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Abstract

Rising global temperatures and changing landscape conditions
have led to widespread mountain pine beetle (Dendroctonus
ponderosae) outbreaks in western North America. Pine beetle
management is typically implemented to mitigate economic
losses, but its effects on wildlife, particularly ecologically
important species like caribou (Rangifer tarandus) and moose
(Alces alces), warrant greater attention. We assessed the
effects of early-stage pine beetle infestation, timber harvest,
and fire on habitat selection by caribou (boreal and central
mountain designatable units) and moose in west-central
Alberta, Canada. Using global positioning system (GPS) collar
data collected 3-5 years after infestation, we developed
resource selection functions and functional response models.
Caribou exhibited seasonally variable responses, generally
avoiding pine beetle-affected areas in winter but selecting
them in summer. They also avoided harvested and burned
areas, though this avoidance depended on overall disturbance
levels within their ranges. Moose displayed sex-specific
responses to pine beetle infestations and associated manage-
ment: females avoided pine beetle-affected areas but selected
burned sites year-round, while males showed the opposite

pattern. These findings suggest that pine beetle disturbances
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may negatively affect caribou and female moose winter habitat
availability while simultaneously enhancing conditions for male
moose. Further research is needed to disentangle the individual
and cumulative effects of pine beetle management actions versus
general timber harvests and wildfires, as these disturbances may

be compounding rather than acting in isolation.

KEYWORDS

apparent competition, bark beetles, caribou conservation, forest pests,
prescribed burning, salvage logging, wildfire, wildlife habitat
management

Global biodiversity loss and wildlife population declines have prompted research into how different disturbance
types affect natural systems (Pirotta et al. 2018, Brodie et al. 2021). Understanding how emerging disturbances
influence newly exposed wildlife populations enables landscape managers to reduce and mitigate associated
negative effects on vulnerable species (Lindenmayer et al. 2008). One emerging disturbance that is gaining
attention is insect outbreaks, which have become progressively more common with climate change and forest
homogenization (Ono 2004, Ayres and Lombardero 2018).

Mountain pine beetle (Dendroctonus ponderosae) is a bark beetle native to the pine forests of western North
America. It periodically erupts into large-scale outbreaks, targeting large, mature pines and drastically altering forest
ecosystems (Mitton and Ferrenberg 2012, Sambaraju and Goodsman 2021). The most recent pine beetle outbreak
has spread beyond historical ranges (i.e., into higher latitudes and elevations), including into western Alberta,
Canada (Howe et al. 2021, Sambaraju and Goodsman 2021). In response, management practices that aim to reduce
the spread of pine beetles have been applied, including accelerated pine harvest, salvage logging, and prescribed
burns (Alberta Sustainable Resource Development 2007, McClelland et al. 2023).

These management actions are largely reactive, aiming to protect local community livelihoods and reduce the negative
economic impacts of pine beetles (DeFries et al. 2004). However, there is concern about how wildlife species are
responding to novel pine beetle disturbance and these associated management actions (Ono 2004, Saab et al. 2014,
Steinke et al. 2020). Effective forest management should aim to minimize impacts to key wildlife species (Lewis 2008), but
to do so, we must first unravel how these species respond to both the pine beetle itself and current management activities.

Large ungulates play a key role in forest ecosystems and may be directly affected by changes to forest structure
(Boan et al. 2011). In western Canada, how forest disturbance affects woodland caribou (Rangifer tarandus caribou)
is of particular interest, as caribou are federally and provincially listed as Threatened (Government of Canada 2018,
Government of Alberta 2022). Moose (Alces alces) are also of interest, as they are integral to Indigenous food
security (Priadka et al. 2022) and are a valued game species. Caribou and moose have different habitat require-
ments, so they may respond differently to the pine beetle and its management (Belovsky 1981, Webber et al. 2022).
Caribou are habitat specialists; they are dietarily reliant on lichens in mature forests during winter, though they also
eat vascular plants during summer (Nobert et al. 2020, Webber et al. 2022). Pine beetle infestations thin canopy
cover, causing declines in lichen abundance as early as 3-5 years after infestation, though declines may not occur
for 10-15 years depending on local environmental factors (Nobert et al. 2020, Cichowski et al. 2022). Pine beetle-
killed trees may also begin to fall 3-5 years after infestation, potentially impeding ungulate movement (van Ginkel
et al. 2021). Therefore, caribou may be negatively affected by pine beetle infestations, but this has not been
assessed (Cichowski et al. 2022). While lichen cover may decrease soon after pine beetle infestation, the abundance
and diversity of other understory vegetation generally increase (Seip and Jones 2008, Cichowski et al. 2022).

Moose are generalist herbivores, feeding on a wider range of plant species year-round than caribou
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(Belovsky 1981). Because pine beetles increase understory plant growth, infestations may have positive impacts on
moose, but this also remains untested (Pappas et al. 2020, Steinke et al. 2020).

In terms of pine beetle management, caribou are sensitive to habitat disturbance and generally avoid areas
recently harvested for timber or burned (Seip and Jones 2008, Finnegan et al. 2021). In contrast, moose typically
select recently timber-harvested or burned areas, once early seral vegetation is regrowing (Wasser et al. 2011,
Johnson and Rea 2023). However, this may be context dependent (Mumma et al. 2018, DeMars et al. 2019), and
moose declines have also been documented in areas with increased habitat disturbance (Koetke et al. 2023).

