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ABSTRACT
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Advisor:
Professor J. M. Fryxell

Little is currently known about how selection for particular habitats relates to fitness constraints,
nor how the strength of selection for specific fitness metrics changes due to variation in habitat
availability across broad landscape gradients. I examine site selection by 110 woodland caribou
equipped with GPS radio-collars with respect to two fitness-related metrics, forage availability
and predation risk, across a broad spatial gradient of forage and risk availability. I found that
caribou select habitats that reduce predation risk and improve access to forage. By comparing
within-population variation in forage availability and risk prevalence, I found that caribou face a
forage-risk trade-off in summer but not winter. Caribou decreased selection strength for forage
with forage availability in winter, but not summer. In contrast, caribou in both seasons increased
risk avoidance in riskier ranges. These findings suggest that trade-offs other than food versus
safety influence caribou habitat use decisions.
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INTRODUCTION
Natural landscapes are patchworks of varying forage abundance and risk. In such
spatially heterogeneous landscapes, animals can selectively use some areas and avoid others in
order to increase their chance of survival and reproduction (Gaillard et al. 2010). Examining
habitat selection patterns relative to fitness variables is an important way to examine critical
fitness constraints and to understand how individuals modify their behaviour to meet fitness
challenges. Recent theory suggests that habitat selection strength should vary with habitat
availability if there is a trade-off between two or more fitness variables (Mysterud and Ims
1998). These predictions have thus far received limited attention, because few studies have
appropriate data on fitness variables that span a wide range of availability.

Theory also suggests that animals may display different patterns of selection at different
spatiotemporal scales (Orians and Wittenberger 1991). Little is currently known about the
relationship between habitat selection patterns observed at fine scales compared to patterns
observed at coarser temporal scales. On the one hand, fine-scale movement decisions and
resource needs may create the selection patterns observed at broader scales, resulting in
correlation between selection strengths at different scales (Owen-Smith et al. 2010). On the other
hand, some studies have observed changes in selection strength at different spatial scales,
possibly indicating that animals select for different resources at different scales (Rettie and
Messier 2000). Careful consideration of functional responses in habitat selection at multiple
spatial scales is thus necessary to gain a full understanding of habitat selection patterns relative
to requirements for survival and reproduction (Gillies et al. 2006, Duchesne et al. 2010,
Matthiopoulos et al. 2011).
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Here I use space-use patterns of woodland caribou (Rangifer tarandus caribou) in the
boreal forests of Northern Ontario to address five key questions. First, do caribou select for
locations with high abundance of forage? Second, do caribou selectively use locations of low
predation risk? Third, are there trade-offs between these two fitness variables across the
landscape? Fourth, do caribou change the degree of selection for forage and avoidance of
predation risk with changing levels of availability? Finally, do caribou change their habitat
selection patterns at a fine spatial scale compared to that observed at the seasonal range scale.

Forage abundance and predation are thought to play large roles in caribou survival and
reproduction. The diet of caribou consists primarily of lichen, supplemented in summer with
forbs and graminoids (Rominger and Oldemeyer 1990, Rominger et al. 1996, Newmaster et al.
2013; Thompson et al. submitted MS). Wolves are the primary predators of caribou in many
areas of their range (Seip et al. 1991, Bergerud et al. 1994, Festa-Bianchet et al. 2011). In several
areas where caribou are threatened, there is evidence to suggest that increased predation by
wolves has contributed to caribou declines (Seip 1992, Wittmer et al. 2005). Because forage
abundance and wolf predation risk play roles in caribou survival and reproduction (Gustine et al.
2002), caribou should select forage and avoid risk on the landscape.

