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Abstract

Climate change will lead to more frequent and more severe fires in some areas

of boreal forests, affecting the distribution and availability of late-successional

forest communities. These forest communities help to protect globally signifi-

cant carbon reserves beneath permafrost layers and provide habitat for many

animal species, including forest-dwelling caribou. Many caribou populations

are declining, yet the mechanisms by which changing fire regimes could affect

caribou declines are poorly understood. We analyzed resource selection of

686 GPS-collared female caribou from three ecotypes and 15 populations in a

~600,000 km2 region of northwest Canada and eastern Alaska. These

populations span a wide gradient of fire frequency but experience low levels of

human-caused habitat disturbance. We used a mixed-effects modeling frame-

work to characterize caribou resource selection in response to burns at differ-

ent seasons and spatiotemporal scales, and to test for functional responses in

resource selection to burn availability. We also tested mechanisms driving

observed selection patterns using burn severity and lichen cover data. Caribou

avoided burns more strongly during winter relative to summer and at larger

spatiotemporal scales relative to smaller scales. During the winter, caribou

consistently avoided burns at both spatiotemporal scales as burn availability

increased, indicating little evidence of a functional response. However, they

decreased their avoidance of burns during summer as burn availability

increased. Burn availability explained more variation in caribou selection for

burns than ecotype. Within burns, caribou strongly avoided severely burned

areas in winter, and this avoidance lasted nearly 30 years after a fire. Caribou

within burns also selected higher cover of terrestrial lichen (an important cari-

bou food source). We found a negative relationship between burn severity and

lichen cover, confirming that caribou avoidance of burns was consistent with

lower lichen abundance. Consistent winter avoidance of burns and severely

burned areas suggests that caribou will experience increasing winter habitat
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loss as fire frequency and severity increase. Our results highlight the potential

for climate-induced alteration of natural disturbance regimes to affect boreal

biodiversity through habitat loss. We suggest that management strategies pri-

oritizing protection of core winter range habitat with lower burn probabilities

would provide important climate-change refugia for caribou.
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INTRODUCTION

The frequency, duration, timing, and magnitude of eco-
logical disturbances, collectively known as a disturbance
regime, are changing rapidly in response to human-
induced climate change across the globe (Sergio et al.,
2018; Turner, 2010). Changes to natural disturbance
regimes vary widely across space and time, are difficult to
predict, and potentially lead to novel environmental condi-
tions (Flannigan et al., 2009). Rapidly shifting disturbance
regimes can alter ecosystem states in unpredictable and
non-linear ways (Seidl et al., 2017). How species respond
to future changes in environmental conditions is a central
question for ecologists, managers, and conservationists
(Sutherland et al., 2013).

There are few places experiencing changes to distur-
bance regimes more rapidly than in North America’s
boreal forests, where temperatures are rising at a rate
twice the global average (Callaghan et al., 2004). Wildfire
has shaped boreal ecosystems for millennia and remains
their dominant source of disturbance (Flannigan
et al., 2009; Stocks et al., 2001). Boreal forest fires create a
diversity of tree stand ages, physical structure, successional
trajectories and species compositions (Burton et al., 2008;
Dale et al., 2001). Climate warming is expected to increase
the frequency, severity, duration, and spatial extent of fires
in some areas of boreal forests, especially western North
America, yet models predict spatial variability in these
changes due to variation in precipitation, vegetation, soil
composition, and fuel load (de Groot et al., 2013;
Kasischke et al., 2010; Weber & Flannigan, 1997). Larger,
more frequent, and more severe fires in boreal forests will
affect the distribution and availability of late-successional
communities and alter habitat for boreal biodiversity that
rely on these areas (Joly et al., 2012).

Characterizing habitat selection patterns helps ecolo-
gists to understand how animals respond to changing dis-
turbance regimes, and their habitat needs. Resource
selection analysis (RSA) clarifies how animals respond to a
variety of disturbances, including human development
(e.g., Hebblewhite & Merrill, 2008; Martin et al., 2010),

fires (DeMars et al., 2019), and insect outbreaks (Rota
et al., 2014). RSAs estimate the relative strength of animal
selection for (or avoidance of) environmental resources
and the relative probability (or intensity) of animal occur-
rence in a given spatiotemporal extent by comparing
resources at locations used by animals to resources at
“available” locations that could have been used (Johnson
et al., 2006; Manly et al., 2002). Therefore, RSAs estimate
the multivariate Hutchinsonian niche (Hutchinson, 1957),
defined as habitat, for a given species (Hirzel & Le
Lay, 2008; Holt, 2009), and behavioral avoidance of any
resources (e.g., fire disturbance) leads to an indirect loss of
habitat (e.g., Hirzel & Le Lay, 2008). For wide-ranging spe-
cies, defining available habitat using a movement-based
approach, such as a step selection function (SSF) accounts
for the changing availability of resources in space and time
(Thurfjell et al., 2014), exemplified by dynamic fire distur-
bance in the boreal forest (Avgar et al., 2016).

To predict animal habitat selection in response to
future changes in disturbance regimes, we must first
understand how selection varies across the full range of
conditions that animals encounter. Variation in behavior
across such a gradient of resource availability is known
as a functional response in resource selection (Aarts
et al., 2013; Matthiopoulos et al., 2011; Mysterud &
Ims, 1998). Increased fire frequency in parts of western
North America’s boreal forests would decrease the avail-
ability of spruce-dominated (Picea spp.) late-successional
habitats, which may transition to deciduous forests,
shrubs, or even to a grassland state in some portions of
the region (Barber et al., 2018; Rupp et al., 2000). Func-
tional responses improve predictions of resource selection
under these novel conditions (Matthiopoulos et al., 2011)
and can help to identify thresholds in behavioral
responses to disturbances that serve as targets for man-
agement and recovery (Beyer et al., 2013).