In this study, we used global positioning system (GPS) collar data from caribou and moose to assess responses
to pine beetle infestations and associated management activities. Pine beetle management may be cumulative to
the effects of other forest disturbances (Cannon et al. 2017); therefore, we used general fire disturbance and all
timber harvest disturbance within our study areas as proxies for these management actions. We predicted that, as
mature forest specialists, caribou would 1) avoid areas with pine beetle infestations (3-5 years old) because of the
associated impacts on understory vegetation (i.e., loss of lichens, increase of other vegetation species), 2) avoid
areas with recent timber harvest and fires (<20 years old) because caribou generally avoid disturbance that results
in loss of forage and increased risk of predation in these areas, and 3) exhibit a functional response to disturbance.
We predicted that caribou use of areas with pine beetles, timber harvest, and fire would decrease as that distur-
bance becomes more prevalent within an individual's home range. In contrast we predicted that, as generalists,
moose would 1) select areas with more disturbance (i.e., pine beetle and management) and 2) increase their use of
disturbed habitat when in home ranges with low levels of disturbance but that their use of disturbed habitat would

become proportional to availability in home ranges with higher levels of disturbance.

STUDY AREA

The study area was in west-central Alberta, Canada (Figure 1), one of the initial entry points of pine beetles into the
province in 2005 (Government of Alberta and Tyssen 2009). This area lies within the traditional territories, meeting
grounds, and homes of many Indigenous Peoples, including the Aseniwuche Winewak, Danezaa, Métis, Nehiyawak,
Simpcw, Stoney, and Tsuut'ina (best available information from Native-land.ca). We focused on 2 populations of
woodland caribou: one boreal (Little Smoky [LS]) and one central mountain (Redrock-Prairie Creek [RPC]; Figure 1;
Hervieux et al. 2013). The focal moose population overlaps with these caribou ranges (Figure 1).

The study area includes alpine, subalpine, upper foothills, and lower foothills natural subregions. It is charac-
terized by coniferous forests, with lodgepole pine (Pinus contorta) being the primary host for the pine beetle in this
area (Natural Regions Committee 2006, Dempster and Meredith 2021). Treed muskegs are also present, primarily in
the LS range. In addition to disturbance from pine beetle, there is anthropogenic disturbance, including forest
harvesting and oil and gas extraction, and natural disturbance, including wildfire and windthrow. Further details on
the area are available in McClelland et al. (2023).

METHODS

Animal location data

We obtained GPS location data from female caribou collared by the Government of Alberta as part of long-term
provincial monitoring programs. Capture and collaring are described in detail in Hervieux et al. (2013), and collars
collected location information with a 1.5-4-hour fix rate (Lotek GPS1000, 2000, 2200, 3300, 4400 models; Lotek
Engineering, Newmarket, ON, Canada). We kept boreal and central mountain caribou designatable units separate

for analyses (Weckworth et al. 2018). Hereafter, whenever we refer to boreal caribou, we are specifically referring
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FIGURE 1 Caribou (orange) and moose (blue) home ranges (kernel density estimation [KDEs]) in west-central
Alberta, Canada, used to assess responses to mountain pine beetle disturbance between 2008 and 2010. Home

ranges are shown on a map of the overall province of Alberta (left), with the zoomed-in inlay represented by a grey
square. Population ranges for the A La Peche (ALP), Little Smoky (LS), Narraway (NAR), and Redrock-Prairie Creek
(RPC) caribou are outlined and labeled.

to the LS population, and whenever we refer to central mountain caribou, we are referring to the RPC population.
We acknowledge that the results extracted from these populations may not be transferable to other populations of
the same designatable unit, and do not wish to overextend interpretations, but have abbreviated to the
designatable unit in places (e.g., figures and tables) to improve readability.

The focal moose population overlaps with these caribou ranges and extends into the Narraway and A La Peche
central mountain caribou ranges (Figure 1). Male and female moose GPS collar data were originally collected as part of
a study on moose habitat in west-central Alberta, and were obtained from Movebank for this study (2-4-hour fixes;
ATS G2000 GPS collars, Advanced Telemetry Systems, Isanti, MN, USA; www.movebank.org; Peters et al. 2013).

We performed data handling and analyses in R version 4.3.2 (R Core Team 2023). Location data for both

species were collected from 2008-2010, 3-5 years after pine beetle infestations first occurred. We focused on this
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early period of pine beetle infestation as it marks when changes to forest and vegetation structure may first occur,
and when initial management responses may be implemented. We removed locations with high dilution of precision
values (DOPs: >12 for caribou and >5 for moose) or that occurred outside of a 2-4-hour fix interval. Caribou data
were pre-cleaned to a DOP > 12, and further information on DOP and the number of satellites were not provided.
For moose data, we removed 2-dimensional points and points with a DOP > 5 (sensu Lewis et al. 2007). We also
removed individual caribou and moose with a fix-rate success of <90% (sensu Hebblewhite et al. 2007, Frair
et al. 2010), and removed locations with an incoming and outgoing speed above the 99th percentile (Gupte
et al. 2022; further details in Supporting Information S1).