In this system, wolves primarily prey on moose, not caribou. In winter, when caribou
diets (lichen) are very different from moose diets (forbs and shrubs), caribou are found far from
moose. However, in summer, caribou diets include more forbs and graminoids, making their diet
more similar to moose diets. Some authors suggest that this may bring caribou into closer
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proximity with moose and consequently closer to wolves (Dussault et al. 2012). Caribou should
not experience a forage-risk trade-off in winter, because their preferred winter forage species are
located in areas away from moose forage species, and consequently farther from wolves. They
should experience a forage-risk trade-off in the summer because their summer diet brings them
closer in proximity to moose forage, and consequently, closer in proximity to wolves. Moreover,
if forage, risk, and the trade-off between the two affect caribou space use, caribou should change
selection strength in response to forage availability or risk prevalence in seasons in which they
experience a forage-risk trade-off, but not in seasons in which they don’t experience a foragerisk trade-off.

Finally, I compare seasonal-scale selection patterns with local (5 hour) selection patterns
to see if caribou selection patterns are consistent across spatio-temporal scales. Because local
selection decisions may generate the patterns seen at seasonal scales of selection (Owen-Smith et
al. 2010), I expected caribou to have similar selection patterns at seasonal and local scales of
selection. However, the alternative that caribou may select for different resources at different
spatio-temporal scales (Rettie and Messier 2000) may create different selection patterns at
seasonal and local selection scales.

METHODS
This study took place within a study area of 142,172 km2 (defined by the range of caribou
radio-telemetry fixes) in the boreal shield ecozone of northern Ontario, at latitudes ranging from
49°32’to 52°45’N and longitudes ranging from 84°27’ to 93°23’W (Fig. 1). The area is largely
characterized by rolling topography, lakes, bogs, fens, and coniferous and mixed-wood forests.
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The dominant tree species in the area are white spruce (Picea glauca), jack pine (Pinus
banksiana), and black spruce (Picea mariana), intermixed with stands of trembling aspen
(Populus tremuloides), white birch (Betula papyrifera), balsam fir (Abies balsamea), and balsam
poplar (Populus balsamifera). This area spans a managed demarcation between southern forests
in which commercial timber harvesting is allowed and more northerly forests in which
commercial harvesting has not yet occurred (OMNR 2009). The animals in this study area face a
broad gradient in ecological conditions. The southeastern, managed half of the landscape
(located near the Nakina township) is characterized by younger forest stands more heavily
dominated by mixedwood and deciduous tree species that have largely regenerated from
anthropogenic disturbance, whereas the northwestern half of the study area (located near the
Pickle Lake township) is characterized by older stands of coniferous species that have
regenerated from natural disturbance, mainly windthrow or forest fires (OMNR 2009). The
southeastern part of the study area has lower lichen density (Avgar et al. submitted MS), higher
moose density (Street et al. submitted MS), higher wolf density (Kittle et al. submitted MS), and
higher density of roads (LIO;
https://www.javacoeapp.lrc.gov.on.ca/geonetwork/srv/en/main.home) than the un-harvested
northwestern part of the study area. Together, the two parts of the study site expose caribou to a
wide gradient of forage and risk conditions.

Landscape data for this study area were divided into a grid of hexagonal cells
approximately 0.22 km2 in area, whose centroids were separated by 500 m using ArcGIS
software (ESRI 2014). Within each cell I assigned the distance (m) from the centroid of that cell
to the nearest linear feature: paved roads, primary roads, secondary roads, and rail lines, from a
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map provided by Land Information Ontario (LIO;
https://www.javacoeapp.lrc.gov.on.ca/geonetwork/srv/en/main.home). Roads and cleared linear
features are associated with both human vehicle traffic and wolf presence (Whittington et al.
2005). Including roads with high vehicle density in the model would attribute avoidance of these
areas to road proximity (a proxy for vehicle traffic) rather than incorrectly attributing road
avoidance to the effect of wolf presence and falsely inflating risk avoidance in this model. Those
linear features used for human vehicle traffic (paved, primary, and secondary roads, as well as
rail lines) were included as covariates in the RSF to account for the possibly confounding effect
of vehicle avoidance on caribou habitat selection (Dyer and O’Neill 2002).

Individual cells were assigned a measure of digestible biomass (kg DM/m2), weighted
based on the composition of the caribou diet ( Newmaster et al. 2013; Thompson et al. submitted
MS, Avgar et al. submitted MS), and wolf density (wolves/100 km2) for each season (i.e.,
summer and winter) and year (2010-2013). Winter was arbitrarily defined as November 1st
through April 30th (approximating the period of snow cover) and summer as May 1st through
October 31st.

