest observed for the species. While the generalist nature of black bear
foraging ecology was reflected in contrasting strategies of individual bears, as shown in other
studies (e.g., Latham et al. 2011c), black bear habitat selection juxtaposed caribou habitat
selection even more than it contrasted with wolf habitat selection (Fig. 9.10). Black bear
predation on adults is likely to be minor, as shown in even high-density bear habitats (Ballard
1994); and while the potential for black bears to affect recruitment by increasing calf mortality is
real (Pinard et al. 2012; Leblond et al. 2013), given the size of the caribou population and
expectedly low densities of bears they are not expected to be the principal limiting factor to calf
survival. While bears certainly selected for younger-aged jack pine stands in summer and
(increasingly) in fall, it is unlikely that this was due to a response to moose using this seral stage,
but rather increased availability of fruit as these stands had the greatest observed production of
blueberries and lingonberries (Chapter 9.0).
The argument that large-scale wildfire disturbance, resulting in younger-aged forests, can
generate the habitat conditions necessary to effect increasing abundance of alternate prey to
increase wolf and bear populations to limit caribou populations, is not consistent with what we
observed during the course of our work in the Saskatchewan Boreal Shield. While habitatmediated apparent competition has been shown to be a very likely and strong limiting factor to
caribou in other regions of boreal (and mountain) caribou range, all instances of this have thus
far been indicated for areas characterized by: 1) higher (relative) net primary productivity (e.g.,
0.25–0.5 kg C/m2/year; Fig. 10.1), as found in lower elevations and especially foothills of the
Rocky Mountains, the boreal plains, and southern boreal shield; 2) forests capable of supporting
commercial forestry within or in close proximity to caribou habitat; and 3) high biomass
(kg/km2) of alternate-ungulate prey (Chapter 8.0) within or near caribou refugia that includes
more than just moose as prey for wolves (or other predators), but also species like white-tailed
deer. These conditions, of course, are not mutually exclusive, but driven by energy within the
system that generates the trophic cascade necessary to link predator-caribou-alternate prey
dynamics. But they are all prerequisite to invoking the mechanism of habitat-mediated apparent
competition as a significant limiting factor to caribou. This has been true from the earliest
inception of ideas on the concept (e.g., Edwards 1954; Bergerud 1974) to the most recent
experimental evidence coming from Alberta and British Columbia (Serrouya et al. 2019). The
Saskatchewan Boreal Shield satisfies none of these conditions. On a macroecological scale,
neither does the majority of extant boreal caribou range in Canada (i.e., northern boreal shield
populations). Understanding where, and where not, habitat-mediated apparent competition
applies to boreal caribou and the extent to which it should factor into how we manage
populations, particularly in lieu of other management options, is an important topic of future
research. Habitat-mediated apparent competition, as a limiting factor to caribou, is very likely
modulated by primary productivity, a corollary to the hypothesis that we propose here.
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10.2.2 FUNCTIONAL (HABITAT) RESPONSES VS. FUNCTIONAL RESPONSES OF
PREDATORS TO PREY
A critical finding of ours, also in the context of habitat-mediated apparent competition, was that
wolves did not strongly respond to linear features at the levels encountered in our study area, and
either avoided them at the population scale or showed weak affinity for them within territories
(Chapter 8.0). This observation is consistent with what might be expected if wolves show a
functional (habitat) response to anthropogenic disturbance, whereby use of a habitat type
changes with its availability (Mysterud and Ims 1996). Functional habitat responses have
previously been shown for wolves and human disturbance, where anthropogenic features are
used increasingly with their presence on the landscape (Hebblewhite and Merrill 2008; Muhly et
al. 2019). If the responses of wolves to linear features are functional to the availability of these
features, this may also explain the equivocal responses to linear features that we observed for
caribou. What this means is, in areas of caribou range where densities of anthropogenic linear
features are too low to generate a predator (use) response, it should not be surprising if caribou
also do not respond linear features.
Linear features have often been associated with an increase in predation risk to caribou (e.g.,
James and Stuart Smith 2000; Johnson et al. 2015; McGreer et al. 2015; DeMars and Boutin
2017; Mumma et al. 2017). The presumption is that increased selection for and rates of travel on
linear features by wolves (Latham et al. 2011b, Dickie et al. 2017) facilitates encounter rates
with prey, thereby steepening the slope of the predator-prey functional response; however, if
wolf use of these features is non-linear with respect to their density on the landscape, the
implications to predator-prey functional responses can be important (McKenzie et al. 2012). The
advantages to hunting on lines in the Saskatchewan Boreal Shield must be relatively low for
wolves, and as McKenzie et al. (2012) showed in low-density prey environments, at low-linear
feature densities, without prey attraction to lines it would not be advantageous for predators to
bias their movements towards these features.