For each dataset, we partitioned locations by individual, year, and season: winter (16 Oct-15 May) and summer
(16 May-15 Oct; Peters et al. 2013). Hereafter, individual-year refers to individual-season-year combinations. We
generated annual seasonal home ranges for each individual-year using kernel density estimation (95% adaptive
kernel, default bandwidth) in the amt R package (Signer et al. 2019). We clipped home ranges and location data to
exclude British Columbia and Jasper National Park, where pine beetle data were not available. We removed
individual-year combinations without pine beetle infestations in their home range: 10 moose combinations (4 from
winter, 6 from summer), 2 mountain caribou combinations (both from winter), 1 boreal caribou combination
(summer). We also removed individual-year combinations with <200 locations (S1; Table S2). We generated 10
available locations for each used location within seasonal individual-year home ranges via amt (Signer et al. 2019).
The final boreal caribou dataset included locations from 16 individual-years (n = 9 winter, n = 7 summer, based on 5
collared animals, all female; Figure 1; Table S2). The final central mountain caribou dataset included locations from
45 individual-years (n = 32 winter, n =13 summer, based on 20 animals, all female; Figure 1; Table S2). The final
moose dataset included locations from 24 individual-years (n =16 winter [9 males, 7 females], n=8 summer

[4 males, 4 females]), based on 9 animals (5 males, 4 females; Figure 1; Table S2).

Predictor variables

We performed geoprocessing and extraction of predictor variables in ArcGIS Pro 3.1.2 (Esri, Redlands, CA, USA)
and QGIS 3.32.1 (QGIS Development Team 2023). We extracted annual pine beetle survey data available from the
Government of Alberta (Government of Alberta 2023). We combined these data to create annual 30x30-m rasters,
with each cell depicting whether that area had been disturbed by pine beetles or not (Figure 2A; Table S3).

For timber harvest and fire, we used Landsat-derived 30x30-m rasters available from the National Terrestrial Eco-
system Monitoring system (NTEMS; Hermosilla et al. 2018, 2016; Figure 2B,C). We used disturbance by timber harvest
and disturbance by fire as proxies for recent pine beetle management via timber harvesting or prescribed burning. Notably,
salvage logging may be more intensive than regular timber harvesting activities (e.g., greater percentage removal, larger
harvest areas), but data on salvage logging alone were not available across our study area. Previous studies have used
clearcuts as proxies for salvage logging, which we considered; however, many salvage logging policies now include a
greater percentage of tree retention, and it can be challenging to disentangle wildlife responses to cumulative, similar
disturbance types, leading us to use all timber harvest activity (Peter and Bogdanski 2010, Thorn et al. 2018, Steinke
et al. 2020). We subset timber harvest and fire rasters to only include recent (<20-year-old) disturbances and then
generated densities at 1-km and 5-km radii around each animal location. We focused on timber harvest blocks and fires
<20 years old, as disturbed patches are dominated by vascular plants during this period, with potential implications for
ungulate foraging behavior (Silva 2020, Finnegan et al. 2021, Lacerte et al. 2021). These distance radii are commonly
applied in caribou and moose habitat selection models (Rudolph et al. 2019, Finnegan et al. 2023). Moose have been
observed to move a mean distance of 1-5 km per day, depending on season and resource requirements (e.g., 1.2-4.6 km;
Thompson et al. 1995). Caribou can traverse large distances, particularly during migration (e.g., 54 km a day; Rudolph and
Drapeau 2012). Generally, however, their daily movement distances are documented to be within 0.9-2.5 km per day
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FIGURE 2 Area impacted by mountain pine beetles (A), <20-year-old timber harvest (B), and <20-year-old fire
(C) in west-central Alberta, Canada, over the years of our study (2008-2010). Mountain pine beetle point locations
represent 30x30-m areas where beetle damage was detected by annual aerial surveys, including locations from
both that year and previous years, that had not been removed by fires or harvest. Disturbance polygon color varies
with time since disturbance. The grey square highlights our study area, one of the initial entry points of pine beetles
into Alberta (Panels B and C are on the following pages).

(Ferguson and Elkie 2004), and they have been seen to avoid areas within 5 km of disturbance (Reimers and Colman 2006),
making 1 km and 5 km 2 key distances for them ecologically.

To account for other landscape characteristics that affect habitat use, we also included land cover (NTEMS),
elevation, and slope (digital elevation model; Natural Resources Canada 2011). We recategorized land cover into

forested and open locations (Table S3).

Resource selection function (RSF) models

Before fitting resource selection function (RSF) models, we screened variables for collinearity (|r,| < 0.7; Dormann
et al. 2013), grouping 1-km density variables together and 5-km density variables together (i.e., 12 collinearity tests;
Figure S4). Timber harvest density at the 5-km scale was collinear (r = -0.7) with elevation in moose data during
summer (and borderline in winter, r = -0.6). Therefore, we dropped timber harvest from moose RSF models but
retained it for caribou models.

We fit each RSF as a binomial (used or available) generalized linear mixed effect model (GLMM) in Ime4 (Bates

et al. 2015), including animal ID-season-year as a random effect, and using the bobyga optimizer (Hedlin and
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Franke 2017). We loge-transformed and scaled the numerical variables to improve model convergence and included
them as single and quadratic terms, to allow for non-linear patterns. We then extracted the coefficients of the
model and inserted them into the exponential form of the RSF, back-transforming them for plotting to aid inter-
pretation (Boyce et al. 2002). We included sex as a 2-way interaction with pine beetle density and with fire density
(both as a linear and quadratic term), allowing us to determine whether there was any variation in habitat selection
between males and females. We did not include these interactions in caribou models, as data were only available on
females. We built models using disturbance densities at the 1-km and 5-km scales for each of the 6 datasets (one
dataset for each population and season, i.e., 12 models; Table S5). We used Akaike's Information Criterion (AIC) to
identify the most parsimonious scale for models, i.e., retaining the scale with the lowest AIC value (Sakamoto
et al. 1986; Table S5).