To estimate dietary digestible biomass, the biomass of terrestrial lichen, shrubs, forbs,
grasses, and mosses was measured in replicated 162 plots of 625cm2 quadrats were sampled
during the summer (Mallon 2014). Biomass values were converted to digestible biomass values
using acid detergent fiber (ADF) and neutral detergent fiber (NDF) measurements for each plant
category (terrestrial lichen, shrubs, forbs, grasses, and mosses) using plant samples taken from
the region where possible, and supplemented with literature data otherwise (Mallon 2014).
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Biomass values were then weighted based on the proportion of each plant class eaten by a
caribou in either the winter or the summer (Newmaster et al. 2013, Thompson et al. submitted
MS), resulting in season-specific models of dietary digestible biomass. These measurements of
dietary digestible biomass were then fitted to the following land cover variables: Normalized
Difference Vegetation Index (NDVI, a measure of greenness, obtained via the Land Processes
Distributed Active Archive Center [LP DAAC 2014]) values, averaged over a season within a
year (winter and summer for 2010, 2011, 2012, and 2013) and land cover type of the stand in
which the measurement was taken using a log-linear model (Avgar et al. submitted MS). Land
cover classes were based on the Ontario Provincial Far North Land Cover Database (FNLC
v1.3.1; Ontario Ministry of Natural Resources 2013). The r2 of these models (summer and winter
for four years) ranged between 0.2 and 0.3. These models were then projected across the
landscape to generate spatially explicit estimates of dietary digestible biomass for every cell in
the landscape (Avgar et al. submitted MS).

Estimates of wolf density were based on a generalized least squares (GLS) landscape
level model with explicit spatial correlation structure (Kittle et al., submitted MS). This model
links the probability of wolf utilization, estimated using Brownian Bridge kernel density
estimation (Horne et al. 2007) informed by wolf GPS data, to the following landscape variables:
NDVI, FNLC land cover type (here, the percent water, lowland, deciduous, coniferous, mixed,
sparse, and disturbed forest cover within a hexagonal cell on the landscape), garbage dump
locations and settlement locations, distance to shore, and distance to nearest primary or paved
road and distance to nearest secondary or tertiary road or rail or utility line. The r2 of this model
is 0.08. These probabilities were then multiplied by wolf pack size (estimated by aerial counts of
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previously located packs), to convert them to localized wolf density (Kittle et al., submitted MS;
i.e., per 0.22 km2). These values were then divided by the area of a pixel and multiplied by 100
to get a measurement of wolf density (wolves per 100 km2).

One hundred and ten adult female caribou, found opportunistically within the study site,
were net-gunned from a helicopter and fitted with GPS telemetry collars (7000 MA and 7000
SW collars from Lotek Engineering, Newmarket, ON, Canada). Animal capture and handling
followed Canadian Council on Animal Care Guidelines (CCAC 2003) and were approved
annually by the Ontario Ministry of Natural Resources Animal Care Committee (protocols 10-,
11-, 12-183). GPS fixes were taken at 5-hour intervals for durations ranging from ten days to 3
years (36 months), depending on the length of the animal’s collaring period. These data were
taken between March 2010 and March 2013. Potentially erroneous GPS fixes (i.e., leading to
unreasonable speeds or roundtrips) were removed. Further, I removed any GPS fixes that could
not be used for both seasonal and local scale selection analyses. The local-scale step selection
analysis (SSF; Fortin et al. 2005) using these location data (described below), required the
calculation of a turn angle from a given starting point in order to generate a set of available
points on the landscape. To calculate a turn angle, sequential GPS relocations are required. GPS
technology occasionally fails to record a fix at the specified interval. I ensured that only GPS
fixes that were preceded by two consecutive GPS fixes taken at approximately 5-hour fix
intervals (4.5 - 5.5 hours), and during which a caribou were not stationary (moved more than
zero meters), were used. To appropriately compare fine and seasonal scales of selection in other
analyses, seasonal scale selection was also performed using this trimmed subset.
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The data were divided by individual, by year, and by season. I kept only animal-seasonyear data sets that contained >50 GPS fixes to ensure a minimum time frame of approximately
10 days. I estimated the size of seasonal range for each individual by the 95% minimum convex
polygon (MCP) fitted to the full set of fixes throughout one season using the adehabitatHR
package in R (Calenge et al. 2006). I then kept only individual-season-years in which the
densest 95% of the GPS fixes covered more than 10000 hectares. This ensured that there was
enough variation in used and available data to generate selection coefficients for each animal in
each season in each year. After removing data for animals with fewer than 50 GPS fixes or with
seasonal ranges < 10000 ha, I were left with a final sample size of 100 individual-years for the
summer season and 199 individual-years for the winter season. The number of fixes per caribou
varied from 59 to 1149 with a mean of 482 fixes and the seasonal range area ranged from 10,030
ha to 394,200 ha with a mean of 65,400 ha.