The above has implications to how, as managers, we might choose to map the impacts of
anthropogenic features on reducing habitat effectiveness to caribou. We suggest that it does not
make sense to equate linear features that occur at, e.g., <1 km of lines/km2 in the same manner as
at densities where clear responses by caribou and wolves have been observed (e.g., Latham et al.
2011a; Dickie et al. 2017; DeMars and Boutin 2018). If there is a case to be made regarding
flexibility in how to adaptively modify, in space, the likely impacts of anthropogenic features on
caribou, there is an argument for gradating impacts based on the non-linear responses in how
both caribou and their predators select or avoid these features. Applying variable-width buffer
sizes to quantify and manage industrial impacts to caribou may not only be argued for
anthropogenic features of different size and type (Dyer et al. 2001), but perhaps more relevantly
with regard to the landscape density of these features.
Of particular relevance, understanding how predators and caribou respond non-linearly in their
avoidance of or selection for linear features as a function of linear feature density may
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incentivize reclamation efforts, especially in areas of moderate linear-feature disturbance
(density): there is likely to be an increasingly stronger benefit to reclaiming linear features if
gains are non-linear. However, where linear features occur at low densities, further increases in
development should also proceed cautiously, recognizing that the potential relationship between
these features to caribou and their predators may be non-linear (exponential) in nature. One
practical way to incorporate this response into landscape planning may be to link the size of
management buffer zones (in m) around linear features directly to their density (in km lines/km2)
within caribou range to more accurately map impacts. At high density, buffer sizes should be
larger to reflect the stronger expected responses of predators to prey, but as linear feature density
reduces, the biology of the response of predators and caribou to these lines may incorporate as
reductions in buffer size. The latter has potential to offer a practical incentive to reclaiming or
maximizing use of existing lines inasmuch as a caution to creating more lines in the process of
forecasting landscape use. More work on this concept is warranted.
10.2.3 NORTHERN RANGES IN SUPPORT OF SOUTHERN CARIBOU
The evidence suggests that the status of caribou in the Saskatchewan Boreal Shield is one of a
large and self-sustaining population that is arguably one of the more secure populations of boreal
caribou in Canada. However, given the extent of bi-directional gene-flow but also net recipient
of migrants from all (examined) adjoining boreal caribou administrative units (Chapter 4.0), it is
obvious to us that the population is also of wider importance to regional caribou conservation
than anyone has thus far appreciated. Indeed, the status of SK1 caribou is likely influencing the
long-term persistence probability of the species not only in the western boreal shield, but also
within the adjoining boreal plains of Alberta (Richardson, East Side of the Athabasca River,
Cold Lake units) and Saskatchewan (especially the SK2-Central unit, for which it is most closely
linked; but also SK2-East and West), and the various Manitoba units north and west of Lake
Winnipeg. We believe the caribou population of the Saskatchewan Boreal Shield is presently
secure both in size and trend (Chapter 3.0), and as a source of migrants (Chapter 4.0) the region
has potential to help maintain adjacent populations where local recruitment may be failing to
keep pace with local mortality. The extent to which this is occurring (i.e., in terms of quantifiably
boosting apparent survival rates of adults) is presently unknown. However, the potential for the
SK1 unit to boost the conservation prospects of adjoining units is real, particularly given the size
of the SK1 unit relative to all other units. Conservation objectives aimed at preserving the
integrity of the Saskatchewan Boreal Shield may therefore benefit multiple caribou units in
western Canada. Understanding the role of naturally regulated, northern populations of boreal
(and mountain) caribou in the functioning and conservation of southern caribou populations is an
important area of future research.
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APPENDIX B
Freely available at: https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.4682
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APPENDIX C
Summary of the process behind the creation of the fire rasters that were used to assign
black spruce-dominated and jack-pine dominated forests to mature (>40 years post-fire)
and young to mid-successional (YM; ≤40 years post-fire) age classes.
Fire data (fire polygons and residual patches) from the years 1988–2014 were provided by
Omnia Ecological Services (Omnia Ecological Services, Calgary, Alberta, Canada, publisher of
the HABTECH 2015 folder), while fire data from the years 1945 – 1947 and 2015 (fire polygons
only) were provided by Gigi Pittoello from the Fish and Wildlife Branch of the Saskatchewan
Ministry of Environment.
NOTE: ArcGIS tools are highlighted in blue. Attribute table headers are bolded in red.
Command pathways and expressions are in green. Explanations are italicized. The term
‘working title” just refers to the arbitrary name we assigned to each layer.
A. Initial Fire Layer Creation:
A.1: 1988-2014 fire data
1. Import all individual layers (e.g., E-BS-burn-1988-hab-final_region.shp) from the
