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To halt ongoing loss in biodiversity, there is a need for landscape-level management
recommendations that address cumulative impacts of anthropogenic and natural
disturbances on wildlife habitat. We examined the cumulative effects of logging, roads,
land-use change, fire, and bark beetle outbreaks on future habitat for olive-sided
flycatcher (Contopus cooperi), a steeply declining aerial insectivorous songbird, in
Canada’s western boreal forest. To predict the occurrence of olive-sided flycatcher we
developed a suite of habitat suitability models using point count surveys (1997–2011)
spatially- and temporally-matched with forest inventory data. Flycatcher occurrence was
positively associated with small (∼10 ha) 10- to 20-year-old clearcuts, and with 10–
100% tree mortality due to mountain pine beetle (Dendroctonus ponderosae) outbreaks,
but we found no association with roads or distance to water. We used the parameter
estimates from the best-fit habitat suitability models to inform spatially explicit state-
and-transition simulation models to project change in habitat availability from 2020 to
2050 under six alternative scenarios (three management × two fire alternatives). The
simulation models projected that the cumulative effects of land use conversion, forest
harvesting, and fire will reduce the area of olive-sided flycatcher habitat by 16–18%
under Business As Usual management scenarios and by 11–13% under scenarios that
include protection of 30% of the land base. Scenarios limiting the size of all clearcuts to
≤10 ha resulted in a median habitat loss of 4–6%, but projections were highly variable.
Under all three management alternatives, a 50% increase in fire frequency (expected
due to climate change) exacerbated habitat loss. The projected losses of habitat in
western boreal forest, even with an increase in protected areas, imply that reversing
the ongoing population declines of olive-sided flycatcher and other migratory birds will
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require attention to forest management beyond protected areas. Further work should
examine the effects of multiple stressors on the demographic mechanisms driving
change in aerial insectivore populations, including stressors on the wintering grounds
in South America, and should aim to adapt the design of protected areas and forest
management policies to projected climate-driven increases in the size and frequency
of wildfires.

Keywords: aerial insectivore, bark beetle outbreak, clearcut logging, climate change, cumulative effects, habitat
suitability, landscape simulation, wildfire

INTRODUCTION

Over the past half century, steep population declines in terrestrial
birds have coincided with changes in climate and land-use
patterns across North America (Butchart et al., 2010; Northrup
et al., 2019). Climate-driven increases in the frequency and
intensity of natural disturbance events, such as fire and insect
outbreaks, may compound or ameliorate the negative effects of
human-induced habitat loss on bird populations (Vitousek, 1994;
Betts et al., 2017). Over the 50-year period from 1966 to 2006,
birds that feed on flying insects, or aerial insectivores, showed
the strongest declines of any songbird group in North America,
with long-distance migrants (to South America) showing the
most acute negative trends (Nebel et al., 2010; Smith et al., 2015;
Rosenberg et al., 2019). To halt these widespread declines, we
need policies that identify and minimize loss of critical habitat,
account for climate change, and fully integrate biodiversity goals
(Butchart et al., 2010; Favaro et al., 2014; Nebel et al., 2020).
Such policies can be developed quantitatively by using avian
habitat models in landscape simulations to project future habitat
conditions under a range of land-use scenarios and natural
disturbance events (Mahon et al., 2014).

There is strong evidence that natural and anthropogenic
disturbances drive changes in bird populations, especially in
systems that experience large-scale natural disturbance events,
such as boreal and hemi-boreal forests (Drapeau et al., 2000;
Schmiegelow and Mönkkönen, 2002; Norris and Martin, 2010). It
has been hypothesized that boreal birds are adapted to large-scale
natural disturbances, such as insect outbreaks and fire, making
them more resilient to human-caused fragmentation (e.g., forest
harvesting, roads, and/or oil and gas pipelines) relative to
species occupying habitats with less frequent natural disturbances
(Schmiegelow and Mönkkönen, 2002; Schmiegelow and Villard,
2009). Indeed, some species and even entire communities show
positive population-level responses to some levels of forest
harvesting in the boreal and hemi-boreal forests of Canada
(Lemelin et al., 2007; Drever and Martin, 2010). However, recent
evidence suggests that forest harvesting, in the presence of other
disturbances such as those associated with oil and gas extraction,
can have compounding negative effects for many boreal bird
species (Mahon et al., 2019). Furthermore, climate change is likely
to exacerbate negative population-level responses to harvesting
in boreal forests (Cadieux et al., 2020). In addition to current
and significant industrial activity in northern and western forests,
climate change is projected to increase the frequency and severity
of fires and insect outbreaks (Wootton, 2010; Cohen et al., 2019).

In British Columbia, the area burned annually by wildfires
was three times higher in 2017 and 2018 compared with the
previous decade (Government of British Columbia, 2019a), after
years of major outbreaks of mountain pine beetle (Dendroctonus
ponderosae). Thus, to understand and reverse population declines
of birds breeding in severely climate-impacted western boreal
forests, there is a need to evaluate the cumulative, additive,
and/or interactive effects of multiple natural and human-induced
disturbances (cumulative effects; Schmiegelow and Villard, 2009;
Duinker et al., 2012; Mahon et al., 2014).