To assess the degree of spatial trade-off between risk and forage faced by caribou on this
landscape, I first calculated the correlation between the mean dietary digestible biomass across a
seasonal range and mean wolf density within each individual’s seasonal range. To assess the
trade-off faced within seasonal ranges, I selected random points within each seasonal range and
calculated Pearson’s correlation between forage and risk for that random sample. The number of
random points drawn within each seasonal range was set equal to the number of GPS fixes taken
for the caribou in the time frame used to estimate its home range, ranging from 50 to 1100
random points per caribou per season.
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To assess caribou selection for forage and avoidance of risk, I first assessed aggregate
caribou space use behaviour. I calculated resource selection function (RSF) following a usedavailable design (Manly et al. 2002), pooling data from all caribou to estimate selection patterns
shared by the entire population. I assumed GPS fixes to be used points and randomly drawn
points within the seasonal ranges, as described above, as available points. I included animal
identity, by season, by year as a random effect on the intercept to account for unbalanced sample
sizes and to address spatial correlation (Breslow and Clayton 1993, Gillies et al. 2006). No
within-group correlation structure was used. I fit these mixed-effect RSF models as functions of
the form,

w(x) = exp(β0+ β1x1 + … + βnxn + γ0j),

Eq. 1

where w(x) is the relative probability of use, βn is the estimated coefficient (strength of selection)
for covariate xn, and γ0j is the random per-subject intercept for individual j. As explanatory
variables, I included dietary digestible biomass, wolf density, and a binary variable representing
distance to the nearest road. Based on a threshold in response to roads found by Latham et al.
(2011) distances less than 1000 m were represented with 1 and distances greater than 1000 m
with 0. I estimated population-level RSFs for both summer and winter to assess the population’s
general response to forage and risk on the landscape. I analyzed the seasons separately to account
for seasonal differences in resource distribution and resource needs.

To evaluate the caribou functional response in resource selection, I estimated one RSF for
each individual animal within a season within a year using the same explanatory variables as
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described above. These coefficients, which calculated resource use relative to what was available
within a seasonal range, represented seasonal-scale selection by individual caribou. I then
regressed the selection coefficient for digestible biomass estimated by this function for each
individual, within a season and year, against the availability of dietary digestible biomass in that
animal’s seasonal range. An identical procedure was used regress risk avoidance (negative one
multiplied by the selection coefficient for risk, βwolf density) estimated by each individual's RSF
against the wolf density within its seasonal range. Separate regressions were calculated for each
season. To examine the effect of trade-offs in risk and forage on selection patterns, I compared
selection for forage with avoidance of risk using Pearson’s correlation coefficient. A negative
correlation here implies a trade-off between selection for forage and avoidance of risk.