As a long-lived and wide-ranging species whose ecology
is inextricably linked to fire, the forest-dwelling caribou
(Rangifer tarandus) is an iconic indicator of changing dis-
turbance regimes and their effects on boreal biodiversity
(Bichet et al., 2016; Festa-Bianchet et al., 2011). Most
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populations of forest-dwelling caribou in western North
America are declining and listed as threatened under
Canada’s federal Species at Risk Act (SARA), while others
are classified under SARA as species of special concern
(Ray et al., 2015). The primary hypothesis for explaining
caribou population declines in Canada’s southern boreal
forest is that habitat loss and fragmentation from human
disturbance have facilitated increased predation on caribou
(Festa-Bianchet et al., 2011; Sorensen et al., 2008). For most
populations inhabiting northern boreal forests, such as
those in Alaska (AK), Yukon (YT), and Northwest Terri-
tories (NT), human disturbance is considerably lower and
fire remains the major source of habitat alteration (Neufeld
et al., 2020). In these areas, the degree to which changing
fire regimes will affect caribou resource selection and drive
population dynamics is unclear, and is a pressing challenge
for conserving caribou and the boreal biodiversity they rep-
resent (Bichet et al., 2016).

Forest-dwelling caribou have coexisted with fire for
thousands of years. Fire heavily influences the abundance
and distribution of boreal forest lichen (Payette et al., 2000),
potentially resulting in direct bottom-up effects on caribou
through food limitation in winter in areas with very large
burn footprints. Terrestrial lichens provide the bulk (usu-
ally >50%) of the diet for many northern caribou in winter,
when the availability of high-protein forage is limited
(Joly & Cameron, 2018; Person et al., 1980; Thomas
et al., 1996). Lichen is easily destroyed by fire due to its low
moisture content, and takes multiple decades to recover to
sufficient biomass for caribou foraging (Coxson &
Marsh, 2001; Joly et al., 2003; Morneau & Payette, 1989).
Therefore, caribou generally avoid burns in winter
(e.g., Joly et al., 2003; Rettie & Messier, 2000; Schaefer &
Pruitt, 1991) due to the negative effects of fire on lichen.
However, caribou may benefit from some post-fire habitat
conditions, especially during the summer. Early seral vege-
tation in burns may provide crucial protein for caribou dur-
ing summer, the period of peak nutritional demand for
adult females (Brown & Mallory, 2007), and caribou
resource selection studies during summer have shownmore
variable responses to burns (DeMars et al., 2020). The rela-
tionship between lichen cover and burn severity is less
clear, but increasing severity could exacerbate the negative
effects of fire on caribou resource selection in winter if it
has strong effects on lichen abundance and regeneration
(Russell & Johnson, 2019).

Here, we used hierarchical mixed-effects RSAs to test
for mechanisms by which changing fire disturbance
regimes could affect resource selection, and potentially
exacerbate existing population declines of forest-dwelling
caribou. We tested the overall hypothesis that caribou
avoid burned areas, but predicted that factors such as sea-
son, spatiotemporal scale, burn severity, and availability

of burns influenced the strength of avoidance. Within
this working hypothesis, we addressed two main ques-
tions: (1) How do caribou alter their resource selection of
burns across seasons, spatiotemporal scales, and the wide
range of spatiotemporal fire frequency in western North
America’s boreal forests? (2) How does burn severity
across and within burns drive caribou resource selection?

For Question 1, our analyses included GPS location data
from 15 caribou populations and ~600,000 km2 of western
Canada and eastern AK (Figure 1). We predicted that cari-
bou would avoid burns more strongly in winter in part due
to the negative effects of fire on lichen. We also tested for a
functional response to burns, where caribou alter their rela-
tive selection for burns across the range of burn availability
in our study area. Based on past studies showing caribou
avoidance of human disturbance declines as human distur-
bance density increased (Holbrook et al., 2019; Mumma
et al., 2019), we predicted that caribou avoidance of burns
would decline in areas with more burns. In addition, we
tested whether caribou ecotype or burn availability
explained more variation in relative selection for burns. We
refer to Question 1 analyses as the burn perimeter RSA in
corresponding subsections.

To answer Question 2, we conducted two separate
analyses. The first analysis focused on how different
levels of burn severity influenced caribou resource selec-
tion relative to unburned areas across the same
15 populations as Question 1. We refer to this analysis as
the burn severity RSA. Caribou management decisions
that consider the influence of disturbances on caribou
populations primarily rely on polygonal fire perimeter
data, overlooking variation in burn severity within burn
perimeters, including the presence of completely
unburned forest patches that may act as refuges and
important food sources (Johnstone & Chapin, 2006b;
Skatter et al., 2017). We tested the hypothesis that the
caribou avoidance of burned areas was influenced by
burn severity due to its possible negative effects on lichen
cover and regeneration. Alternatively, fire may destroy
lichen regardless of its severity, in which case we would
predict that severity would be less important for caribou
resource selection. We predicted the stronger effects of
burn severity on caribou during winter because winter
caribou diets include more lichens and fewer forbs and
graminoids (Brown & Mallory, 2007) that flourish in
recently burned areas. Conversely, because caribou select
protein-rich forbs and deciduous shrubs in the summer,
we predicted weaker avoidance of burns in the summer
(Denryter et al., 2017).

The second analysis under Question 2 aimed to test
how burn severity and other conditions within burns
influence caribou resource selection at a finer spatiotem-
poral scale through their effects on lichen abundance and
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distribution. This fine-scale analysis included a subset of
four populations in AK and YT for which we had previ-
ously developed, satellite-derived data on percentage
cover of terrestrial lichens and burn severity (Macander
et al., 2020; Figure 1). We predicted that avoidance of
severely burned areas during the winter would continue
longer after a fire than in the summer due to the long
post-fire recovery time of lichens (Jandt et al., 2008). We
also predicted that caribou would avoid areas deeper
within burn perimeters (Joly et al., 2003). Finally, we
predicted that the strength of avoidance of severely bur-
ned areas and areas deeper within burns would decrease
as lichen and vegetation recovered over time. We refer to
this analysis as the within-burn RSA.