HABTECH 2015 folder E-BS_Digitized Burns – this is one of the folders provided by
Omnia Ecological Services; it contains the outline of all of the fire polygons.
2. Merge all of the E-BS layers. Some of the fire polygons are not closed so they need to be
repaired. Use the tool Repair Geometry.
3. Dissolve the merged E-BS layer, using the column Year as the priority. This means that
whenever the year differs between two overlapping layers, the most recent Year value is
ascribed to the area of overlap.
4. Export the new layer into a geodatabase. To do this, simply right click on the layer in the
Table of Contents and select Data -> Export Data…..
OUTPUT FROM A.1: a merged layer with all of the fires from 1988-2014.
A.2: 1945 – 1987 and 2015 fire data
In order to add the fires from 1945-1987 and 2015 to the layer created in step 3, you need to
work with another fire layer (titled Fire_1945_2015). This layer does not have residuals or
water accounted for.
5. Import the layer Fire_1945_2015 into ArcGIS.
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6. Dissolve the layer Fire_1945_2015, using the column Year as the priority (as above).
7. Extract all fire polygons from the dissolved layer with a Year value less than 1988 or
greater than 2014. Use the tool Select by Attribute; specify the selection type as NEW
SELECTION and the condition as Year > 0 or Year<=1987 or Year=2015. Right click
on the Fire_1945_2015 layer in the Table of Contents and choose Selection->Create
Layer from Selected Features.
8. Export the new layer into the same geodatabase used in step 4. In this geodatabase, you
should now have the following feature class layers:
a. fire polygons from 1988-2014 (residuals and water NOT yet excluded)
b. fire polygons from 1945-1987 and 2015
A.3: Combining the two fire layers
9. Merge the two fire polygon layers. Dissolve this merged layer, using the column Year as
the priority (as above). Make sure to save all new layers into the geodatabase!
10. Use the tool Polygon to Raster to convert the merged and dissolved fire polygon layer
from step 8 into a raster. You should now have a raster with all fires spanning 1945 –
2015 (working layer name: Fire_Polygons).
B. Excluding Residual Patches (the patches in fire polygons not consumed by fire):
11. Import all individual layers (e.g., Threshold BS-Burn 1992_region.shp) from the
HABTECH 2015 folder Threshold BS-Burns(1).
12. Merge all of the Threshold Layers. Dissolve this merged layer, using the column Year as
the priority (as above).
13. Extract the residual portions of the above dissolved layer using the tool Select by
Attribute; specify the selection type as NEW SELECTION and the condition as
Landcover_= ‘Residual’. Right click on the dissolved layer in the table of contents and
then choose Selection->Create Layer from Selected Features. You should end up with
a layer containing the outline of all of the residuals.
14. There is a possibility that some of the residual patches may have been burned over by
fires in later years. For example, a residual patch in 1988 may have been burned over by
a fire in 1997. This needs to be accounted for.
15. Use the tool Raster Calculator to subtract the Fire_Polygons raster from the Residuals
raster. This creates a new layer (working title: Raster_Fire_Sub) with positive and
negative values for each pixel.
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NOTE: When digitizing the fire polygons, the crew from HABTECH used Landsat images
spanning (mostly) 5 year intervals (see the HABTECH methods PDF provided with the fire
layers). This means that within those 5 year periods, we cannot be sure which residuals were
burned over. Therefore, we want to exclude all residual patches from the Raster_Fire_Sub
Layer that have a value > -5 (i.e., there is less than 5 years between the residual patch and the
overlaying fire).
16. Use the tool Extract by Attributes to extract all pixels from the Raster_Fire_Sub layer
with a value less than or equal to -5 (i.e., want to exclude all pixels with a value > -5).
This creates a new raster layer (working title: Residual Mask).
17. Use the tool Extract by Mask to extract all pixels from the Residuals raster that fall
within the extent of the Residual Mask layer. This is the final residual layer (working
title: Residual_Final).
1. Use the Raster Calculator to exclude all of the residual patches from the Fire_Polygons
raster; use the expression: SetNull(~IsNull(Residual_Final), Fire_Polygons). This
results in a new fire raster without the residuals (working title: Fire_No_Resid)
C. Excluding Water Patches
NOTE: For this task, we used the water pixels extracted from Dr. Kunwar Singh’s and Jonathan
Henkelman’s vegetation layer (working title: Veg_Water_Only1)
2. As above, use the Raster Calculator to exclude all of the water patches from the
Fire_No_Resid raster; use the expression: SetNull(~IsNull(Veg_Water_Only1),
Fire_No_Resid). This results in a new fire raster that has both the residuals and water
excluded (working title: Fire_Final_1)
3. Clip the Fire_Final_1 raster to the boundary of the SK1 region. Make sure that the
extent of the clipped raster = the extent of the boundary of the SK1 region polygon.
[NOTE: the clip tool for rasters can be found under Data Management Tools -> Raster
-> Raster Processing -> Clip]. The result is the fire layer Fire_1945-2015_NR_SK11.
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APPENDIX D
Anthropogenic Disturbance Mapping for the SK1 Caribou Unit
DRAFT Methods and Feature Codes,
Version 1.0
Updated: June 01, 2016
Prepared by:
Shawn Francis, S. Francis Consulting Inc., and
Brent Bitter, Jackie O’Neil and Andrea Penner, Saskatchewan Ministry of Environment