To assess local scale selection patterns, I used an Step Selection Function (SSF; Fortin et
al. 2005). An SSF compares the conditions across an observed GPS fix interval with conditions
across theoretically available GPS fixes, presuming the focal animal started at the same start
point. To create available relocations, I calculated empirical distributions of turn angles and net
distances traveled between GPS fixes (step lengths), splitting data between seasons, but pooling
data from all caribou. For every GPS fix in the analysis, I then generated 10 alternative,
available, relocation points using randomly-drawn turn angles and distances from the empirical
distribution for the appropriate season.

As before, I partitioned the data by caribou, by season, and by year. For each unique
animal and time frame, I then ran a case-control logistic regression (for details see Fortin et al.
2005) to estimate selection. I used the same three variables as in the coarse-scale analysis, with
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one modification. To describe distance to nearest road, I used the distance (m), rather than a
binary variable. Using a binary variable for proximity to road did not provide enough variability
for the SSF model to converge, an error corrected by using a continuous variable.

To understand the relationship between seasonal and local scales of selection, I compared
the coefficients of selection for forage and avoidance of risk estimated by the SFF to those
estimated by the coarse-scale analysis using linear regression, with local scale (SSF) selection
strength as the predictor variable. Finally, I examined the influence of availability on fine-scale
selection strength by regressing the SSF selection coefficients against the available digestible
biomass and average wolf density within each seasonal range, as previously done for the coarse
analysis coefficients.

RESULTS
Caribou selected for habitats high in dietary digestible biomass, avoided areas of high
wolf density, and avoided areas near roads in both the summer and the winter (Fig. 2) indicating
that forage and risk do play a role in shaping caribou space use. Caribou experienced a wide
range of conditions on this landscape. In the summer, average digestible biomass values within
seasonal ranges ranged from 0.014 to 0.037 kg DM/m2 and average wolf density values within
seasonal ranges ranged from 0.205 to 0.286 wolves/100 km2. In the winter, digestible biomass
values ranged from 0.022 to 0.063 kg DM/m2 and relative wolf density values ranged from 0.200
to 0.295 wolves/100 km2. Caribou faced a spatial trade-off between high-forage and low-risk
locations during summer, as indicated by a positive correlation between mean values of wolf
density and forage availability within each caribou seasonal range (r = 0.315, P < 0.001, df =112
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; Fig. 3). They also face a correlation between forage and risk at locations within summer ranges
(r = 0.193, P < 0.001, df = 63823). This relationship was reversed in the winter, both when
comparing across caribou seasonal ranges (r = -0.473, P < 0.001, df = 208; Fig. 3) and at
locations within winter ranges (r = -0.332, P < 0.001, df = 77843). In contrast to these patterns,
coefficients of selection for forage and avoidance of risk by woodland caribou were negatively
correlated during winter (r = -0.180, P = 0.011; Fig. 4), but not during summer (r = -0.039, P =
0.703; Fig. 4).

At seasonal scales of selection, variation across individuals in the avoidance of risk was
consistently influenced by the degree of risk across the landscape (Fig. 5), both in winter Table
1) and summer (Table 1). Specifically, risk avoidance was higher in riskier seasonal ranges.
Individual caribou decreased their selection for dietary digestible biomass when food was more
abundant within their seasonal range during winter (Table 1), but not summer (Table 1).

The distribution of 5h step lengths, used to generate available fixes for the fine-scale
selection analysis, was heavy-tailed. Caribou most frequently moved < 500 m within 5-hour
intervals, but they occasionally covered much larger distances (Fig. 6a). The farthest a caribou
traveled in 5 hours during the summer was 24.8 km and the farthest a caribou traveled in the
winter was 35.3 km. Caribou had a roughly uniform distribution of turn angles (Fig. 6b).