To assess cumulative effects of multiple disturbances on
boreal migratory birds, Mahon et al. (2014) modeled future
habitat supply and population size for a suite of species
under various landscape change scenarios. They found that
population objectives set for these species (Government of
Canada, 2013) would not be met under the current climate and
current management prescriptions. The study provided a robust
framework for assessing cumulative effects, developed habitat-
based objectives required to restore or maintain populations, and
highlighted the need to incorporate population-specific habitat
requirements in regional cumulative effects assessment processes
to simulate future habitat availability in other parts of the boreal
forest where habitat associations likely differ.

Here, we assess the cumulative effects of multiple stressors on
habitat suitability for the steeply declining olive-sided flycatcher
(Contopus cooperi), across multiple spatial and temporal scales in
boreal forest in the southern Peace River region of northeastern
British Columbia (Supplementary Figure 1). Pressed against the
east side of the northern Rocky Mountains (North America’s
continental divide), the southern Peace River region is part of a
major avian migration route and home to one of Canada’s most
diverse avian assemblages (Campbell et al., 1997), but is under
intense development pressure from hydroelectric dams, mining,
agriculture, forestry, and oil and gas production (Nitschke,
2008). It therefore represents an important location to examine
the cumulative effects of multiple stressors on avian habitat.
We chose to study the olive-sided flycatcher because it is a
broadly distributed, elevational generalist, aerial insectivorous
bird species, undergoing steep population declines across the
Americas, including a decline of approximately 70% in Canada
between 1970 and 2017 (Smith et al., 2019). Olive-sided
flycatchers are typically associated with small forest gaps created
by fire and/or tree mortality in disturbance-driven forested
ecosystems, and ∼40% of all individuals that occur in Canada
breed in British Columbia (Haché et al., 2014; Altman and
Sallabanks, 2020; Boreal Avian Modelling Project, 2020).
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Our objective was to assess the cumulative effects of multiple
human-induced and natural environmental stressors on olive-
sided flycatchers, using a stepwise approach. First, we built
Bayesian generalized linear mixed-effects models that predicted
occurrence of flycatchers in point count surveys from spatially-
and temporally-matched forest inventory data, to determine
how multiple environmental factors influence habitat suitability.
Second, we used spatially explicit state-and-transition simulation
models to project future land use, forest harvesting and regrowth,
fires, and insect outbreaks, under six scenarios representing
the combination of three management alternatives and two fire
alternatives (Table 1). The management alternatives included
(1) Business As Usual, (2) Increased Protected Area (protect
from harvest 30% of the land base by adding protection to
publicly managed forest with a stand older than 75 years and
affected by mountain pine beetle), and (3) Reduced Cutblock Size
(restrict timing and size of cutblocks to match optimal habitat
conditions as defined by habitat suitability models). The fire
alternatives were (1) Baseline Fire (current conditions) and (2)
Increased Fire [fire frequency increased by 50% compared to
current conditions, following projections for British Columbia
under the Intergovernmental Panel on Climate Change (IPCC)-
A2 emissions scenario; Wootton, 2010]. Third, we used our best-
supported habitat suitability models to predict habitat suitability
for olive-sided flycatcher at baseline (current conditions) and
under each future scenario. Based on previous research (Haché
et al., 2014; Bale et al., 2019; Westwood et al., 2019), we expected
that olive-sided flycatcher densities would be highest in forest
stands with small openings, such as wetlands and roads, but
show thresholds in response to disturbances such that larger
clearcuts would have negative effects on abundance. We further
expected that land cover change (from forest to other uses, e.g.,
cropland or urban), clearcut logging, and fire would exacerbate
habitat loss over the coming decades under Business As Usual
scenarios, but that conservation measures represented in the
Increased Protected Area and Reduced Cutblock Size scenarios
would mitigate habitat loss.

MATERIALS AND METHODS

Study Area
The southern Peace River region of northeastern British
Columbia (Dawson Creek Timber Supply Area) covers about
2.6 million ha of boreal forest between the boreal plains in
the east and the central Canadian Rocky Mountains in the

west (Government of British Columbia, 2013; Supplementary
Figure 1). The climate is characterized by cold, prolonged
winters and warm, short summers, and the area includes
four biogeoclimatic zones: Boreal White and Black Spruce,
Engelmann Spruce-Subalpine Fir, Sub-Boreal Spruce, and Alpine
Tundra (Pojar et al., 1987). The primary tree species are
white spruce (Picea glauca), black spruce (Picea mariana),
lodgepole pine (Pinus contorta), subalpine-fir (Abies lasiocarpa),
trembling aspen (Populus tremuloides), and balsam poplar
(Populus balsamifera); mixed coniferous/broadleaf stands are
common. The mean allowable annual cut within the 758,335 ha
available for harvest in the Dawson Creek Timber Supply Area
was 1.81 million m3 for the study period between 1998 and 2011
(Government of British Columbia, 2014).