1. Overview

This document describes version 1.0 human feature
(disturbance) mapping for the SK1 Caribou
Administration Unit in northern Saskatchewan (Fig.
D1). Linear features (roads, trails and cutlines) and
areal features (settlements, mine sites, gravel pits,
airfields, and similar) have been mapped separately.
Future changes should be anticipated as better
information becomes available and users identify
potential errors or revisions that would increase the
utility of the mapping for different applications.

2. Methods

The SK1 human disturbance mapping project was initiated
in 2012. Saskatchewan Ministry of Environment staff
and contractors, and University of Regina students, all
contributed to data capture. A number of different
sources and vintages of satellite and orthophoto
imagery have been utilized to develop the human
feature mapping. Where ever possible, human
disturbances and features have been interpreted and
digitized at a scale of 1:5,000. A more detailed
methodology document will be developed at a future
date.
Fig. D1. SK1 Caribou Administration Unit in
northern Saskatchewan
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3. Anthropogenic Feature Codes and Definitions
The DISTURBANC field contains anthropogenic feature codes. Feature codes and names for the
linear and area features are listed in the following tables.
A3.1 Linear Features
File:

\linear \SK1_Anthro_Linear_v1.shp
\SK1_Anthro_Linear_DirectFT_v1.shp
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3.2 Areal Features
File: \areal\SK1_Anthro_Area_v1.shp
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APPENDIX E
Available at: https://onlinelibrary.wiley.com/doi/abs/10.1111/gcb.14550?af=R
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APPENDIX F
Table 7. Comparison of models used to predict resource selection for individual black bears in the Saskatchewan Boreal Shield, 2017. Models are ranked based
on Akaike’s information criteria (AIC) values. Delta AIC (ΔAIC) measures the difference between each model and the top model and Akaike weights (wi)
indicates the probability that a model is best among an entire set of candidate models. Top models for each season are represented in bold font.
Spring