Patterns of habitat selection observed at fine spatial scales largely mirrored those
observed at the seasonal scale. Seasonal and local scale selection coefficients were positively
correlated in both seasons and for both fitness measures (forage and risk; Fig. 7). In winter, local
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scale (SSF) selection for forage decreased with increased forage availability (β = -347.7, P <
0.001, r2 = 0.12) and avoidance of risk increased with increased wolf density (β = 107.4, P <
0.001, r2 = 0.08). In summer, on the other hand, selection for forage was insensitive to changes in
forage availability (β = -445.4, P = 0.192, r2 < 0.01) whereas avoidance of risk still increased
with increased wolf density (β = 96.0, P = 0.012, r2 = 0.05; Fig. 8). This pattern is similar to the
pattern observed at a seasonal scale. Like at seasonal scales, there was little apparent correlation
between step selection coefficients for risk avoidance and forage among individuals in summer
at local scales (r = 0.127, P = 0.073, df = 197) but there was a negative correlation between
selection for forage and avoidance of risk in winter (r = -0.180, P = 0.007, df = 222).

DISCUSSION
This study differs from most other resource selection studies by evaluating selection of
habitats in direct relation to fitness-related metrics (food availability and predation risk) rather
than broad landscape categories, allowing direct assessment of the relative importance of fitnessrelated metrics to individuals in different locations and in different seasons (Aarts et al. 2013).
Unlike the results of studies comparing space use to broad landscape categories, my results
directly demonstrate that woodland caribou select habitats with higher food availability and
lower wolf density, even after accounting for caribou’s avoidance of roads, at both seasonal and
local spatial scales. Hence both fitness-related metrics were important in guiding patterns of
caribou space use. There is a difference in selection strength between summer and winter (Fig.
2). However, barring further analysis, it is difficult to determine whether that difference reflects
an actual change in preference (Johnson 1980) or a change in resource availability between the
two seasons.
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Forage-Risk Trade-offs, Availability, and Selection
The observed seasonal shift in the forage-risk correlation on the landscape may be related
to a seasonal shift in caribou diet. In the boreal forest, ground lichens that form the bulk of
caribou diets during winter are found primarily in stands of mature coniferous forest. In these
forest types there is little forage for moose, and consequently, these areas are rarely frequented
by moose or wolves (Cumming et al. 1996, Kittle et al. submitted MS, Street et al. submitted
MS). In the summer, caribou expand their diet to include a wide variety of forbs and graminoids
that thrive in more productive, early seral stands (Newmaster et al. 2013; Thompson et al.
submitted MS). Perhaps as a result of this diet shift, caribou forage in stands that typically have
higher population densities of both wolves and moose (Dussault et al. 2012), resulting in the
observed forage-safety tradeoff in summer, despite the lack thereof in winter.

A functional response in habitat selection implies either that increased use of a resource
comes at a cost (Mysterud and Ims 1998) or that there are diminishing returns to habitat selection
when preferred habitats are readily available (Aarts et. al. 2013). If such constraints are not in
place, it is hard to imagine why an animal would not simply increase resource use with
increasing habitat availability across the landscape, thus maintaining a constant strength of
habitat selection. Woodland caribou in my study areas did not consistently face a trade-off
between predation risk and food abundance. In winter, safe sites also provided the most food. In
summer, however, there was a change in spatial correlation (i.e., from negative to positive)
between forage availability and predation risk, such that caribou could only maximize safety by
choosing sites with lower than average food abundance. Hence, according to the hypothesis that
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trade-offs drive functional responses in habitat selection (Mysterud and Ims 1998), functional
responses should have occurred in summer, but not winter. That a functional response with
respect to predation risk occurred in both seasons and a functional response with respect to food
abundance occurred in the winter but not summer suggests that other trade-offs come into play or
that there are diminishing returns to selecting for food availability during certain periods of the
year. Mabille et al. (2012) similarly failed to find a consistent correlation between selection for
cover from predation and selection for forage by moose, even in landscapes where forage and
risk were positively correlated.

Scales of Selection
Selection for forage and avoidance of risk at seasonal and local scales were correlated,
suggesting that caribou responded to availability in qualitatively the same way at both spatiotemporal scales. Ecologists aim to both understand fine-scale behaviours using relatively
seasonal scale data and to predict population persistence or create effective long-term
management strategies (i.e., predict coarse-scale patterns) using relatively fine-scale landscape or
behavioural data (Gaillard et al. 2010, Morales et al. 2010, Owen-Smith et al. 2010). To do
either, it is imperative to understand the relationship between patterns observed at multiple
scales.