We used variograms to check for spatial autocorrelation in model residuals, with none being flagged (Roberts
et al. 2017; Figure Sé6). We assessed model prediction using 5-fold cross-validation, partitioning data into 80%
training data and 20% testing data (Boyce et al. 2002). We computed Spearman rank correlations (rs) between
frequencies of area-adjusted cross-validation locations and then calculated a rank for each cross-validated model.
Better predictive performance is indicated by a strong positive correlation value, demonstrating that model

predictions match actual observations (Smith et al. 2022).
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Functional response models

We generated functional response models on the multiplicative scale, as recommended by Holbrook et al. (2019).
This allowed us to assess how habitat use changed relative to availability across home ranges (Mysterud and
Ims 1998). The null hypothesis posits that habitat use is a constant multiplicative function of habitat availability,
meaning that the log.-transformed ratio of use:availability remains constant, with deviations indicating a functional
response in habitat selection (Holbrook et al. 2019).

We used base R (R Core Team 2023) to fit linear and quadratic models for each disturbance variable (i.e., pine
beetle, timber harvest, and fire) to each of the 6 datasets (excluding timber harvest from moose models) at the 5-km
scale. We opted to assess the moose population as a whole, rather than subdividing by sex, to provide a population-
wide perspective that could inform broader management recommendations. This approach allowed for a more
general assessment of moose behavior while also avoiding constraints associated with reduced sample sizes.
We used log.-transformed mean disturbance density for each individual-year's used locations as the response
variable and log.-transformed mean disturbance density for each individual-year's available locations as a fixed
effect. We determined if linear or quadratic models best fit the data using likelihood ratio tests via Imtest (Zeileis
and Hothorn 2002; Table S7). We exponentiated the predictions for visualization and interpretation, and visualized
results in ggplot2 (Wickham 2016). We considered the overall trend in the relationship and the associated
confidence intervals in assessments.
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TABLE 1 Estimated B coefficients, standard errors (SE), lower and upper 95% confidence intervals, Z-values,
and P-values for models of boreal caribou habitat selection during winter and summer in west-central Alberta,
Canada, during 2008-2010. The reference category for land cover was forest. Harvest refers to timber harvesting.
We log.-transformed and scaled the numerical variables to improve model convergence and included them as
single and quadratic terms to allow for non-linear patterns. Disturbance metrics (pine beetle, fire, harvest)
represent the percent of area disturbed within a 5-km radius.

Fixed effects Estimate SE Lower 95% CI Upper 95% CI V4 P

Boreal caribou: winter

Land cover (open) -0.164 0.026 -0.216 -0.112 -6.235 <0.001
Elevation (m) 55.898 1.321 53.310 58.486 42.331 <0.001
Elevation? (m) -56.592 1.327 -59.194 -53.991 -42.638 <0.001
Slope 0.105 0.0323 0.041 0.169 3.194 0.002
Slope? -0.434 0.036 -0.505 -0.363 -12.013 <0.001
Harvest 0.256 0.048 0.161 0.351 5.295 <0.001
Harvest? 0.038 0.043 -0.047 0.122 0.869 0.385
Fire 0.016 0.050 -0.082 0.113 0.315 0.752
Fire? 0.059 0.0480 -0.035 0.153 1.235 0.217
Pine beetle -0.645 0.032 -0.708 -0.582 -19.962 <0.001
Pine beetle? 0.286 0.030 0.227 0.344 9.605 <0.001

Boreal caribou: summer

Land cover (open) 0.265 0.032 0.202 0.328 8.233 <0.001
Elevation (m) -18.360 2.523 -23.306 -13.414 -7.276 <0.001
Elevation? (m) 19.213 2.522 14.269 24.156 7.617 <0.001
Slope -0.375 0.041 -0.455 -0.294 -9.115 <0.001
Slope? -0.087 0.049 -0.183 0.010 -1.763 0.078
Harvest 0.789 0.062 0.667 0.911 12.685 <0.001
Harvest? -1.230 0.065 -1.337 -1.082 -18.544 <0.001
Fire -3.057 0.199 -3.448 -2.666 -15.335 <0.001
Fire? 3.368 0.191 2.994 3.742 17.643 <0.001
Pine beetle 0.717 0.090 0.541 0.894 7.983 <0.001
Pine beetle? 0.067 0.076 0.083 0.217 0.879 0.380

RESULTS
Boreal caribou (LS)
The RSF models indicated that boreal caribou from the LS population avoided areas with higher densities of

pine beetle disturbance during winter but selected them during summer (Table 1; Figure 3A,B, note that the
table presents the summary of results from the GLMM, while the figures depict the relative probability of
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FIGURE 3 Relative probability of boreal caribou and central mountain caribou habitat selection in relation to
mountain pine beetle (MPB), timber harvest, and fire during winter (blue) and summer (orange), in west-central
Alberta, Canada, during 2008-2010. The relative probability of selection is depicted when the individual is locally
(30x30 m) within forested or open land cover. All disturbance variables represent percent density at a 5-km radius.
Dashed lines are estimates for each individual caribou. Scales for relative probability of selection on the y-axis have
been adjusted to improve legibility. Significant variables are marked with an asterisk.