Olive-sided Flycatcher Data
We acquired point count datasets from the Breeding Bird Atlas
compiled by Birds Canada (2008–2011; BC Breeding Bird Atlas,
2008) and from the Wildlife Species Inventory provided by
the BC Ministry of Environment and Climate Change Strategy
(1993–2011; Government of British Columbia, 2020a). We
included only point counts conducted by a stationary observer
over a fixed length of time and geo-referenced within the
Dawson Creek Timber Supply Area between 54.5 degrees and
56.5 degrees latitude (Supplementary Figure 1). All point counts
were conducted in forested ecosystems (Supplementary Table 1).
Some points were missing the spatial coordinates of the observer’s
location, but included coordinates for each bird detected. In
these cases, we took the centroid of all bird coordinates as
the point count location. Combining datasets resulted in some
repeated points (same day, location within two point count
radii), and these were removed by eliminating the corresponding
Breeding Bird Atlas points. Because point count surveys were
designed to capture abundance and diversity of multiple species
of resident and migratory birds, many were conducted before
olive-sided flycatchers arrived from wintering grounds or after
their main period of vocal activity. We therefore constrained
the dataset to points between 31 May (earliest detection of
olive-sided flycatcher) and 29 June (1 day after penultimate
detection of 28 June; latest detection was 19 July) for all years
(Supplementary Figure 2).

All point counts were conducted between 0400 and 1000 h,
but protocols varied with respect to point count radii (80 m,
100 m, 200 m, or unlimited distance) and duration (3, 5, 8,
or 10 min per point count). The probability of detecting birds
during any given breeding bird survey (detectability) is the

TABLE 1 | Landscape simulation scenarios applied to current landscape in the southern Peace River region of British Columbia, Canada.

Scenario Management Fire probability

Business As Usual, Baseline Fire Cut size and land conversion follow historic rates Historic rates

Business As Usual, Increased Fire Cut size and land conversion follow historic rates 50% increase

Increased Protected Area, Baseline Fire Protect 30% of land base >75 years old and affected by mountain pine beetle Historic rates

Increased Protected Area, Increased Fire Protect 30% of land base >75 years old and affected by mountain pine beetle 50% increase

Reduced Cutblock Size, Baseline Fire Restrict clearcut size to ≤10 ha Historic rates

Reduced Cutblock Size, Increased Fire Restrict clearcut size to ≤10 ha 50% increase
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product of the singing rate of individuals (availability) and the
probability of the observer receiving the cue (perceptibility;
Diefenbach et al., 2007). We calculated an offset correction factor
(QPAD) by applying previously published estimates of singing
rate and effective detection radius for olive-sided flycatcher from
a Canada-wide study (Boreal Avian Modelling Project, 2020) to
correct our occurrence data according to the survey duration and
radius of each count in the R package “qpad” (Sólymos et al.,
2013; Sólymos, 2016). We calculated the probability of detection,
p = 0.788, and the effective detection radius, EDR = 121 m.
Singing rate for this species can decline during the day (i.e.,
from dawn to afternoon) and as breeding stage advances (i.e.,
from female arrival through nest building and care of young;
Wright, 1997). It is possible that some individuals were missed
due to point counts occurring late in the morning or after pair
formation; however, we were unable to account for these factors
due to limitations in the data.

Land Cover Data
Georeferenced land cover data were acquired from multiple
sources and matched to point count locations using the North
American Datum 1983 and BC Environment Albers coordinate
reference system, in the program ArcGIS (Environmental
Systems Research Institute [ESRI], 2015). We used data from
the Freshwater Atlas of British Columbia (Government of British
Columbia, 2016d) to determine the planar distance from each
point count location to the nearest body of water (wetland, lake,
or river). We used annual aerial insect surveys (Government of
British Columbia, 2020b) to determine the presence and severity
of mountain pine beetle infestation at each point count location:
zero if no recently killed trees were detected in the polygon,
light if 0–10% of trees were recently killed; moderate to very
severe if 11–100% of trees were killed (severity classifications;
Government of British Columbia, 2019b). We used data from
the British Columbia Digital Road Atlas (Government of British
Columbia, 2016c) to determine the type of any roads within
a 50-m radius of the point count (paved or unpaved road vs.
no roads). Trails were not considered as roads. Using British
Columbia forest cutblock and fire perimeter data (Government
of British Columbia, 2016a,b), we determined size and time since
cutting or fire for any cutblock or burned area occurring within a
50-m radius of the point count. Median cutblock size where point
counts were conducted was 47 ha and cuts occurred a median of
6 years prior to the point count survey. We had no point counts
in recent burns (<15 years old), and thus we were unable to
model the direct effects of fire on habitat suitability. Therefore,
we assumed that olive-sided flycatchers would respond to forest
gaps created by fire in the same way as they responded to gaps
created by clearcuts (Altman and Sallabanks, 2020; see Simulation
of Future Habitat, below).