METHODS

We conducted three separate sets of RSAs for forest-
dwelling caribou responses to fire disturbance in northwest-
ern North America (Figure 2). Below, we first describe our
burn perimeter RSA focused on caribou responses to burns,

along with functional responses to burns. We then provide
details on our burn severity and within-burn RSAs.

Study area

We analyzed resource selection in caribou from
15 populations across eastern AK, YT, NT and northern
Alberta (AB). Each population was exposed to relatively
low human disturbance (~2%–20% of range disturbed by
humans, including 500-m buffer, Johnson et al., 2020).
Our populations included migratory (Rangifer tarandus
granti, n = 2), mountain woodland (Rangifer tarandus car-
ibou, n = 4), and boreal woodland (R. t. caribou, n = 9)
caribou ecotypes (Ray et al., 2015). Estimated mean fire
return intervals varied widely by dominant tree species,
but were <100 years for northern AB boreal ranges
(Johnstone & Chapin, 2006a; Larsen, 1997), ~40–200 years
in southern NT (Bothwell et al., 2004; Larsen, 1997), and
100–200 years in YT and eastern AK (Kasischke
et al., 2010). Interior sections of eastern AK and YT
consisted of rolling hills, rugged peaks, subalpine and

F I GURE 1 Map of fire history and location of 15 population ranges from three ecotypes of forest-dwelling caribou (Rangifer tarandus)

that were included in analyses. Asterisks denote four populations included in the within-burn Resource selection analysis (RSA)
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alpine areas, and large forested river valleys. In the
boreal ranges of northern AB and NT, topography is
gently rolling, except in localized upland areas and a
few deeply incised river valleys. Common tree species
throughout the study area include spruces (Picea
mariana, P. glauca), poplars (Populus tremuloides,
P. balsamifera), jack pine (Pinus banksiana), tamarack
(Larix laricina), and birch (Betula papyrifera).

Capture and data summary

Caribou were generally captured from a helicopter by net
gun and were subsequently fitted with GPS collars follow-
ing approved federal, provincial, state, and territorial ani-
mal care protocols and permits (Appendix S1: Table S1).
Prior to filtering and analyses, our data set included
1,804,829 GPS locations from 721 GPS-collared female car-
ibou from 15 populations whose collars collected data
from between 2006 and 2019 (Appendix S1: Table S2).

Burn perimeter RSA

We filtered GPS location data to create separate data sets
for relocation intervals of 2 weeks and 24 h. From this

point forwards, we refer to these time periods as spatio-
temporal scales because the relocation interval deter-
mined both the spatial and temporal extent of the
domain available to an animal (e.g., Mahoney
et al., 2018). These spatiotemporal scales roughly represent
opposite ends of Johnson’s (1980) third-order selection
(within an individual’s seasonal range). We further
divided these two data sets into two seasons, defining sum-
mer as 25 May to 5 October and winter as 6 October to
5 May based on general patterns in movement rates across
populations (Appendix S1: Figure S1; please refer to
Appendix S1: Table S2 for details on analysis subsets). The
spatial extent of available habitat varied widely across eco-
types and populations, reflecting different movement
behaviors. For example, the mean distances between con-
secutive locations (step lengths) at the 2-week and 24-h
spatiotemporal scales during the summer were 71.6 and
7.6 km, respectively, for the migratory Fortymile popula-
tion, versus 5.4 and 1.9 km for the relatively sedentary
boreal Dehcho South population (Appendix S1: Figure S2).
We explicitly accounted for variation in movement behav-
ior across individuals and populations by sampling avail-
ability from step length and turning angle distributions fit
for each individual at these two spatiotemporal scales.

We used point-based SSFs in a generalized linear
mixed modeling (GLMM) framework (Muff et al., 2019)

F I GURE 2 Example of spatial distribution of used and available caribou locations, and different burn characteristics for three separate

resource selection analyses of female caribou (Rangifer tarandus) in eastern Alaska and western Canada. Panels show a 1998 fire in the

Kluane caribou range, Yukon (YT), and GPS locations from one caribou during February 2014. Evergreen forest is the reference land cover

category for the left and centre panels, and pre-fire evergreen forest is the reference land cover category for the right panel. All other land

cover categories are not shown. For simplicity, the fourth burn severity category (“regrowth”) is not shown in the middle panel
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to analyze caribou resource selection across the 15 cari-
bou populations. This approach divides an animal’s
movement path into discrete steps based on a user-
defined time interval, restricting resource availability in
the model by the animal’s current location in space and
time. Using the R package amt, version 0.1.2 (Signer
et al., 2019), we generated 10 available locations per used
location by making random draws from gamma distribu-
tions fitted to used step lengths and von Mises distribu-
tions fitted to turning angles between consecutive used
locations (Signer et al., 2019). Each set of one used loca-
tion and 10 available locations represented a stratum.

Our GLMMs accounted for correlated observations
within individual caribou and within populations and for
differences in sample sizes across individuals and
populations (Gillies et al., 2006). Random coefficients
allowed the effect of a covariate on resource selection to
vary by individual caribou, population, or both (Muff
et al., 2019). We estimated selection coefficients for each
covariate using a Poisson regression with stratum-specific
intercepts, which is a likelihood equivalent of a conditional
logistic regression often used in SSFs (McCullagh &
Nelder, 1989; Muff et al., 2019). Within conditional Poisson
GLMMs, we treated stratum-specific intercepts as random
effects with a fixed large variance using the R package
glmmTMB, version 1.0.2.1 (Brooks et al., 2017), following
Muff et al. (2019).