selection based on the RSF as described above). These caribou selected areas with higher densities of timber
harvest during winter, and avoided timber harvest during summer (Table 1; Figure 3C,D). There was no
response by these caribou to fire during winter, but they selected areas with higher densities of fire during
summer (Table 1; Figure 3E,F), though notably fire was rare overall within home ranges in the LS population
range (Table S3). Generally, these boreal caribou selected forested areas during winter and open areas during
summer (Figure 3). They selected lower elevations during winter, higher elevations during summer, and flatter
areas (lower slopes) year-round (Table 1; Figure S8). K-fold cross-validation demonstrated that both models
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TABLE 2 Estimated B coefficients, standard errors (SE), lower and upper 95% confidence intervals, Z-values,
and P-values (* denotes significant effects) for models of central mountain caribou habitat selection during winter
and summer in west-central Alberta, Canada, during 2008-2010. The reference category for land cover was forest.
Harvest refers to timber harvesting. We log.-transformed and scaled the numerical variables to improve model
convergence and included them as single and quadratic terms to allow for non-linear patterns. Disturbance metrics
(pine beetle, fire, harvest) represent the percent of area disturbed within a 5-km radius.

Fixed effects Estimate SE Lower 95% CI Upper 95% CI zZ P

Central mountain caribou: winter

Land cover (open) 0.739 0.015 0.711 0.768 51.058 <0.001*
Elevation (m) -5.932 0.374 -6.665 -5.199 -15.861  <0.001*
Elevation? (m) 6.434 0.374 5.700 7.167 17.187  <0.001*
Slope 0.691 0.026 0.641 0.742 26.850  <0.001*
Slope? -1.275 0.027 -1.328 -1.221 -46.757  <0.001*
Harvest 1.146 0.028 1.090 1.201 40452  <0.001*
Harvest? -2.295 0.049 -2.390 -2.199 -47.062  <0.001*
Fire -0.120 0.018 -0.155 -0.084 -6.663  <0.001*
Fire? -0.022 0.018 -0.058 0.014 -1.209 0.226
Pine beetle 0.533 0.016 0.503 0.563 34460  <0.001*
Pine beetle? -0.458 0.016 -0.489 -0.426 -28.408  <0.001*

Central mountain caribou: summer

Land cover (open) 1.068 0.026 1.017 1.118 41.709 <0.001*
Elevation (m) 14.090 1.006 12.117 16.062 14000  <0.001*
Elevation? (m) -13.318 0.996  -15.270 -11.366 -13.375  <0.001*
Slope 0.943 0.052 0.841 1.046 18.044  <0.001*
Slope? -1.319 0.052 -1.319 -1.217 -25.341 <0.001*
Harvest 1.057 0.060 0.939 1.175 17.594  <0.001*
Harvest? -1.832 0.139 -2.104 -1.560 -13.196  <0.001*
Fire 0.298 0.031 0.238 0.358 9.750  <0.001*
Fire? -0.285 0.032 -0.347 -0.223 -8.995 <0.001*
Pine beetle -0.198 0.026 -0.247 -0.149 -7.893  <0.001*
Pine beetle? 0.186 0.028 0.132 0.240 6.766  <0.001*

had a high predictive performance, with a mean Spearman correlation of r¢ = 0.97 for winter and rs = 0.96 for
summer (Table S9; Figure S10).

Contrary to expectations, boreal caribou did not exhibit a functional response to pine beetle disturbance during
winter or summer, though there was a nonsignificant trend indicating reduced use of pine beetle areas in home
ranges with higher pine beetle densities during winter (i.e., use less than proportional to availability; Figure 5A,B;
Table S7). During winter, these caribou reduced proportional use of timber harvest when in home ranges with lower
timber harvest densities, though this was largely proportional to availability (Figure 5C; Table S7). During summer,

we did not find significant evidence of a response to harvesting, though there was a trend indicating reduced use at
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TABLE 3 Estimated B coefficients, standard errors (SE), lower and upper 95% confidence intervals, Z-values,
and P-values (* denotes significant effects) for models of moose habitat selection during winter and summer in
west-central Alberta, Canada, during 2008-2010. The reference category was forest for land cover and female for
sex. We log.-transformed and scaled the numerical variables to improve model convergence and included them as
single and quadratic terms to allow for non-linear patterns. Disturbance metrics (pine beetle, fire) represent the
percent of area disturbed within a 5-km radius.

Fixed effects Estimate SE Lower 95% CI Upper 95% CI V4 P

Moose: winter

Land cover (open) -0.672 0.048 -0.767 -0.577 -13.877 <0.001
Sex (male) -0.817 0.256 -1.318 -0.316 -3.194 0.001
Elevation (m) 9.883 0.753 8.406 11.359 13.121 <0.001
Elevation? (m) -10.667 0.765 -12.150 -9.184 -14.100  <0.001*
Slope -0.518 0.035 -0.587 -0.449 -14.714  <0.001*
Slope? 0.304 0.039 0.229 0.380 7.878 <0.001*
Fire -1.100 0.070 -1.234 -0.960 -15.730  <0.001*
Fire? 1.105 0.056 0.994 1.215 19.612 <0.001*
Pine beetle -0.506 0.146 -0.792 -0.220 -3.466 <0.001*
Pine beetle® 0.225 0.175 -0.118 0.568 1.286 0.198
Land cover (open) x sex (male) 1.200 0.055 1.092 1.307 21.842 <0.001*
Fire x sex (male) 0.894 0.141 0.618 1.170 6.350 <0.001*
Fire? x sex (male) -1.292 0.159 -1.604 -0.981 -8.141 <0.001*
Pine beetle x sex (male) 0.806 0.157 0.498 1.113 5.135 <0.001*
Pine beetle? x sex (male) -0.396 0.181 -0.751 -0.040 -2.180 0.029*