Habitat Suitability Models
We analyzed data following the protocol described in Zuur
et al. (2010). Since olive-sided flycatcher populations likely vary
year-to-year at a regional scale, we included year as a random
effect in habitat suitability models. All predictor variables were
checked for pairwise correlations before including in the same

models, and no pairs exceeded a Spearman’s rank correlation
coefficient of 0.5. Habitat suitability models were created and
evaluated in RStudio running R version 3.5.3 (R Core Team,
2019). We applied the QPAD offset correction factor to the olive-
sided flycatcher occurrence data, so that the response variables
produced the probability of occurrence per hectare, while
accounting for detection error. Although we had a large sample
of point counts (n = 1134), detections of olive-sided flycatcher
were sparse (n = 43), and initial attempts to model presence
(1) or absence (0) of flycatchers using Generalized Linear
Models resulted in complete or quasi-complete separation of the
data, with most models failing to converge. We thus employed
penalized regression by using the bglmer command in the blme
package (Chung et al., 2013) to model presence/absence of
olive-sided flycatcher using Bayesian Generalized Linear Models
(binomial family, logit link), imposing zero-mean Normal priors
(with a standard deviation of 3) on the fixed effects (Bolker,
2015). A standard deviation of 2.5 or 3.5 gave very similar
results (Supplementary Figure 3). We specified optimization by
quadratic approximation (BOBYQA) with 200,000 iterations.

We were unable to include all potential predictors in a single
habitat model because some variables of interest were mutually
exclusive (e.g., if a site was uncut there could be no time-since-
cut or cut size). We thus divided the dataset according to whether
points were located within 50 m of a cutblock (Post-cut) or not
(Uncut), and analyzed each subset of the data using a separate set
of models. We had no point count data from 1998, 2000, 2001,
or 2003–2005, and within each data subset we removed years that
had no detections of olive-sided flycatcher, so the resulting post-
cut dataset included 5 years (1997, 2002, 2007, 2008, 2010) and
the uncut dataset included 6 years (2006–2011). We compared
models within each model set using an information theoretic
approach, to find combinations of habitat factors that best
explained variation in olive-sided flycatcher occurrence. We
scaled continuous variables to have a mean of 0 and a standard
deviation of 1. In both model sets we included models with
fixed effects of roads and distance to water. The first model set,
Post-cut, additionally included cut size, time since cut, and their
quadratic effects. We restricted these data to points in cutblocks
<300 ha, to avoid undue influence of extremely large cutblocks
where olive-sided flycatchers were never detected, and to reflect
the natural range of variation in cutblock size found in areas with
high densities of olive-sided flycatchers (the species occurs in
cutblocks ranging in size from 0.005 to 284 ha; Norris and Martin,
unpublished data). Restricting the data to cutblocks <300 ha
did not impact the sign or significance of the coefficient of cut
size on the probability of detection, but reduced the magnitude
of the coefficient; further restricting the data to cutblocks <150
or <100 ha had little effect on the results (see Supplementary
Figure 4). The second model set, Uncut, included mountain
pine beetle as a fixed effect (in addition to roads and distance
to water). Within each set, we compared models using Akaike’s
Information Criterion corrected for small sample size (AICc)
and Akaike weights, and considered models to be plausible if
they fell within two AICc points of the lowest AICc model. We
calculated the area under the curve of the receiver operating
characteristic (AUC) using the performance command in the
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ROCR package to evaluate classifier performance independent
of cutoff values (Sing et al., 2005). AUC ranges from 0 to 1,
where a value of 1 indicates perfect prediction, and a value of
0.5 indicates prediction no better than random; we considered
models with AUC > 0.7 to have acceptable predictive ability
(Hosmer et al., 2013).

Parameter estimates in our models were the natural logarithm
of the odds ratios. The odds ratio for each parameter indicates
the change in odds of occurrence of olive-sided flycatchers
associated with a one unit increase in the (scaled) predictor
variable (Crawley, 2007). We examined odds ratios and their 90%
Wald confidence intervals for all parameters in all models. For
prediction of olive-sided flycatcher occurrence, we looked within
the subset of plausible models (1AICc < 2) with acceptable
predictive ability (AUC > 0.7) for each set, and chose the simplest
model that included all of the parameters (from the model set)
whose odds ratios had confidence intervals that did not overlap 1.