Because we were interested in estimating resource
selection responses across and within populations while
accounting for varying responses and sample sizes across
individuals, our models included random coefficients at
the population and individual level for every covariate.
Each candidate model included all possible covariates
(described below) that we hypothesized would affect cari-
bou resource selection. We used Akaike’s Information
Criteria (AIC) to assess support for including linear ver-
sus non-linear (i.e., second-order) covariate terms in the
models. Given p caribou populations, n animals, and a
matched set of j used and available locations, we used the
following Poisson function (Muff et al., 2019) to estimate
the relative intensity of use y at each time point t:

EðypntjÞ¼ μpntj ¼ exp αpntþβTxpntjþuT
pnzpntj

� �
,

with ypnt �PoðμpntjÞ and αpnt �N 0,σ2α
� � ð1Þ

where αpnt is a stratum-specific random intercept (with
variance σ2α fixed at 106) for individual animal n within
population p at time t, βT is the transpose of the covariate
vector β selection coefficients estimated for a vector of
covariates xpntj, uT

pn is a vector of population- and
individual-level random coefficients, and zpntj is a sub-
vector of covariates from xpntj. All used available RSAs

estimate relative probabilities (or relative intensities in a
Poisson regression) of selection that are proportional, but
not equivalent, to true probabilities of selection (Manly
et al., 2002).

We tested for functional responses in selection for burns
by including an interaction between the burn landcover cat-
egory and the average seasonal burn availability for each
animal (Matthiopoulos et al., 2011). We estimated average
seasonal burn availability by calculating the proportion of
available locations at each movement step (i.e., stratum)
that fell within a burn, and averaging over all steps along an
animal’s seasonal movement path. To test the effect of eco-
type on relative selection for burns, we i’cluded a model
with an interaction between ecotype and the burn land-
cover category. We used AIC to select the top model for
each combination of season and scale from a candidate set
that included models with linear or second-order polyno-
mial functional responses, those with the burn: ecotype
interaction, and those without interaction terms.

Environmental covariates

We used burn perimeter polygons from the Alaska Large
Fire Database (Kasischke et al., 2002) from 1965–2018
and from the Canada National Fire Database (Stocks
et al., 2003) from 1965–2018. We excluded burn perime-
ters from fires that occurred prior to 1965 because not all
regions reported burn perimeter data from this period.
State, provincial and federal agencies typically rely on
simple burn perimeters in caribou management plans
(e.g., Environment Canada, 2012). Our models included
land cover, tree cover, and indices of terrain ruggedness
and terrain position to account for these additional habi-
tat attributes. We used percentage tree cover data esti-
mated for year 2000 (Hansen et al., 2013). We derived
terrain indices from ~30-m resolution elevation data from
NASA’s Shuttle Radar Topography Mission (≤60� N; Farr
et al., 2007), the National Elevation Dataset (>60� N,
>120� W; Gesch et al., 2002), and the Canadian Digital
Elevation Model (>60� N, ≤120� W; Natural Resources
Canada, 2015).

We used land cover data from a 30-m resolution,
Landsat-based product with separate land cover classes
estimated for each year from 1984–2014 (Wang
et al., 2019). The 10 land cover classes were: evergreen
forest, deciduous forest, shrubs, grass, sparse vegetation,
barren, fen, bog, shallows/littoral, water. We collapsed
barren, bog, and shallows/littoral into an “other” cate-
gory, added in a “burn” category for all locations within
burns (regardless of time since fire), and assigned ever-
green forest as the reference land cover category. For car-
ibou locations in unburned areas, we annotated land
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cover values from the year the animal was present unless
it was after 2014, in which case we used the 2014 land
cover value.

Burn severity RSA

We tested the degree to which caribou responded to dif-
ferent levels of burn severity relative to unburned areas
outside burn perimeters by replacing the burn land
cover category in our functional response models with
five categories of burn severity. The levels for burn
severity were regrowth areas within burns, residual
unburned areas within burns, burns from <1985 (with
no available burn severity data), low-severity burns, and
high-severity burns. We defined cutoffs for burn severity
categories below in burn severity RSA covariates follow-
ing categories in Key and Benson (2006). Model coeffi-
cients for all five burn severity categories represented
selection relative to unburned evergreen forest. After
splitting burns into these five categories, we only had
sufficient sample sizes for model convergence at the
24-h spatiotemporal scale.

Burn severity RSA covariates

Aside from the addition of burn severity categories,
models with categorical burn severity retained the same
suite of covariates as the burn perimeter RSA above. For
fires that occurred between 1985 and 2015, we used
differenced normalized burn ratio (dNBR) burn severity
data that were derived from Landsat image pairs col-
lected the year preceding and the year following the fire
year (Loboda et al., 2018). We classified burn severity into
four severity categories by collapsing Key and
Benson’s (2006) seven categories. We defined dNBR
values within burn perimeters between �500 and �101
as “regrowth” (1.8% of available locations within burn
perimeters from 1985–2015 across both seasons at the
24-h scale). These areas were likely to be dominated by
herbaceous and deciduous shrub vegetation that was
exposed to low-severity burn and recovered quickly to
exceed pre-fire productivity (Key & Benson, 2006). We
defined dNBR values between �100 and +99 as “residual
unburned patches” (12.5%), which represented areas
within burn perimeters with little to no change in pro-
ductivity between pre- and post-fire productivity. “Low
severity” (39.4%) encompassed dNBR values between
+100 and +439, while “high severity” (46.2%) included
dNBR between +440 and +1300. We classified locations
within burns from 1965–1984, for which we had no burn
severity data, as “old burns.” We excluded locations

within burns that occurred after 2015 because we lacked
burn severity data for these burns.

Within-burn RSA

We analyzed fine-scale resource selection within burned
areas for four populations in eastern AK and western YT
(Appendix S1: Table S2, Figure 1) within the spatial
domain of a previously developed model of terrestrial
lichen cover (Macander et al., 2020). Prior to analysis, we
filtered GPS locations to an interval of one location every
5–8 h. This relocation interval maximized sample size
of locations within burns while avoiding dropping
populations (e.g., Clear Creek, Tay River) with longer
intervals between locations from the analysis. We used
burn perimeters to constrain availability in a static (not
movement-based) RSA, randomly sampling 10 available
locations within the same burn perimeter containing the
corresponding used location. We defined a stratum as all
used and available locations within a single burn for an
individual-year-season. We modeled resource selection
within burns using conditional Poisson GLMMs, which
allowed for multinomial strata with a varying number of
used points per stratum (ypntj from Equation 1). Because
>90% of locations in this analysis were from the
Fortymile population, we estimated random coefficients
at the individual level but not at the population level. We
used interaction terms to account for our hypotheses that
time since the most recent fire would affect caribou
responses to burn severity (severity:time_since_fire) and
distance within burn perimeter (dist_within_perimeter:
time_since_fire).