Summer

Fall

Bear

Model

AIC

ΔAIC

wi

AIC

ΔAIC

wi

AIC

ΔAIC

wi

3002

Habitat + Elev² + LinDist²

342.3

0

0.65

674.9

4.3

0.06

216

0

0.55

3002

Habitat + Elev² × LinDist²

344.1

1.8

0.27

676.9

6.3

0.02

216.4

0.4

0.45

3002

Habitat + Elev + LinDist

347.6

5.3

0.05

672.1

1.5

0.26

226.9

10.9

0.00

3002

Habitat + Elev × LinDist

348.2

5.9

0.03

673.4

2.8

0.13

228.9

12.9

<0.001

3002

Habitat

354.7

12.4

0.00

670.6

0

0.53

229.2

13.2

<0.001

3007

Habitat + Elev² × LinDist²

768.6

0

0.64

NA

NA

NA

NA

NA

NA

3007

Habitat + Elev × LinDist

770.2

1.5

0.29

NA

NA

NA

NA

NA

NA

3007

Habitat + Elev + LinDist

773.9

5.3

0.05

NA

NA

NA

NA

NA

NA

3007

Habitat + Elev² + LinDist²

775.4

6.8

0.02

NA

NA

NA

NA

NA

NA

3007

Habitat

789.9

21.2

<0.001

NA

NA

NA

NA

NA

NA

3019

Habitat + Elev + LinDist

266.1

0

0.53

1757.4

25.3

<0.001

356.7

6.5

0.03

3019

Habitat + Elev × LinDist

267.5

1.4

0.26

1738.8

6.6

0.04

358.7

8.5

0.01

3019

Habitat + Elev² + LinDist²

269.3

3.3

0.10

1750.5

18.4

<0.001

350.2

0

0.70

3019

Habitat

270.4

4.3

0.06

1780.4

48.3

<0.001

380.8

30.6

<0.001

3019

Habitat + Elev² × LinDist²

271

5

0.04

1732.1

0

0.97

352.2

2

0.26

3021

Habitat + Elev² × LinDist²

NA

NA

NA

322

0

0.89

317.5

0

0.62

3021

Habitat + Elev × LinDist

NA

NA

NA

347.3

25.3

<0.001

320.5

3

0.14

3021

Habitat + Elev² + LinDist²

NA

NA

NA

326.2

4.2

0.11

320.7

3.2

0.13

3021

Habitat + Elev + LinDist

NA

NA

NA

347.4

25.4

<0.001

320.9

3.4

0.11
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3021

Habitat

NA

NA

NA

371.1

49.1

<0.001

338.4

21

<0.001

3022

Habitat + Elev² + LinDist²

1110.5

0

0.41

1829.5

0.4

0.44

745.9

0

0.58

3022

Habitat + Elev + LinDist

1111.1

0.7

0.29

1870

40.9

<0.001

774.4

28.5

<0.001

3022

Habitat + Elev² × LinDist²

1112.4

1.9

0.16

1829.1

0

0.56

746.5

0.6

0.42

3022

Habitat + Elev × LinDist

1112.5

2

0.15

1869.3

40.3

<0.001

762.1

16.3

<0.001

3022

Habitat

1136

25.5

<0.001

1872.3

43.2

<0.001

774.3

28.4

<0.001

3023

Habitat + Elev² × LinDist²

991.9

0

0.89

1317.1

0

0.99

898.7

0

1.00

3023

Habitat + Elev² + LinDist²

996.1

4.2

0.11

1326.8

9.6

0.01

910.2

11.5

0.00

3023

Habitat + Elev × LinDist

1042.5

50.6

<0.001

1353.2

36.1

<0.001

940.2

41.5

<0.001

3023

Habitat + Elev + LinDist

1047.9

56

<0.001

1360.3

43.2

<0.001

961.8

63.1

<0.001

3023

Habitat

1140.1

148.2

<0.001

1637.6

320.5

<0.001

969.5

70.8

<0.001

3029

Habitat + Elev + LinDist

974.7

0

0.61

1765.6

10.4

0.00

1041.8

45.1

<0.001

3029

Habitat + Elev × LinDist

976.3

1.7

0.26

1763.5

8.2

0.01

1009.6

13

0.00

3029

Habitat + Elev² + LinDist²

978.4

3.7

0.10

1757.4

2.2

0.25

1027.7

31.1

<0.001

3029

Habitat + Elev² × LinDist²

980.2

5.6

0.04

1755.3

0

0.74

996.6

0

1.00

3029

Habitat

1020.8

46.1

<0.001

1809.7

54.4

<0.001

1063.5

66.9

<0.001

3031

Habitat + Elev + LinDist

1121.8

0

0.36

1679.8

36.1

<0.001

970.8

37.6

<0.001

3031

Habitat + Elev² + LinDist²

1121.9

0.2

0.33

1643.7

0

0.73

937.2

4

0.12

3031

Habitat + Elev × LinDist

1123.2

1.5

0.17

1674.5

30.8

<0.001

964

30.8

<0.001

3031

Habitat + Elev² × LinDist²

1123.6

1.8

0.14

1645.6

2

0.27

933.2

0

0.88

3031

Habitat

1138.1

16.4

<0.001

1696.8

53.1

<0.001

973.7

40.5

<0.001

3035

Habitat + Elev² + LinDist²

NA

NA

NA

635.8

8

0.02

228

0

0.64

3035

Habitat + Elev² × LinDist²

NA

NA

NA

627.8

0

0.83

229.2

1.2

0.36

3035

Habitat + Elev × LinDist

NA

NA

NA

631.2

3.3

0.16

247.1

19

<0.001

3035

Habitat + Elev + LinDist

NA

NA

NA

641.6

13.7

<0.001

247.8

19.7

<0.001

3035

Habitat

NA

NA

NA

658.1

30.3

<0.001

248.8

20.7

<0.001
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3039

Habitat + Elev² + LinDist²

1066.3

0

0.56

1877.1

0

0.73

297.7

0.2

0.48

3039

Habitat + Elev² × LinDist²

1067.4

1.1

0.32

1879.1

2

0.27

297.5

0

0.52

3039

Habitat

1071

4.7

0.05

1899

22

<0.001

346.4

48.9

<0.001

3039

Habitat + Elev + LinDist

1071.5

5.2

0.04

1902.7

25.7

<0.001

341.7

44.2

<0.001

3039

Habitat + Elev × LinDist

1073.4

7.1

0.02

1903.5

26.5

<0.001

338.1

40.6

<0.001

3053

Habitat + Elev² + LinDist²

1215.6

0

0.70

1861.2

6.4

0.04

NA

NA

NA

3053

Habitat + Elev² × LinDist²

1217.3

1.7

0.30

1854.8

0

0.96

NA

NA

NA

3053

Habitat + Elev + LinDist

1235.3

19.7

<0.001

1874.3

19.5

<0.001

NA

NA

NA

3053

Habitat + Elev × LinDist

1237.3

21.7

<0.001

1876.2

21.4

<0.001

NA

NA

NA

3053

Habitat

1295.7

80

<0.001

1895.6

40.8

<0.001

1227.7

88.4

<0.001

3053

Habitat + LinDist + LinDist²

NA

NA

NA

NA

NA

NA

1139.3

0

1.00

3053

Habitat + LinDist

NA

NA

NA

NA

NA

NA

1217.7

78.4

<0.001

3053

Habitat + Elev + Elev²

NA

NA

NA

NA

NA

NA

1218.9

79.6

<0.001

3053

Habitat + Elev

NA

NA

NA

NA

NA

NA

1229.7

90.4

<0.001
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Table F2. Summary of beta coefficients (β) ± standard error (SE), and p-values (P) for a subset of variables from generalized linear mixed models predicting
seasonal resource selection for individual black bears in the Saskatchewan Boreal Shield, 2017. Significant negative and positive coefficients are highlighted in
yellow and blue, respectively. Intercepts are highlighted in grey. The table is too large to be displayed in one piece, so it has been truncated to display four
variables/terms per table.