Landscape Simulation Models
To forecast the future cumulative effects of multiple stressors
on habitat, we first developed a spatially explicit model of
land use and land cover change for the study area. We then
processed the spatial model projections through the habitat
models described in the previous section to produce spatial
habitat projections. We used the ST-Sim package (version
3.2.21) for SyncroSim (version 2.2.27; ApexRMS, 2021) to
construct a state-and-transition simulation model (Daniel et al.,
2016) that simulated future land use and land cover change
within the study area from 2020 to 2050. The simulation
study area encompassed a landscape just under three million

hectares in size, subdivided into nearly 3.7 million 90 × 90-
m simulation cells. We stratified the landscape according to
both ecological characteristics (British Columbia Biogeoclimatic
Ecosystem Classification zone and subzone; Government of
British Columbia, 2011) and jurisdiction (private, protected,
or land managed primarily by the provincial government;
Government of British Columbia, 2020d). Both types of
stratification affected transition rates in the model. Ecological
and jurisdictional strata were static in their location within
each model simulation, although the location of jurisdictional
strata varied among simulation scenarios (i.e., the location of
protected areas). In addition to stratification, the landscape was
classified according to eleven possible dynamic state classes:
cropland, developed (urban or industrial), grassland, barren
(i.e., rock, ice), water, wetland and five classes of forest
(Figure 1). The five forest classes were: forest stands having
recently experienced a moderate to very severe mountain
pine beetle outbreak (classified as pine), pine stands having
recently experienced a clearcut or burn, undisturbed pine
stands, non-pine stands having recently experienced a clearcut
or burn, and undisturbed non-pine stands. Pine stands are
those vegetated polygons defined as having experienced, at any
time, a moderate to very severe mountain pine beetle outbreak
or where >10% of trees are pine (Government of British
Columbia, 2018). To simulate transitions between state classes,
the state-and-transition simulation model included the following
transition types: clearcut logging, wildfire, urbanization, and
agricultural expansion.

State variables for each simulation cell were initialized
for 2020 by extracting land cover class (Figure 1) from The
Agriculture and Agri-Food Canada 2010 Land Use Map

FIGURE 1 | Transition diagram for state-and-transition simulation model for the Dawson Creek Timber Supply Area in the southern Peace River region of British
Columbia, Canada. Squares indicate states, and arrows indicate possible transitions between states. Broken rectangle encompasses all forest states, all of which
can transition to developed land or cropland via land use change. Map of study area shows land cover in 2020.
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(Government of Canada, 2010); Biogeoclimatic Ecosystem
Classification subzone, forest age, and forest composition from
The Vegetation Resources Inventory (Government of British
Columbia, 2018); jurisdiction class (private, protected, or
other provincially managed land) from The British Columbia
Parcel and Conservation Lands Maps (Government of British
Columbia, 2020c); beetle-attack status from the annual aerial
insect surveys (Government of British Columbia, 2020b);
burned status from the British Columbia Historical Fire
Perimeters Map (Government of British Columbia, 2016a);
and cut status from the Consolidated Cutblocks Map
(Government of British Columbia, 2016b). Simulation cells
having experienced a clearcut in any year were classified as
clearcut when initializing the landscape for 2020. Wildfire events,
which tend not to affect all trees in a stand, were not considered
in our 2020 landscape initialization if the burn was >40 years
old. Finally, simulation cells having previously experienced
both fire and a mountain pine beetle infestation of moderate or
greater severity were initialized using the most recent of the two
disturbance events.

Historic urbanization and agricultural expansion rates (ha per
year) were estimated using the difference between the Agriculture
and Agri-Food Canada 2010 and 2000 Historical Land Use
Maps (Government of Canada, 2010). In our simulations, these
annual rates were assumed to continue from 2020 through
2050. Urbanization and agricultural expansion transitions were
constrained within the model to only occur on cells adjacent
to the developed (urbanization) and cropland (agricultural
expansion) state classes. The probability of these transitions
increased linearly with the number of neighboring cells in the
destination state class.

Historic logging rates (ha per year) were estimated
using the Consolidated Cutblocks Map from the year
2000 to 2018 (Government of British Columbia, 2016b).
Area logged was stratified by Biogeoclimatic Ecosystem
Classification subzone and jurisdiction (private, protected and
provincially managed). For each model realization and time
step, we sampled a year between 2000 and 2018 and then
applied the historic logging rate for that year to that future
simulation time-step according to Biogeoclimatic Ecosystem
Classification subzone and jurisdiction. In this way, we
maintained within-year correlations in the amount of logging
across Biogeoclimatic Ecosystem Classification subzones and
jurisdictions.

Annual fire probabilities (stratified by Biogeoclimatic
Ecosystem Classification subzone) were estimated using the
British Columbia Historical Fire Perimeters Map (Government
of British Columbia, 2016a) using the ratio of area burned to area
available to burn each year and averaged across all years in the
fire history. In addition, we calculated the historic normalized
area burned each year across the landscape for each historic year
and sampled from this distribution as a multiplier against the
base fire probability for each model time-step and realization,
thus including a level of variability in our projections that is
comparable to what was observed historically.