Within-burn covariates

We restricted this analysis to locations that occurred
within burns from 1985–2015 for which we had burn
severity data. We used percentage cover of terrestrial
lichens estimated for year 2015 (Macander et al., 2020),
which fell within the temporal range of most of our cari-
bou location data. We estimated distance within burn
perimeter by calculating the distance from each location
within a burn to the burn perimeter, so larger distances
indicated locations that were deeper within a burn. Time
since fire represented the amount of time (in years)
elapsed between the fire and the caribou GPS location
time stamp. We used Wang et al.’s (2019) land cover
layer to estimate pre-burn land cover (for the year pre-
ceding the fire) within burn perimeters. We lumped
“water” into the “other” land cover category because it
was extremely rare in the spatial domain of this analysis.
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Model validation

For the burn perimeter and burn severity RSAs, we eval-
uated all models using a cross-validation procedure
where we iteratively withheld one population as a test
data set (Roberts et al., 2017) and fitted models to the
remaining 14 populations. We estimated predicted values
for the test data sets using fixed-effects terms (omitting
random coefficients) from fitted models. Within each
stratum, we ranked predictions from used locations
against those from available locations (from 1 to 11, i.e., 1
used and 10 available locations). We tallied used loca-
tions across all strata and calculated the Spearman rank
correlation (rs) for each withheld population to test
whether higher ranking bins included more used loca-
tions (Fortin et al., 2009). We used a similar cross-
validation procedure for within-burn RSA models, but
divided the data set into 10 random folds (instead of
withholding by population), each with an equal number
of individuals.

RESULTS

After thinning and filtering our data, models in the burn
perimeter and burn severity RSAs included between 9551
and 266,768 GPS locations from between 539 and 685 car-
ibou, depending on season and spatiotemporal scale,
from 15 populations (Appendix S1: Table S3A). Our
within-burn RSA models included 13,295 GPS locations
from 148 caribou in winter and 7918 GPS locations from
107 caribou in summer from four populations (Appendix
S1: Table S3B). The median time between successive
locations across all individuals included in the within-
burn RSA after excluding locations with burn severity
dNBR values below �500 and above +1100 (Key &
Benson, 2006) was 10.4 h in summer and 12.5 h in win-
ter. Across all three analyses, we excluded random coeffi-
cients at the individual level for all land cover categories
except burn because they often prevented model conver-
gence. All final models within an analysis included the
same set of random coefficients.

General patterns in caribou use of burns
across populations and ecotypes

Caribou use of burns throughout the year varied widely
across caribou ecotypes and populations. Boreal caribou
populations generally spent a higher proportion of time
in burned areas during the summer and early fall than
during the rest of the year (Appendix S1: Figure S3).
For example, 75% of caribou GPS locations from the

Yates population in AB/NT between mid-April and
mid-November were in burns versus 26%–62% between
December and March. However, the Mackenzie population
in NT almost exclusively used burns all year, as very little
(~15%) of their annual range remained unburned. Peak car-
ibou use of burns in mountain populations typically
occurred in April and May (7%–34% of annual burn use),
with low use of burns during September and October (2%–
7% of annual burn use). There were dissimilar temporal
patterns of burn use between the two migratory populations
(Fortymile and Nelchina) in AK/YT. Nelchina caribou only
used burns during the winter (fire was virtually absent from
its summer range), while Fortymile used burns throughout
the year except during the weeks prior to and immediately
following calving (Appendix S1: Figure S3).

Burn perimeter RSA

Summary of non-burn-related covariates

In all four combinations of seasons (summer, winter) and
spatiotemporal scales (2 weeks, 24 h), caribou avoided
areas with higher tree cover (βsummer,2weeks = �0.41 �
0.11; βsummer,24h = �0.27 � 0.10 [SE]; βwinter,2weeks =

�0.60 � 0.05; βwinter,24h = �0.36 � 0.05). Negative quadra-
tic terms for tree cover during winter indicated that the
strength of avoidance increased as tree cover increased
(please refer to Appendix S1: Table S4A for remaining
coefficient estimates). Relative to unburned evergreen
forest, caribou avoided “other” land cover (category
including barren, bog, and shallows/littoral land cover
types) across all seasons and scales, and avoided shrubs
and grass land cover types except during summer at the
2-week scale (Appendix S1: Table S4A). Significant posi-
tive coefficients for terrain position index in all four
models (β range: 0.05 to 0.09, Appendix S1: Table S4A)
indicated that caribou selected ridgetops and avoided
incised valleys. Caribou avoided more rugged terrain at
all seasons and spatiotemporal scales (β range: �0.82 to
�0.34, Appendix S1: Table S4A).

Summary of burn-related coefficients

Fixed-effects coefficients for burns indicated that caribou
generally avoided burns (β range: �0.99 to �0.31; Appen-
dix S1: Table S4A) relative to the reference category of
evergreen forest. Caribou consistently avoided burns dur-
ing winter at both spatiotemporal scales across nearly all
populations, but avoidance was generally stronger at the
larger 2-week spatiotemporal scale (Figure 3, Appendix
S1: Table S5). During summer, caribou avoidance of
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burns at both scales in most populations was weaker
than during winter.

Functional response in burn perimeter RSA

Burn availability explained more variation in relative
selection for burns than ecotype (Appendix S1: Table
S6). The top models during winter at both spatiotempo-
ral scales included a second-order polynomial functional
response to burns (Figure 4; Appendix S1: Table S6), in
which selection for burns initially increased as burn
footprint increased but leveled off at higher levels of
burn availability (i.e., 60%–70% of seasonal range
burned; winter 2 weeks: βburn:burnavailability = 0.53�
0.08, βburn:burnavailability

2 = �0.15� 0.04; winter 24 h:

βburn:burnavailability = 0.21� 0.03, βburn:burnavailability
2 =

�0.07 � 0.02. During summer, the top model at
both scales included a linear functional response to burn
availability, indicating that caribou decreased their avoid-
ance of burns as burn availability increased (summer
2weeks: βburn:burnavailability = 0.76� 0.09, summer 24 h:
βburn:burnavailability = 0.46� 0.05).