Season Bear
Spring
3002
Spring
3007
Spring
3019
Spring
3021
Spring
3022
Spring
3023
Spring
3029
Spring
3031
Spring
3035
Spring
3039
Spring
3053
Summer
3002
Summer
3007
Summer
3019
Summer
3021
Summer
3022
Summer
3023
Summer
3029
Summer
3031
Summer
3035
Summer
3039
Summer
3053
Fall
3002
Fall
3007

Black Spruce Swamp
β
SE
P
0.37
0.47
0.42
-0.42
0.64
0.51
-0.34
0.64
0.60
NA
NA
NA
0.09
0.44
0.85
-0.70
0.34
0.04
-0.30
0.27
0.27
-1.06
0.60
0.08
NA
NA
NA
-0.68
0.28
0.01
-0.49
0.41
0.24
0.05
0.38
0.90
NA
NA
NA
-1.01
0.33
0.00
-0.24
0.53
0.65
-0.36
0.30
0.22
0.36
0.37
0.33
0.41
0.40
0.31
0.12
0.22
0.57
0.00
0.47
0.99
-0.39
0.19
0.04
-0.34
0.21
0.10
-1.39
1.20
0.25
NA
NA
NA

*

*

*

*

Mature Black Spruce
β
SE
P
-14.98 712.03
0.98
-1.10
0.64
0.09
-2.52
0.46
0.00
NA
NA
NA
-2.30
0.42
0.00
-0.20
0.26
0.43
0.09
0.45
0.84
-0.07
0.56
0.90
NA
NA
NA
0.15
0.44
0.73
0.36
0.52
0.49
0.13
0.60
0.83
NA
NA
NA
-0.32
0.33
0.32
-0.71
0.71
0.32
0.05
0.42
0.91
-0.14
0.36
0.69
-2.39
0.39
0.00
-0.77
0.27
0.00
0.15
0.63
0.81
-0.40
0.43
0.35
0.22
0.29
0.44
-2.39
0.71
0.00
NA
NA
NA

*
*

*
*

*

Mature Jack Pine
β
SE
P
-0.28 0.63
0.66
-0.28 0.58
0.63
0.34 0.57
0.55
NA
NA
NA
0.29 0.46
0.53
-2.56 0.24 < 2e-16
-0.76 0.55
0.17
0.18 0.54
0.74
NA
NA
NA
-1.99 0.15 < 2e-16
-0.04 0.43
0.94
-0.98 0.58
0.09
NA
NA
NA
-2.60 0.21 < 2e-16
0.16 0.62
0.80
-0.09 0.33
0.77
-0.22 0.36
0.54
0.41 0.48
0.39
-0.40 0.21
0.06
-0.22 0.50
0.67
-1.94 0.11 < 2e-16
-0.14 0.20
0.49
0.86 0.71
0.22
NA
NA
NA

*
*

*

*

*

Mixed Con-Dec
β
SE
P
0.28
0.48 0.55
-2.37
0.49 0.00
0.66
0.61 0.28
NA
NA
NA
0.00
0.50 1.00
-0.55
0.39 0.16
0.66
0.26 0.01
-0.24
0.65 0.71
NA
NA
NA
1.24
0.49 0.01
0.72
0.43 0.10
0.49
0.33 0.14
NA
NA
NA
0.29
0.25 0.25
0.41
0.48 0.40
0.35
0.30 0.24
-1.09
0.49 0.03
0.55
0.41 0.18
0.21
0.30 0.48
-2.07
0.44 0.00
0.98
0.47 0.04
0.50
0.23 0.03
-15.35
953.13 0.99
NA
NA
NA

*

*

*

*

*
*
*
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Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall

3019
3021
3022
3023
3029
3031
3035
3039
3053

Season Bear
Spring
3002
Spring
3007
Spring
3019
Spring
3021
Spring
3022
Spring
3023
Spring
3029
Spring
3031
Spring
3035
Spring
3039
Spring
3053
Summer
3002
Summer
3007
Summer
3019
Summer
3021
Summer
3022
Summer
3023

-1.37
-2.51
-0.47
-0.21
-0.70
-0.69
-0.46
-1.38
-1.01

β
0.26
0.57
0.52
NA
0.14
-0.24
0.09
-1.08
NA
0.73
-0.37
-2.21
NA
-0.40
0.30
0.13
-0.50

0.80
0.50
0.62
0.35
0.35
0.42
0.98
1.16
0.46

0.09
-15.79 1282.18
0.99
0.00 * -1.07
1.12
0.34
0.44
-1.78
0.54
0.00 *
0.55
-1.63
0.28
0.00 *
0.05 * -1.09
0.76
0.15
0.10
-2.12
0.23 < 2e-16 *
0.64
2.31
1.23
0.06
0.23
1.30
0.82
0.12
0.03 * -0.16
0.37
0.66