Fires and clearcuts were both simulated as spatial events
using size distribution estimated using the corresponding historic
perimeters. For fire sizes, we sampled from the entire historic

distribution of fire size. For clearcut sizes, we sampled from
historic cutblock sizes starting in the year 2000. We also
simulated two scenarios where cutblocks were constrained to a
maximum size of 10 ha. Because mountain pine beetle outbreaks
are expected on a ∼50-year cycle, and the most recent outbreak
occurred after 2000, we did not simulate new outbreaks before
2050. Forests classified as beetle-attacked in 2020 remained as
beetle-attacked forests until they transitioned to cleared forest
through clearcutting or wildfire.

Simulation Scenarios
We ran six simulation scenarios representing the combination of
three management alternatives (“Business As Usual,” “Increased
Protected Area,” and “Reduced Cutblock Size”) and two fire
alternatives (“Baseline Fire” and “Increased Fire”). The Business
As Usual scenarios applied historic rates and spatial patterns of
land use and logging. The Increased Protected Area scenarios
increased protected areas from 13% to 30% of the land base by
adding provincially managed land that was unprotected in 2020,
and was covered by forest older than 75 years of age having
experienced a moderate to very severe mountain pine beetle
infestation. We considered older forest and forest affected by
mountain pine beetle to be high quality habitat for insectivorous
forest birds (Mahon et al., 2014; Saab et al., 2014). The protected
area figure reflects Canada’s goal of protecting 30% of habitat by
2030 (Government of Canada, 2019). The Reduced Cutblock Size
scenarios constrained clearcuts to a maximum size of 10 ha but
maintained the historic distribution of area logged. We applied
fire probabilities at the historic rate (Supplementary Table 2) for
the Baseline Fire alternative, and at 150% of the historic rate for
the Increased Fire alternative, according to likely future scenarios
of climate-induced fire frequencies (Wootton, 2010). Each model
scenario was replicated with 100 Monte Carlo realizations.

Simulation of Future Habitat
Once simulations were complete, we created 600 maps
projecting habitat suitability for olive-sided flycatcher in 2050
(six scenarios × 100 Monte Carlo realizations) by processing
the spatial model projections through the top-ranked habitat
suitability models for cut and uncut sites, respectively (Table 2).
For each realization, we sampled from the distribution estimated
for the parameters of the selected habitat suitability model
to account for uncertainty around model parameters. Thus,
variation in the results of projected habitat suitability reflects
both uncertainty in the simulations of land cover, and uncertainty
in the parameters of habitat suitability models for olive-sided
flycatcher. We were unable to include fire history as a predictor
in our habitat models, so we assumed that the probability of
olive-sided flycatcher occurrence in burned areas was equivalent
to the probability of occurrence in a clearcut of the same
size and age (i.e., olive-sided flycatchers tend to be associated
with forest gaps created by fire and/or tree removal; Altman
and Sallabanks, 2020). Habitat suitability (ha) was calculated
as the sum product of cell area and probability of occurrence
for each year and Monte Carlo realization. Percent change in
habitat suitability was calculated as the difference between habitat
suitability in 2020 vs. 2050, divided by habitat suitability in
2020 and multiplied by 100. Simulated habitat suitability in
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2020 varied slightly across scenarios (Supplementary Table 4)
because for each Monte Carlo realization we sampled the habitat
model parameters from their estimated distributions to calculate
habitat at the start (2020) and end (2050) of that realization.
We then calculated the habitat change from 2020 to 2050 for
each Monte Carlo realization before summarizing percent change
in habitat (Supplementary Table 4). Information on accessing
model datasets is available in the Supplementary Materials.

RESULTS

Habitat Suitability for Olive-sided
Flycatcher
In the first set of habitat suitability models (Post-cut models),
plausible models included clearcut size and a quadratic effect
of time since cut as predictor variables for which the 90%
confidence intervals on the odds ratios did not overlap 1
(Table 2 and Supplementary Table 3). According to the top-
ranked model in this set, the probability of olive-sided flycatcher
occurrence declined with increasing cutblock size (Table 2 and
Figure 2A), an effect that was robust across candidate models
(Supplementary Table 3) and also robust to the exclusion of
extreme values of fixed effects (cut size and time since cut;
Supplementary Figure 4). Probability of olive-sided flycatcher
occurrence was highest for mid-aged clearcuts (10–20 years old);
confidence intervals on the odds ratio were large but did not
overlap 1 (Table 2 and Figure 2B), and again this effect was
robust across candidate models and robust to the exclusion of

extreme values of fixed effects (Supplementary Table 3 and
Supplementary Figure 4). Year (random effect) had a small effect
on olive-sided flycatcher occurrence (SD = 0.53, vs. parameter
estimates of −1.74 for cut size, 0.75 for time since cut, and
−1.11 for [time since cut]2; Supplementary Figure 5). Among
the models in the second set (Uncut), mountain pine beetle was
the only parameter for which the confidence intervals on the odds
ratio did not overlap 1 (Supplementary Table 3). According to
the top-ranked model in this set, points with moderate to very
severe mountain pine beetle had 8.9 times the odds of olive-
sided flycatcher occurrence, compared to points with no or light
amounts of mountain pine beetle; again, confidence intervals on
the odds ratio were large but did not overlap 1 and the effect was
robust across candidate models in the set (Table 2, Figure 2C,
and Supplementary Table 3). Year (random effect) had an effect
on olive-sided flycatcher occurrence of similar magnitude to the
fixed effect of mountain pine beetle (SD = 1.83 for year, vs.
parameter estimate of 2.19 for beetle; Supplementary Figure 5).