Burn severity RSA

Our second analysis modeled caribou resource selection
in response to different levels of burn severity relative to
unburned evergreen forest across the same 15 populations
as above. These models replaced simple burn perimeters
from the first analysis with five levels of burn severity but

F I GURE 3 Violin plot of individual- and population-level selection coefficients (conditional modes) for burns, shown by season and

spatiotemporal scale, for female caribou (Rangifer tarandus) across 15 populations in western Canada and eastern Alaska. All coefficient

values are relative to unburned evergreen forest, the reference land cover category. Violins with small points show the distribution of

individual-level coefficients, while bold circles and lines indicate population-level coefficients for burns with their 95% confidence intervals

(calculated using the sum of conditional and fixed-effects variances)
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retained the same suite of non-burn-related covariates
(Appendix S1: Table S4). Coefficients for non-burn-
related covariates only changed slightly from the those
(average change of <3.0%) in the burn perimeter RSA
(Appendix S1: Table S4A), confirming that there was no
evidence of confounding with burn severity.

We found stronger avoidance of low- and high-
severity burns during winter than during summer
(βsummer,lowseverity = �0.26� 0.06, βwinter,lowseverity =

�0.46� 0.07; βsummer,highseverity = �0.50� 0.06,
βwinter,highseverity = �1.07� 0.08; Figure 5; Appendix S1:
Table S4B). Relative to the reference category of
unburned evergreen forest, fixed-effects coefficients
showed avoidance of all levels of burn severity during
winter except unburned residuals. During winter, cari-
bou avoided high-severity burned areas more than low-
severity burned areas, old burns and regrowth areas,
and avoided low-severity burned areas more than
unburned residuals. During summer, fixed-effects coeffi-
cients indicated avoidance of all burn severity levels rel-
ative to the unburned evergreen forest, but the strength
of avoidance was weaker than during the winter.

Population-level coefficients showed that all caribou
populations avoided high-severity burned areas and most

populations avoided low-severity burned areas relative to
unburned evergreen forests during winter (Appendix S1:
Table S7). During summer, caribou showed weak avoid-
ance of high- and low-severity areas relative to unburned
evergreen forest, and there were fewer differences
between burn severity levels.

Within-burn RSA

Our third analysis modeled fine-scale caribou resource
selection within burns in response to a suite of burn char-
acteristics across four populations (two migratory and
two mountain ecotypes) in AK and YT. Within burns,
caribou consistently selected areas with higher percent
cover of terrestrial lichen (βsummer,lichen = 0.35 � 0.04,
βsummer,lichen

2 = �0.03 � 0.01; βwinter,lichen = 0.40 � 0.03,
βwinter,lichen

2 = �0.04 � 0.01) and areas closer to perime-
ters (βsummer,d_perimeter = �0.58 � 0.06, βsummer,d_perimeter

2

= 0.06 � 0.01; βwinter,d_perimeter = �0.40 � 0.04,
βwinter,d_perimeter

2 = 0.03 � 0.01) during both summer and
winter (Figure 6; Appendix S1: Table S4C). During winter,
caribou avoided areas within burns that were more
severely burned (Figure 6), but avoidance attenuated with
increasing time since fire (Figure 6). Burn severity was a
weak driver of resource selection within burns during the
summer (Figure 6). During winter, our model predicted
that relative intensity of use for high-severity areas did not
reach the relative intensity of use for unburned residuals
until nearly 30 years after a fire (Figure 6). Finally, caribou
selected areas closer to burn perimeters, avoiding areas
deeper within burns during both seasons (Figure 6). We did

F I GURE 4 Functional responses to burns for female caribou

(Rangifer tarandus) across 15 populations in western Canada and

eastern Alaska shown by season and spatiotemporal scale. Gray-

shaded region indicates 95% confidence interval. Predictions and

95% confidence intervals (shaded regions) are based on fixed effects

only. All other model covariates were assumed to be equally

available. Continuous covariates were held at their mean values

(pooled across all observations) and all non-burn land cover

covariates were set to 0 (reference category of evergreen forest)

F I GURE 5 Fixed-effects selection coefficients and their 95%

confidence intervals for different levels of burn severity at the 24-h

scale, shown by season, for female caribou (Rangifer tarandus)

across 15 populations in western Canada and eastern Alaska. All

coefficient values are relative to unburned evergreen forest, the

reference land cover category
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not find evidence that this pattern weakened with increas-
ing time since fire. We found a negative relationship
between 2015 lichen cover and burn severity regardless of
time since fire, except for dNBR values classified as post-fire
regrowth, i.e., below�100 (Appendix S1: Figure S4).

Model validation

Models from our burn perimeter and burn severity RSAs
showed better predictive performance for winter than

summer, while the within-burn RSA models showed sim-
ilar performance across seasons (Appendix S1: Table S8,
Figure S5). The mean (�SD) rs across each of the 15 with-
held populations was 0.77 � 0.28 in summer and
0.96 � 0.06 in winter at the 2-week scale and 0.79 � 0.28
in summer and 0.94 � 0.17 in winter at the 24-h scale in
the burn perimeter RSA. The mean rs in the burn severity
RSA was 0.82 � 0.31 in summer and 0.98 � 0.05 in win-
ter. In the within-burn RSA, the mean rs across the
10 withheld folds was 0.80 � 0.13 in summer and
0.82 � 0.11 in winter.

F I GURE 6 Predicted effects of burn severity, distance within burn perimeter, terrestrial lichen cover (a), and time since fire (b) on the

relative intensity of use within burn perimeters for female caribou (Rangifer tarandus) across four populations in eastern Alaska and western

Yukon. In panel (b), differenced normalized burn ratio (dNBR) values for unburned residuals, low-severity, and high-severity categories

were held constant at 0, 270, and 900, respectively. Predictions and 95% confidence intervals (shaded regions) are based on fixed effects only.