Moose: summer

Land cover (open) -0.610 0.046 -0.701 -0.519 -13.159 <0.001*
Sex (male) 0.923 0.801 -0.646 2.492 1.153 0.249
Elevation (m) 0.139 1.117 -2.040 2.317 0.125 0.901
Elevation? (m) -0.215 1.110 -2.390 1.961 -0.193 0.847
Slope 0.907 0.058 0.794 1.021 15.629 <0.001*
Slope? -1.040 0.060 -1.157 -0.922 -17.315 <0.001*
Fire -1.271 0.207 -1.677 -0.865 -6.136  <0.001*
Fire? 1.228 0.154 0.925 1.530 7.961 <0.001*
Pine beetle -3.459 0.433 -4.308 -2.610 -7.984  <0.001*
Pine beetle? 1.551 0.490 0.590 2.512 3.164 0.002*
Land cover (open) x sex (male) 0.604 0.060 0.486 0.722 10.010 <0.001*
Fire x sex (male) 2.147 0.236 1.684 2.611 9.084 <0.001*
Fire? x sex (male) -2.274 0.212 -2.689 -1.859 -10.749 <0.001*
Pine beetle x sex (male) 2.696 0.436 1.841 3.551 6.180 <0.001*
Pine beetle? x sex (male) -0.834 0.492 -1.798 0.130 -1.695 0.09
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FIGURE 4 Relative probability of moose habitat selection in relation to mountain pine beetle (MPB) and fire in
west-central Alberta, Canada, during 2008-2010. Females’ responses during winter (blue) and summer (orange) and
males’ responses during winter (green) and summer (red) are depicted. The relative probability of selection is
depicted when the individual is locally (30x30 m) within forested or open land cover. All disturbance variables
represent percent density at a 5-km radius. Dashed lines are estimates for each individual caribou. Scales for
relative probability of selection on the y-axis have been adjusted to improve legibility. Significant variables are
marked with an asterisk.

higher densities (Figure 5D; Table S7). There was no functional response to fire during winter, but during summer
they were more likely to use fire as densities increased across home ranges (Figure 5E,F; Table S7). Although we
found moderate to strong evidence for non-linear effects of harvest during winter (P =0.023), the limited sample

size resulted in large confidence intervals, limiting the strength of inferences.

Central mountain caribou (RPC)

Central mountain caribou from the RPC population avoided areas with higher densities of pine beetle disturbance
during winter and selected areas with pine beetles during summer (Table 2; Figure 3G,H). These caribou avoided
areas with higher densities of timber harvest and fire during winter and summer (Figure 31,J,K,L). They also selected
open areas (Figure 3), high elevations in summer and all elevations in winter, and flatter slopes across winter
and summer (Table 2; Figure S8). Both models had good to high predictive performance (mean winter rs = 1, summer
rs=0.75; Table S9; Figure S10).

During winter, central mountain caribou did not exhibit a functional response to pine beetle disturbance, though
there was a nonsignificant trend indicating reduced use of pine beetle areas in home ranges with higher pine beetle
densities (Figure 5G; Table S7). During summer, they displayed a functional response, with reduced use as pine beetle
densities increased across home ranges (Figure 5H; Table S7). These caribou also displayed functional responses to
timber harvest in both winter and summer, with reduced use as timber harvest densities increased across home
ranges (Figure 51,J; Table S7). Finally, these mountain caribou displayed a functional response to fire in winter, with
use increasing as fire densities increased across home ranges (Figure 5I; Table S7; P < 0.001). There was no functional
response to fire in summer (Figure 5L; Table S7).
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Moose

Moose displayed inverse results, depending on sex. Females avoided areas with higher densities of pine beetle
disturbance in winter and summer (Table 3; Figure 4A,B), whereas males selected them (Figure 4C,D). Conversely,
females selected areas with greater densities of fire in both winter and summer (Figure 4E,F), whereas males
avoided them (Figure 4G,H).

Both sexes selected forested areas in both seasons (Figure 4). They selected lower elevations and
flatter slopes in winter. We did not find evidence of an effect of elevation in summer, and individuals selected
flatter slopes at this time of year (Table 3; Figure S8). K-fold cross-validation demonstrated that both models
had good predictive performance (mean winter rg=0.83, summer r; = 0.67; Table S9; Figure S10). In terms of
overall population responses, while non-linearity was detected in pine beetle functional response models, in
general, moose use of pine beetle and fire was largely proportional to availability across home ranges
(Figure 5M-P; Table S7).

DISCUSSION
Responses to pine beetles

As predicted, both boreal and central mountain caribou avoided pine beetles in winter. Our models also indicated
that both caribou populations may have a functional response, decreasing proportional use as pine beetle densities
increase across home ranges, but this was not significant. In contrast with our predictions, trends were reversed
during summer, with both populations of caribou selecting areas with higher densities of pine beetle. However, our
functional response models indicated that, at least for central mountain caribou, proportional use of pine beetle in
summer was low compared to availability when in more disturbed home ranges. Moose responses were more
complex than was initially anticipated. We expected moose to select for all disturbance types at all times of year,
regardless of sex. However, we found that female moose avoided pine beetle disturbance in winter and summer,
while male moose selected it across both seasons. Functional response models showed proportional use to
availability, but both sexes were grouped for a population-wide assessment of trends in these models, highlighting
how sex-specific responses may become masked.