Landscape Conditions and Projected
Change
Within the study area, Vegetation Resources Inventory data
(Government of British Columbia, 2018) were available for
three million ha, of which approximately 2.6 million ha were
forested in 2020. Historic logging rates (2000–2018) were
7744 ± 566 ha/year (mean ± SE) with a mean cutblock area
of 30 ± 0.61 ha (range: <1–405 ha). Mean annual historic
fire probability varied by subzone within the Biogeoclimatic

TABLE 2 | Plausible (1AICc < 2) habitat suitability models (Bayesian Generalized Linear Mixed Models) for olive-sided flycatcher in two sets: (1) Post-cut, and (2) Uncut.

Model 1AICc W i AUC Parameter Odds ratio

Set 1. Post-cut Models, n = 316

C08 0 0.33 0.82 Intercept 0.019 [0.0073, 0.048]

Cut size 0.176 [0.071, 0.435]

Time since cut 2.11 [0.915, 4.86]

Time since cut2 0.328 [0.126, 0.858]

C20 1.47 0.16 0.79 Intercept 0.0098 [0.0043, 0.023]

Cut size 0.205 [0.089, 0.474]

C03 1.94 0.12 0.82 Intercept 0.019 [0.007, 0.047]

Cut size 0.218 [0.0823, 0.575]

Cut size2 1.24 [0.645, 2.38]

Time since cut 2.11 [0.916, 4.86]

Time since cut2 0.318 [0.120, 0.847]

Set 2. Uncut Models, n = 536

U05 0 0.47 0.72 Intercept 0.024 [0.0053, 0.106]

Beetle 8.91 [1.29, 61.6]

U02 1.73 0.20 0.71 Intercept 0.026 [0.0059, 0.117]

Beetle 8.66 [1.29, 58.0]

Road 0.75 [0.271, 2.09]

Models were compared only within sets. Akaike weights (Wi ) and model performance (AUC) are indicated for each model, and odds ratios [90% Wald confidence intervals]
are indicated for each fixed effect. All continuous variables were scaled to have a mean of 0 and standard deviation of 1. Odds ratios >1 and <1 indicate an increase
and a decrease, respectively, in the odds of olive-sided flycatcher occurrence associated with an increase in the predictor variable. Where the 90% confidence interval of
the odds ratio does not overlap 1, the parameter (in bold) is considered a significant predictor of olive-sided flycatcher occurrence. Models C08 and U05 were selected
for prediction of olive-sided flycatcher occurrence at cut and uncut sites, respectively. All models included year as a random effect. See Supplementary Table 3 for a
complete list of all habitat suitability models with odds ratios and their confidence intervals for each parameter.
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FIGURE 2 | Probability of olive-sided flycatcher occurrence (black) with 90% prediction intervals (gray) according to top-ranked models. (A,B) Top ranked model in
the first set (Post-cut), for points within 50 m of a clearcut: Occurrence ∼ Cut size + Time since cut + Time since cut2 + 1| Year. (C) Top-ranked model in the second
set (Uncut), for points >50 m from a clearcut: Occurrence ∼ mountain pine beetle + 1| Year). We allowed (A) cut size, (B) time since cut, and (C) mountain pine
beetle, to vary, while holding the other fixed effects near their optima (A: time since cut = 15 years, B: cut size = 10 ha). The predicted value and prediction interval
for each value of the predictor variables represents the mean of 50,000 simulations using the predictInterval command in the merTools package of R, and includes
the uncertainty related to residual variance, the uncertainty in the fixed coefficients, and some of the uncertainty in the variance parameters for the random effect of
year (Knowles and Frederick, 2020).

Ecosystem Classification, from 0.00005 (fire every 20,000 years)
in the Engelmann Spruce Subalpine Fir wet cold parkland zone
to 0.0029 (fire every 345 years) in the Boreal White and Black
Spruce moist warm zone; Supplementary Table 2). Twelve
percent of the land was under private jurisdiction, 13% was in
protected areas, and 75% was land managed primarily by the
provincial government.

On average, our scenarios projected that a cumulative area
of ∼405,000 ha (16% of current forest) would be burned or cut
between 2020 and 2050, if historic levels of fire are maintained,
versus ∼462,000 ha (18% of current forest) under the alternative
of a 50%-increased fire probability (Supplementary Table 4).
The Business As Usual with Baseline Fire scenario resulted in
the smallest cumulative area of forest burned or cut (median
387,434 ha, 95% CI: 311,425, 523,908), and the Reduced Cutblock
Size with Increased Fire scenario led to the largest cumulative
area of forest burned or cut (median 493,264 ha, 95% CI: 329,357,
570,488; Supplementary Table 4).