All other model covariates were assumed to be equally available. Continuous covariates other than severity were held at their mean values

(pooled across all observations) and pre-fire land cover were set to 0 (reference category of evergreen forest)
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DISCUSSION

Our results provide strong support for the prevailing par-
adigm that caribou avoid burned areas very consistently
across spatiotemporal scales during winter. Caribou gen-
erally avoided burns during the summer, but their
responses were much more variable. Our analyses of
burn severity and fine-scale burn characteristics help to
clarify the mechanisms driving these seasonal patterns in
resource selection and confirmed that increasing fire
severity will decrease lichen cover. Consistently strong
avoidance of burns during winter at both spatiotemporal
scales across a wide gradient of burn availability suggests
that increasing fire frequency will accelerate habitat loss
for caribou across huge swaths of North America’s boreal
forests.

The large spatial extent of our analysis and wide vari-
ability across our 15 caribou populations in their expo-
sure to burns greatly increased our scope of inference for
resource selection behavior compared with existing RSA
studies focused on one or few populations inhabiting a
limited geographic area. Caribou more strongly avoided
burns at larger spatiotemporal scales in many
populations, supporting the idea that a species’ primary
limiting factors (e.g., predation risk) drive selection at
coarser scales, while selection at finer scales may be
influenced by multiple factors such as local food avail-
ability (Rettie & Messier, 2000; Spitz et al., 2019). Strong
avoidance of burns during winter, but weaker avoidance
during summer, corroborates previous studies on migra-
tory caribou in AK (Joly et al., 2003, 2007, 2010) and
boreal woodland caribou in Quebec (Courtois
et al., 2007) that attributed burn avoidance to decreases
in lichen cover, their main winter forage. Stronger cari-
bou avoidance of burns during winter compared with
other seasons is also consistent with studies of mountain
woodland caribou in AB (Robinson et al., 2010) and
boreal woodland caribou in NT (DeMars et al., 2020).
Consistent avoidance of burns across a gradient of burn
availability and across spatiotemporal scales implies that
caribou will continue to avoid burns and experience habi-
tat loss as fire frequency increases.

Our results cast a more complex picture of the rela-
tionship between caribou resource selection and fire in
the summer. During summer, caribou avoided burns at
the larger (2-week) scale but showed weaker to no avoid-
ance of burns at the smaller (24-h) scale and exhibited
positive functional responses to burns at both scales
(detailed in the following section). Our results suggest
that weaker avoidance of burns in the summer by adult
female caribou may reflect a shift from a lichen-
dominated winter diet to a more diverse, protein-rich diet
to help meet increased nutritional demands after calving

(Parker et al., 2009). Deciduous shrubs such as willow
(Salix spp.) and birch (Betula spp.) are among the most
important forage species for forest-dwelling caribou in
summer (Boertje, 1984; Denryter et al., 2017), and are
particularly abundant early in post-fire successional for-
ests (Schaefer & Pruitt, 1991). Furthermore, variation in
burn severity within burn perimeters may provide a
diverse suite of forbs, deciduous shrubs, and fungi that
are important in summer caribou diet (Thompson
et al., 2015) yet are unavailable in winter. We speculate
that the need for protein-rich forage during summer
(White et al., 2014) may override any potential increase
in predation risk associated with burns (Robinson
et al., 2010).

Our analyses of caribou resource selection responses
to burn severity suggest that the effects of fire on species
reliant on late-successional boreal forest communities are
more nuanced than that revealed by quantifying
responses merely to burns (presence only) or to time
since fire. Our burn perimeter RSA relied on fire data-
bases that included unburned residuals within burn
perimeters (Skatter et al., 2017). Our finding that caribou
selection for these unburned residuals was relatively high
compared with other burn severity categories in the burn
severity RSA (Figure 5) indicated that our estimates of
burn avoidance in the burn perimeter RSA may be some-
what conservative. Burn severity is the proportion of
organic matter consumed by a fire (Keeley, 2009), which
can drive biodiversity across species and scales and affect
a diverse array of ecological processes governing post-fire
vegetation recovery in forest ecosystems (Romme
et al., 2011). For example, burn severity levels have been
shown to affect seed germination and net seedling estab-
lishment of dominant boreal tree species (Johnstone &
Chapin, 2006a), relative abundance of birds species in
western Montana (Smucker et al., 2005), species richness
and abundance of ground beetles in northeast Alberta’s
boreal forest (Koivula & Spence, 2006). Here, we identi-
fied a clear negative relationship between burn severity
and lichen cover. This result corroborates previous work
in Alberta, in which lichen cover was negatively corre-
lated with burn severity in jack pine forests (Pinno &
Errington, 2016). Caribou avoidance of areas with high
burn severity and low lichen cover during winter,
coupled with the observed negative relationship between
burn severity and lichen cover in AK and YT (Appendix
S1: Figure S4), supports the supposition that lichen
destruction by severe fires contributes to the lack of func-
tional response to burns during that season.

Legacy effects of pre-burn forest characteristics can
affect post-fire vegetation trajectories, future fire condi-
tions, and biodiversity (Johnstone et al., 2010; Romme
et al., 2011). We found that pre-burn land cover may be
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an important predictor of fine-scale caribou resource selec-
tion within burns in summer, presumably through its
effects on post-burn successional trajectory. Strong selec-
tion of pre-burn grasslands and shrubs relative to pre-burn
evergreen forests within burns during summer might
reflect more abundant graminoids (e.g., Eriophorum spp.),
forbs, and deciduous shrubs in these areas after a fire
(Jandt et al., 2008; Schaefer & Pruitt, 1991). More detailed
data on pre- and post-fire land cover could provide addi-
tional information on caribou selection responses to suc-
cessional trajectory. In addition, increased deadfall in
burned evergreen forests might impede caribou movement
and contribute to stronger avoidance of those areas rela-
tive to pre-burn grasslands.