In terms of the seasonal differences in caribou responses to pine beetle, it has been well documented that
caribou display seasonal shifts in diet (i.e., ingesting lichen during winter, vascular plants during summer; Nobert
et al. 2020, Webber et al. 2022). Thus, the avoidance of pine beetle we observed during winter may be due to loss
of lichen cover soon after infestation (3-5 years; Cichowski et al. 2022). However, studies from the same area
suggest lichen cover may not be affected by pine beetles even 10-15 years after infestation (Nobert et al. 2020).
The avoidance of pine beetle areas we observed could be driven by other environmental factors that have been
influenced by pine beetles. For example, increased snow depth under pine beetle-thinned canopies may negatively
affect caribou access and movement (Cichowski 2010). Caribou might also be more vulnerable to predation in areas
impacted by pine beetles and are adapting their behavior accordingly. For example, other ungulates, like deer, may
use pine beetle areas because of increased availability of early seral forage (Pec et al. 2015), attracting shared
predators of caribou (i.e., disturbance-mediated apparent competition; Neufeld et al. 2021). However, the exact
mechanisms driving the caribou response we observed are currently unknown and warrant further investigation.

Caribou shifting from avoiding to selecting pine beetle-impacted areas in summer may reflect seasonal transitions to
consuming vascular plants (Webber et al. 2022). Alternatively, whatever factor is driving avoidance in winter may no
longer be limiting during summer. For example, snowmelt may make pine beetle-impacted areas more accessible during
summer. Summer use of pine beetle-impacted areas by caribou suggests that it is not inaccessibility due to treefall

driving avoidance during winter, as this would continue into summer (Lewis and Hartley 2006).
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While the RSF indicated selection for pine beetle-impacted areas during summer, while controlling for other factors,
the functional response model indicated that pine beetle use was lower than expected given availability across mountain
caribou summer home ranges. As RSF models showed that these caribou are using open areas and higher elevations
(also in accordance with observed range contractions; MacNearney et al. 2016), the functional response we observed
during summer may reflect the lower densities of pine beetle in alpine and subalpine areas (Sambaraju and
Goodsman 2021). However, they did still avoid pine beetle in winter, so pine beetle infestations may contribute further
to observed reductions in caribou winter habitat over time (Gibson et al. 2008, MacNearney et al. 2016).

We expected both male and female moose (as generalists) to display opposite responses to caribou (as specialists)
towards pine beetle infestations. However, we found that female moose avoided pine beetle-impacted areas during
summer and winter, while male moose selected them. Differences in selection between male and female moose have been
reported previously and may be driven by their different ecological needs, body size, and reproductive status
(Mumma et al. 2018, Joly et al. 2016, Finnegan et al. 2023). For example, female moose with calves prioritize forage quality
(Francis et al. 2021). The time since pine beetle infestation in our analyses may be too recent to increase the availability of
vascular plants in impacted areas, meaning that there is no high-quality forage to drive selection of these areas by female
moose. Instead, this avoidance may simply reflect their preference for deciduous or riparian land cover types during this
season (Timmermann and McNicol 1988). Winter avoidance by female moose may be due to greater snow depth in these
areas, which calves may have difficulty traversing (Lima and Dill 1990). In contrast, it has been shown that herbaceous
plant productivity rapidly increases within 5 years of pine beetle infestations, even when vascular plant growth does not
(Pec et al. 2015). Male moose may prioritize consumption of large quantities of forage over quality, as outlined by the
forage selection hypothesis (Main 2008), and may therefore be able to maximize on the forage available in pine beetle-
infested areas during summer. In terms of their selection for these areas in winter, larger males are less likely to be

impeded by deeper snow and may continue to select for the forage available in more open areas (Telfer and Kelsall 1979).

Responses to timber harvest and fire

We found that responses to our proxies for pine beetle management varied across species and populations. As predicted,
central mountain caribou in the RPC population avoided areas with higher densities of timber harvest and fire, likely due to
the risk of increased mortality and reduced lichen availability (Stevenson et al. 2024). Functional response models also
showed that, as predicted, central mountain caribou increasingly avoided timber harvest as it became more available
across home ranges (Schaefer and Mahoney 2007). This relationship was inverted for fire, with central mountain caribou
easing avoidance of burned areas as they became more available across home ranges. This response may reflect an
inability to avoid burned areas within their already restricted home ranges (density of fire was higher than density of timber
harvest within home ranges for this population; Table S3; Figure 2; MacNearney et al. 2016).

Female moose displayed the opposite response to central mountain caribou, selecting areas with higher
densities of fire (timber harvest was excluded from models). Previous research has shown that moose use fires,
likely to access the forage available in burned areas (DeMars et al. 2019, Johnson and Rea 2023, Mumma
et al. 2024). For female moose, the forage associated with burned areas, in comparison to pine beetle-infested areas

FIGURE 5 Functional responses in habitat use and selection by boreal caribou, central mountain caribou, and
moose in west-central Alberta, Canada, during 2008-2010. Models included mountain pine beetle (MPB), timber
harvest, and fire density across both winter (blue) and summer (orange). Dashed lines indicate proportional habitat
use and black dots indicate individuals. Shaded areas are 95% confidence intervals. Asterisks indicate models that
were best fit by quadratic formulae, with the P-value provided, whereas the range is provided for linear models.
Significant functional responses are detected either by a quadratic model being the model of best fit or by a linear
model significantly varying from proportional use after the confidence intervals have been considered.
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(McClelland et al. 2023), may outweigh the risks associated with access (e.g., snow depth, predation; Francis
et al. 2021). As previously outlined, the contrasting response by male moose may be driven by differing ecological
needs across the year, and by body size. For example, as male moose are larger than females, they may struggle to
thermoregulate in open, burned areas in summer (van Beest et al. 2012).