There are many possible interpretations of the correlation between seasonal and local
scales of caribou habitat selection. The first views habitat selection as a result of foraging
decisions. Space-use decisions made by individuals may scale up to create selection patterns
observed at both scales of selection observed in this study (Owen-Smith et al. 2010), provided
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that both scales of selection reflect the same behavioural mode and decision-making framework
(i.e., foraging rather than searching; Getz and Saltz 2008) or the same ecological domain (Wiens
1989).

The second interpretation starts from the premise that selection at different spatiotemporal scales may operate independently of one-another (Orians and Wittenberger 1991). If
this is true, selection processes at different scales will be nested hierarchically (Johnson 1980)
and selection at fine scales should be constrained by the results of selection processes operating
at coarser scales (Rettie and Messier 2000). When coarse scale selection for the most limiting
resource significantly increases the fine scale availability of that resource, selection for that
resource at a fine scale should be low, but if coarse scale selection for the most limiting resource
does not significantly increase availability at a fine scale, then selection indices should be similar
across scales. According to this logical framework, the similarity between local and seasonal
selection for woodland caribou in my study results not from selection being within the same
domain, but independent selection at both scales driven by similar resource requirements (Hins et
al. 2009). Moreover, if the environmental conditions experienced or available at one scale are
correlated with those at another, then patterns observed at one scale would necessarily be
correlated to patterns observed at another, regardless of underlying mechanism or framework
(Battin and Lawler 2006, Lawler and Edwards 2006).

Landscape Projections of Fitness Variables in Habitat Selection Studies
Use of explicit resource variables allowed us to explicitly examine forage-risk
correlations on the landscape, and to directly assess and interpret selection for resources. While I
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believe that this approach is advantageous, there are also challenges in taking a resource-oriented
approach to habitat selection. To do so over a large geographical range, one must rely on
complex predictive models of resource distribution that are applicable over a large spatial
domain; models that generally perform poorly (Barry and Elith 2006). Often multiple factors that
play a role in determining distribution and density of plants or animals (from cover type and
stand age to elevation, precipitation, and temperature), and their effects can be mediated by
temporal changes (Polansky and Wittemyer 2011) and by landscape configuration (Shreeve and
Dennis 2010). The error associated with measurements of explanatory variables accumulates as
they are incorporated into modeling frameworks (Barry and Elith 2006). However, these
problems also occur when using crude land cover variables, such as NDVI or land cover type. By
characterizing spatial variation in both food abundance and predation risk, researchers should be
better poised to relate habitat selection more clearly to factors that govern fitness and
reproduction, even though I acknowledge the uncertainty inherent in this methodological
approach.

Though spatially-explicit measures of food abundance and predation risk may represent
an improvement over crude habitat classes, these metrics are still one step removed from true
fitness variables. Digestible biomass may not be the primary factor limiting growth and
reproduction in caribou (Bergman et al. 2001, Hebblewhite et al. 2008). Moreover, some authors
have pointed out that predator density is not the only determinant of predation risk – several
factors work together to determine the actual probability of death (Hebblewhite et al. 2005).
Significant challenges remain in extrapolating true fitness variables from landscape variation in
food abundance and predator density.
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Management Implications
Habitat selection studies have been used to define ranges (Johnson and Seip 2008) and
identify critical habitats (Nielsen et al. 2006) pursuant to conservation or management goals.
However, anthropogenic disturbance often generates landscape change at a rapid pace, and alters
the availability of resources on the landscape. Knowing how habitat selection changes in
response to changes in availability is thus key to understanding observed shifts in critical habitats
in pristine and disturbed landscapes (Osko et al. 2004, Sawyer et al. 2006). Moreover, the
relationship between selection at multiple spatial scales is still poorly understood (Mayor et al.
2009). Due to the large spatial scale over which anthropogenic disturbance operates, caribou may
not shift home ranges away from disturbed areas (Hins et al. 2009). Thus, selection for foragerich and safe areas at finer scales (e.g. within the disturbed landscape) could play a crucial role in
caribou survival. Understanding how populations of caribou respond to human-driven landscape
changes across multiple spatial scales could therefore be important for caribou conservation and
management.
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TABLES AND FIGURES
Table 1.
The estimated relationships (coefficients from linear regression) between selection for
biomass and available digestible biomass (kg DM/ m2) in the seasonal range and the
estimated relationships avoidance of predation risk and average wolf density (wolves/100
km2) within the seasonal range the summer and in the winter.