Predicted increases in fire frequency in the central
and western portions of the boreal forest will lead to
younger forest stands, reducing the average time that for-
est tracts exist in a mature state and potentially decreas-
ing caribou food availability, especially in winter (Rupp
et al., 2006). Depending on factors such as soil type, soil
moisture, and fire timing, more frequent and/or more
severe fires may result in post-fire successional trajecto-
ries dominated by deciduous species or even graminoids
(Roland et al., 2019; Stralberg et al., 2018). Several studies
based on projections from climate models have predicted
broad-scale shifts in successional trajectories that will
produce novel conditions in North America’s boreal for-
ests (e.g., Rupp et al., 2000; Stralberg et al., 2018).
Although there is considerable uncertainty around rates
of predicted changes to forest composition and structure
resulting from climate warming and changing fire
regimes (Roland et al., 2019), more frequent fires in parts
of boreal forest would result in younger, deciduous-
dominated vegetation communities favored by other
ungulates such as moose (Alces alces) and deer
(Odocoileus spp.). Our results show that caribou tend to
avoid these land cover types relative to evergreen forests,
especially in winter (Appendix S1: Table S4). Collectively,
this suggests that important consequences of increasing
fire frequency and severity and its effects on boreal biodi-
versity will be through the direct loss of late-successional
vegetation communities, and their resources (e.g., lichen
in winter for caribou), and through land cover change
and compounding effects on future fire.

It is important to understand how animals that are
reliant on late-successional forests might alter their selec-
tion of burned areas as fire frequency increases in the
future, and how these changes may affect habitat use.
For example, California spotted owls (Strix occidentalis
occidentalis), a subspecies of spotted owl adapted to rela-
tively small patches of severe fires, more strongly avoided
severely burned areas when a higher proportion of their
home ranges were severely burned (Jones et al., 2020). If

caribou maintain strong avoidance of burns as the foot-
print of burns within their ranges increases, they will
experience increasing habitat loss. Alternatively, caribou
might relax their avoidance, indicating less habitat loss as
fire availability increases. However, if burned habitat is
of lower quality, increasing use of burns could ultimately
have negative demographic impacts for caribou.

Many studies have used climate projections to predict
future declines in caribou habitat quality and distribution
based on present avoidance of burns by caribou
(e.g., Barber et al., 2018; Gustine et al., 2014; Rupp
et al., 2006). However, our functional response results in
summer showed decreasing avoidance of burns as burn
availability increased, to the point where relative selec-
tion of burns was equal to or greater than the selection of
evergreen forests. The difference in functional response
to burns between seasons may stem from seasonal differ-
ences in diet composition and nutritional demands. Cari-
bou may also be constrained in their ability to avoid
burns at extremely high levels of burn availability (Beyer
et al., 2010). During winter, caribou rely on old growth
habitats with sufficient lichen abundance and may be
unable to shift to burned areas where lichen has been
destroyed. As burn frequency and overall burn footprint
increases, some burns may be adequate substitutes for
unburned areas during summer because they can provide
a diverse suite of protein-rich forage. Our functional
response models suggest that, at least in winter, future
fires are likely to continue to result in increasing indirect
habitat loss.

Several additional factors may also contribute to vari-
ation in relative selection for burns beyond burn avail-
ability and seasonal diet differences. During the winter,
increased sunlight and wind exposure within burns may
impede caribou movement and foraging due to snow
density and surface crust thickness (Schaefer &
Pruitt, 1991). In addition, historical exposure to burns in
Quebec helped to predict caribou responses to forest har-
vest in Quebec, and may influence relative selection for
burns in our study area (Lafontaine et al., 2019). We
found that any potential effects of ecotype on caribou
responses to burns were outweighed by seasonal burn
availability.

Caribou are threatened or endangered across a large
portion of northern North America. Winter range habitat
loss, fragmentation, and degradation, due to both wildfire
and human development, is increasing and is projected
to continue to increase under climate-change scenarios.
Given that caribou have low winter range fidelity, (Faille
et al., 2010; Joly et al., 2021), our results suggest that large
areas should be considered for the conservation of cari-
bou winter ranges. Managers can combine our resource
selection models with wildfire risk assessments to
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identify core caribou wintering areas that also have low
burn probabilities (Stockdale et al., 2019) These climate-
change refugia (sensu Stralberg et al., 2020) could then
receive enhanced protection from the potential impacts
of industrial development and be strategically targeted
for fire suppression efforts when possible. This approach
would also benefit other boreal biodiversity (Bichet
et al., 2016) that depends on the climate-change “slow
lane” (Morelli et al., 2020).

Given their large ranges and reliance on late-
successional vegetation, forest-dwelling caribou are
important umbrellas of broad-scale biodiversity (Bichet
et al., 2016) and indicators of boreal carbon stocks, which
account for roughly one-third of the world’s terrestrial
carbon (Pan et al., 2011). Although most carbon beneath
older, wetter forests is typically protected from combus-
tion, shallower organic matter layers in warmer, drier,
and younger forests allow fires to release more carbon,
which could shift North American boreal region from a
net sink to a net source of carbon (Walker et al., 2019).
The area affected by greater fire frequency in boreal for-
ests (de Groot et al., 2013) will probably dwarf the area
harvested by the forestry industry, even though contin-
ued forestry and energy development throughout the
region are main causes of population declines for many
boreal species (Venier et al., 2014). As fire frequency
increases, species that require late-successional communi-
ties may retreat to climate refugia such as mountains and
peatlands (Stralberg et al., 2020). Protecting late-
successional habitats that experience fires of increasing fre-
quency and considerable spatiotemporal unpredictability is
a major conservation challenge and underscores the need
to minimize negative effects of new human disturbance
in remaining mature forests. In addition, our study also
has implications for other types of boreal forest distur-
bances, such as insect outbreaks, that may interact with
fire to affect late-successional communities (Bradshaw
et al., 2009; Labadie et al., 2021). Future work directly
linking animal demography to habitat selection in
response to both fire and human disturbance would pro-
vide a clearer picture of the degree to which fire may
affect boreal biodiversity.
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