Boreal caribou from the LS population displayed more complex and variable relationships with our proxies for pine
beetle management than central mountain caribou or moose. Boreal caribou did not respond to fire during winter but
selected it during summer. However, the boreal population in our study (LS) had low densities of fire in its overall range
(Figure 2; Table S3; Russell et al. 2016). Therefore, this selection may reflect a preference for forests where fires also occur,
rather than selection for fire itself. Evaluating functional responses to fire relative to other characteristics of home ranges
(e.g., % undisturbed, land cover type) might help to explain this result further, but it was beyond the scope of this study.
Contrasting with previous research and central mountain caribou responses (Schaefer and Mahoney 2007, Finnegan
et al. 2021), we found that these boreal caribou selected harvested areas during winter. Our functional response models
indicated that individuals with lower levels of timber harvest in their winter ranges trended towards not using it, though
results were broadly proportional to availability. These boreal caribou did, however, avoid timber harvest in summer. At the
time of this study, the LS population had the highest level of anthropogenic disturbance of any boreal caribou population in
Canada, with almost 90% of its range being disturbed (Semeniuk et al. 2012). Little Smoky caribou avoid timber harvest at
the landscape scale (i.e., when selecting home ranges within their greater population range), but this effect is typically
weakened at the home range scale, which we assessed (DeCesare et al. 2012). Seasonal dependency on old-growth pine
forests for lichen during winter may be driving use of remaining mature forest stands within their home ranges, even if the
surrounding 5-km-radius area is disturbed by timber harvest, making it seem like they are selecting for the timber harvest
itself. Our winter functional response model supports this explanation, as individuals with less timber harvest in their home
ranges displayed lower proportional use of timber harvest. This result highlights the importance of applying functional
response models when interpreting patterns of habitat selection relative to disturbance, particularly in highly disturbed
landscapes such as the LS range. In comparison, seasonal shifts in diet, reproductive status, and use of different land cover
types likely drove avoidance of timber-harvested areas during summer. For example, caribou are not as reliant on lichen
consumption in mature stands during summer months, and female caribou with young calves may reduce use of all heavily
timber-harvested areas to avoid predation pressure (Viejou et al. 2018).

Limitations and further research

The limited GPS location data available during the initial stages of pine beetle infestation means that some of our
estimated relationships in functional response models were uncertain. It also meant that we had to combine female
and male moose into a single population model, which masked any sex-specific responses. Data collected across
broader spatiotemporal scales might reveal more robust patterns, as would extending analyses to assess responses
at the landscape scale (i.e., second order; Johnson 1980). Additionally, as stated, because there were limited data on
pine beetle-specific management actions, we used available satellite data on timber harvest and fires as broad
proxies for pine beetle salvage logging and prescribed burns. Larger GPS datasets may enable more complex and
direct modeling of pine beetle management actions, for example by including the size and percent canopy removal
of disturbances or by directly comparing different timber harvesting and fire types (wildfire vs. prescribed burns).
The effects of timber harvest on moose also require further study, including disentanglement from the effects of
elevation. Additionally, future studies could assess the responses of other species, particularly other generalist
ungulates and predators, to unravel the potential role of predation risk as a driver in the patterns we observed
(Curveira-Santos et al. 2024). Finally, while we assessed 2 designatable units of caribou (i.e., boreal and central
mountain), we only assessed a single population from each. We, therefore, recommend that future research extend
this analysis across other populations to determine the transferability of our results.

85UB217 SUOWIWOD aAIR1D aqed!|dde ay) Aq peusenob are sapie YO ‘s Jo Sajni Joj AreiqiauljuQ 8|1\ UO (SUONIPUOD-pUe-SWLB)/W0D A8 1M Ale.q Ul juo//Sdiy) SUonIpuoD pue swie | 8yl 88s *[SZ0z/L0/z] uo Ariqi auljuo A8im epeueD juswiuoiAug Ag §900. BwmifzooT 0T/1I0p/wod A im Arigipuliuoap|im//Sdny woiy papeojumod ‘0 ‘LT82.E6T



18 of 22 | GRIFFIN ET AL

MANAGEMENT IMPLICATIONS

Pine beetles typically attack mature forests, which caribou are ecologically dependent upon and are used by
moose during winter. It is, therefore, concerning that caribou and female moose avoided pine beetle-disturbed
areas, particularly so soon after initial infestations. This indicates that insect infestations may further reduce
habitat available to caribou and moose cumulatively to the impacts of human disturbance. Caribou also displayed
complex and often avoidant responses towards timber harvest and burns. However, LS caribou showed positive
responses to fire where fire occurrence was limited, suggesting that investigations into the benefits or impacts of
fire management activities such as small-scale prescribed burning, Indigenous fire stewardship, or single-tree cut
and burn may be useful. Given the accelerating impacts of climate change and compounding pressures faced by
these species, our study highlights the need for effective early detection, response, and management of insect
infestations like pine beetle, with the ultimate goal of ensuring sustainable outcomes for both wildlife and

humans.
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