coefficient
Summer

Winter

Effect of available biomass on selection
for biomass
Effect of average wolf density on
avoidance of predation risk
Effect of available biomass on selection
for biomass
Effect of average wolf density on
avoidance of predation risk

p-value

r2

0.129

0.01

0.001

0.09

-820.9

< 0.001

0.14

356.1

< 0.001

0.16

2470.1
378.4
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Figure 1.
On the left, a map of the study site (grey) relative to Ontario’s borders and the Area of
Undertaking (hash pattern), in which forestry is currently permitted. On the right, the
inset shows maps of wolf risk (top) and dietary digestible biomass (bottom) in the
summer of 2010.
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Figure 2.
Population-level selection coefficients for digestible biomass, avoidance of predation
risk, and selection for distance away from the nearest road. The bars represent the 95%
confidence intervals around the selection coefficients. The random intercept in winter has
a standard deviation of 0.3037 and the random intercept in summer has a standard
deviation of 0.415 in winter.
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Figure 3.
The relationship between available digestible biomass (kg DM/m2) and average wolf
density (wolves/100 km2) within seasonal ranges. Lines represent significant
relationships.
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Figure 4.
The relationship between selection for forage and risk avoidance at seasonal scales (left
panels; coarse scales) and local scales (right panels; fine scales) of seleciton in both the
summer (top panels) and winter (bottom panels). The line represents a significant
relationship (top left: β = -0.106, P = 0.184, r2 = 0.008, bottom left: β = -0.047, P = 0.011,
r2 =0.028, top right: β = -0.009, P = 0.703, r2 = -0.004, bottom right: β = -0.028, P =
0.076, r2 =0.009)
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Figure 5.
Seasonal scale selection for biomass (top) and seasonal scale avoidance of predation risk
(bottom) as a function of available digestible biomass (kg DM/ m2) and average wolf
density (wolves/100 km2) respectively, shown for both the summer and in the winter.
Lines indicate significant regression slopes.
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Figure 6.
Summer (white) and winter (grey) distributions of net distance traveled (a), in meters and
turn angle distributions (b), in degrees. The median step length is 299.3 m in summer and
301.1 m in winter. The histogram of step length does not show bins with 50 or fewer
steps in both distributions. Bins are in incriments of 500 m.

a)

b)
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Figure 7.
The relationship between seasonal scale (coarse scale) and local scale (fine scale)
selection for forage (top) and avoidance of risk (bottom) in the summer (circles) and the
winter (triangles). Lines indicate significant regression slopes for the summer (short
dashes; β = 0.105, P < 0.001, r2 =0.193 for biomass selection and β = 0.163, P < 0.001, r2
=0.265 for risk avoidance) and winter (long dashes; β = 0.308, P < 0.001, r2 =0.365 for
biomass selection and β = 0.320, P < 0.001, r2 =0.528 for risk avoidance).
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Figure 8.
Local scale (fine scale) selection for biomass (top) and local scale (fine scale) avoidance
of predation risk (bottom) as a function of available digestible biomass (kg DM/m2) and
average wolf density (wolves/100 km2) respectively, shown for both the summer and in
the winter. Lines indicate significant slopes (response of forage selection to availability in
summer: β = -445.4, P = 0.192, r2 =0.007, response of risk avoidance to availability in
summer: β = 1984.2, P = 0.012, r2 =0.053, response of forage selection to availability in
winter: β = -347.7, P < 0.001, r2 =0.110, response of risk avoidance to availability in
winter: β = 2218.2, P < 0.001, r2 =0.077).