Open Muskeg
Young-Mid Black Spruce
SE
P
β
SE
P
0.49
0.59
-0.19
0.65
0.76
0.55
0.30
0.62
0.51
0.23
0.57
0.36
-0.41
0.87
0.64
NA
NA
NA
NA
NA
0.45
0.76
0.49
0.49
0.32
0.37
0.51
-0.37
0.41
0.37
0.26
0.72
-0.40
0.34
0.25
0.60
0.07
-2.11
0.53
0.00 *
NA
NA
NA
NA
NA
0.26
0.01 * -14.21 1668.13
0.99
0.42
0.37
-2.29
0.40
0.00 *
0.28
0.00 * -0.64
0.51
0.21
NA
NA
NA
NA
NA
0.27
0.14
-0.41
0.28
0.15
0.52
0.57
-0.61
0.56
0.27
0.30
0.66
-1.78
0.26
0.00 *
0.48
0.30
-3.46
0.36 < 2e-16 *

0.12
-0.14
-0.72
-0.73
-1.06
-0.33
-2.30
0.50
-1.82

0.72
0.87
0.75
0.86
0.63
0.26
0.33
0.03 *
0.55
0.05
0.30
0.28
0.89
0.01 *
0.57
0.39
0.20 < 2e-16
*

Young-Mid Jack Pine
β
SE
P
-3.04
0.46
0.00
0.15
0.51
0.76
-0.85
0.86
0.32
NA
NA
NA
-0.05
0.43
0.91
0.46
0.27
0.09
-2.47
0.17 < 2e-16
-1.15
0.79
0.15
NA
NA
NA
-13.63 391.30
0.97
-0.63
0.44
0.15
-0.57
0.37
0.12
NA
NA
NA
0.19
0.22
0.37
-2.99
0.49
0.00
-0.02
0.27
0.95
1.05
0.35
0.00

-15.38
-0.77
-0.02
-1.25
-0.64
1.49
-0.42
-14.34
0.67

β
*

*
*

*
*

0.36
-0.12
-0.48
NA
-0.50
-0.93
-0.57
-0.24
NA
-0.11
-0.41
NA
NA
-0.15
-1.02
-0.09
0.09

1069.60
0.85
0.63
0.64
0.37
0.53
1.32
1952.81
0.31

0.99
0.37
0.97
0.05
0.08
0.00 *
0.75
0.99
0.03 *

Elevation
SE
P
0.23
0.11
0.14
0.37
0.21
0.02
NA
NA
0.12
0.00
0.18
0.00
0.10
0.00
0.08
0.00
NA
NA
0.10
0.28
0.11
0.00
NA
NA
NA
NA
0.08
0.04
0.32
0.00
0.09
0.29
0.18
0.59

*
*
*
*
*

*

*
*
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Summer
Summer
Summer
Summer
Summer
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall

Season
Spring
Spring
Spring
Spring
Spring
Spring
Spring
Spring
Spring
Spring

3029
0.05
0.40
0.90
0.11
0.43
0.81
0.10
0.40
0.81
-0.29
0.09
0.00
3031 -1.84
0.18 < 2e-16 *
0.75
0.30
0.01 *
1.03
0.22
0.00 * -0.35
0.10
0.00
3035
0.67
0.46
0.15
0.27
0.63
0.67
0.20
0.47
0.67
-0.07
0.15
0.65
3039
0.37
0.24
0.13
-11.52 378.58
0.98
-0.17
0.33
0.61
-0.13
0.08
0.13
3053
0.09
0.21
0.67
0.10
0.38
0.80
-1.92
0.17 < 2e-16 * -0.32
0.09
0.00
3002 -0.93
1.21
0.44
0.69
1.28
0.59
1.76
0.80
0.03 *
0.74
0.29
0.01
3007 NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
3019 -1.85
1.07
0.08
-2.43
0.45
0.00 *
0.46
0.40
0.25
0.02
0.24
0.92
3021 -0.42
0.68
0.54
0.52
0.55
0.34
1.00
0.50
0.04 * -0.68
0.28
0.02
3022
0.07
0.65
0.91
0.32
0.69
0.64
0.70
0.55
0.20
-0.14
0.14
0.34
3023
0.35
0.44
0.43
-0.35
0.36
0.34
-0.04
0.32
0.91
0.33
0.16
0.04
3029 -0.70
0.35
0.04 * -1.77
0.23
0.00 *
0.23
0.22
0.30
0.10
0.11
0.36
3031
0.77
0.30
0.01 *
1.49
0.41
0.00 *
1.69
0.31
0.00 * -0.03
0.12
0.82
3035 -0.29
1.09
0.79
-15.79 1055.25
0.99
0.89
0.85
0.30
1.35
0.41
0.00
3039 -13.81 847.35
0.99
-14.92 2786.47
1.00
-1.80
0.55
0.00 *
0.72
0.23
0.00
3053
0.54
0.33
0.10
-0.88
0.62
0.16
0.74
0.22
0.00 *
0.35
0.13
0.01

Bear
3002
3007
3019
3021
3022
3023
3029
3031
3035
3039

β
-0.14
-0.29
NA
NA
-0.13
-0.54
NA
NA
NA
-0.25

Elevation2
SE
P
0.15
0.35
0.14
0.03 *
NA
NA
NA
NA
0.07
0.08
0.10
0.00 *
NA
NA
NA
NA
NA
NA
0.10
0.01 *

β
-0.78
0.28
-0.32
NA
-0.10
-1.35
-0.44
-0.33
NA
-0.11

LinDist
SE
P
0.21
0.00
0.14
0.04
0.21
0.12
NA
NA
0.11
0.37
0.15 < 2e-16
0.09
0.00
0.09
0.00
NA
NA
0.12
0.38

β
*
*

*
*
*

0.62
-0.01
NA
NA
-0.09
0.30
NA
NA
NA
-0.11

LinDist2
SE
P
0.20
0.00 *
0.12
0.92
NA
NA
NA
NA
0.09
0.31
0.09
0.00 *
NA
NA
NA
NA
NA
NA
0.09
0.26

*
*

*
*

*
*

*
*
*

Elevation x LinDist
β
SE
P
NA
NA
NA
-0.42
0.15
0.01 *
NA
NA
NA
NA
NA
NA
NA
NA
NA
-0.44
0.18
0.01 *
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
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Spring
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall

3053 -0.31
0.11
0.01
3002 NA
NA
NA
3007 NA
NA
NA
3019
0.09
0.05
0.08
3021 -0.75
0.25
0.00
3022 -0.34
0.08
0.00
3023 -0.28
0.06
0.00
3029 -0.25
0.08
0.00
3031 -0.31
0.08
0.00
3035 -0.14
0.12
0.25
3039 -0.37
0.08
0.00
3053 -0.43
0.10
0.00
3002
0.22
0.18
0.22
3007 NA
NA
NA
3019 -0.57
0.22
0.01
3021 -0.50
0.23
0.03
3022 -0.38
0.14
0.01
3023 -0.89
0.16
0.00
3029
0.04
0.10
0.69
3031 -0.53
0.12
0.00
3035 -1.24
0.40
0.00
3039 -0.12
0.15
0.43
3053 -1.09
0.14
0.00

*

*
*
*
*
*
*
*

*
*
*
*
*
*
*

-0.52
NA
NA
-0.39
-1.40
-0.08
-1.86
-0.28
0.13
-0.36
-0.01
0.05
-0.61
NA
-1.44
-1.00
0.15
-0.41
-0.42
-0.33
0.26
1.13
NA

0.09
NA
NA
0.09
0.25
0.08
0.14
0.09
0.09
0.14
0.09
0.09
0.35
NA
0.47
0.32
0.14
0.13
0.13
0.11
0.23
0.36
NA

0.00 *
NA
NA
0.00
0.00
0.32
< 2e-16
0.00
0.18
0.01
0.93
0.56
0.09
NA
0.00
0.00
0.25
0.00
0.00
0.00
0.26
0.00
NA

*
*
*
*
*

*
*
*
*
*
*

0.28
NA
NA
0.26
0.70
-0.32
0.53
-0.04
-0.34
-0.38
-0.01
-0.16
-1.23
NA
-0.21
-0.22
-0.56
0.05
-0.50
-0.24
0.03
-1.94
NA

0.07
NA
NA
0.08
0.18
0.08
0.11
0.08
0.09
0.16
0.05
0.09
0.38
NA
0.48
0.26
0.14
0.11
0.14
0.10
0.19
0.43
NA

0.00
NA
NA
0.00
0.00
0.00
0.00
0.63
0.00
0.02
0.84
0.07
0.00
NA
0.66
0.40
0.00
0.67
0.00
0.02
0.86
0.00
NA

*

*
*
*
*
*
*

*

*
*
*
*

NA
NA
NA
0.39
-0.71
0.17
0.65
0.19
NA
0.54
NA
0.29
NA
NA
NA
-0.65
NA
0.59
-0.73
-0.30
NA
0.55
NA

NA
NA
NA
0.09
0.30
0.11
0.19
0.10
NA
0.16
NA
0.10
NA
NA
NA
0.32
NA
0.17
0.12
0.12
NA
0.40
NA

NA
NA
NA
0.00
0.02
0.12
0.00
0.04
NA
0.00
NA
0.01
NA
NA
NA
0.04
NA
0.00
0.00
0.02
NA
0.17
NA

*
*
*
*
*
*

*
*
*
*
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