Projected Change in Olive-sided
Flycatcher Habitat
Overall, probability of olive-sided flycatcher occurrence was
highest in the forests surrounding the Rocky Mountains, where
much of the forest was affected by mountain pine beetle
(Figure 3). Estimated habitat suitability across the landscape was
182,473 ha in 2020 (see Supplementary Table 4 for details), and
by 2050 it was projected to decrease by 16.4% (median of 100
Monte Carlo realizations) under the Business As Usual scenario
with Baseline Fire, and by 18.1% under the Increased Fire
alternative (Figures 3, 4). Under the Increased Protected Area

alternative, median habitat suitability was projected to decrease
by 10.6% with Baseline Fire, and by 12.5% with Increased
Fire (Figures 3, 4). Almost all Monte Carlo realizations for
the Business As Usual and Increased Protected Area scenarios
projected declines in habitat suitability (Figure 4). Results of the
Reduced Cutblock Size scenarios were highly variable among
Monte Carlo realizations, resulting in confidence intervals for
change in habitat suitability that overlapped zero, but, for
most realizations, large declines in habitat suitability were not
projected under these scenarios (median habitat loss of 4.0%
under the Baseline Fire alternative, and 5.6% under the Increased
Fire alternative; Figures 3, 4). Uncertainty in the projected
change in habitat suitability was greatest for the Reduced
Cutblock Size scenarios (Figure 4).

Within each scenario, the direction of change in
suitable habitat (increase or decrease) was consistent across
subzones within the Biogeoclimatic Ecosystem Classification
(Supplementary Figure 6). When we examined habitat changes
according to jurisdiction, we found that the Reduced Cutblock
Size scenarios reduced habitat loss (compared to other scenarios)
primarily on land managed by the provincial government
(Supplementary Figure 7). Within protected areas, there were
no major differences across scenarios, and overall projected loss
in future habitat was less than the loss projected for private and
provincially managed land.

DISCUSSION

We assessed current and future habitat suitability for declining
populations of olive-sided flycatchers considering the cumulative
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FIGURE 3 | Occurrence probability of olive-sided flycatchers across the southern Peace River region of British Columbia, based on habitat suitability indices derived
from parameter estimates of top-ranked habitat suitability models C08 and U05 (Table 2). Values closer to 1.0 (green) indicate the most suitable habitat and values
closer to 0 (purple) indicate the least suitable habitat. The 2020 map shows probability of olive-sided flycatcher occurrence under current conditions, including recent
mountain pine beetle outbreaks. The 2050 maps show future expected probability of olive-sided flycatcher occurrence, given projected forest harvesting, wildfires,
urbanization, and agricultural expansion, under six scenarios that combined three management alternatives with two wildfire alternatives. Management alternatives
were: Business As Usual, Increased Protected Area (protected areas increased from 13% to 30% of land base), and Reduced Cutblock Size (size of clearcuts limited
to 10 ha). Wildfire alternatives were: Baseline Fire (fire frequency maintained at historic levels) and Increased Fire (50% increase over historic levels). Results are
limited to three million ha for which data were available. The Rocky Mountains run northwest to southeast across the study area.

FIGURE 4 | Percent change in habitat suitability for olive-sided flycatchers from 2020 to 2050 across the southern Peace River region of British Columbia under six
scenarios of landscape change. Habitat suitability was calculated for 2020 and 2050 by multiplying the projected probability of olive-sided flycatcher occurrence (per
ha) for each simulation cell by the area of the cell (0.81 ha) then summing over all cells. Percent change in habitat suitability was the difference between suitable
habitat in 2020 vs. 2050, divided by suitable habitat in 2020 and multiplied by 100. Thick black bars indicate the median % habitat change from 100 Monte Carlo
realizations, boxes indicate the 1st and 3rd quartiles, whiskers extend to the maximum and minimum values within 1.5× the interquartile range, and points indicate
the results of simulations that fell outside of this range. Variation in the projected change in habitat suitability within each scenario reflects both uncertainty in the
simulations of land cover, and uncertainty in the parameters of habitat suitability models for olive-sided flycatcher. Darker shades of color indicate Increased Fire
scenarios (50% increase in fire frequency), and lighter shades indicate Baseline Fire scenarios (fire frequency remained at the historic average).
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effects of multiple stressors in the southern Peace River region of
British Columbia. The quantity of suitable habitat for olive-sided
flycatchers is likely to decline in the next 30 years, in the absence
of changes to current forest management policies. Consistent
with our predictions, olive-sided flycatcher occurrence was
correlated positively with small, 10- to 20-year-old clearcuts
and moderate to very high severity mountain pine beetle
outbreaks. Contrary to our predictions, olive-sided flycatcher
occurrence was not correlated with distance to roads or wetlands.
State-and-transition simulation models projected declines in
suitable habitat if current management continues (Business As
Usual alternative), and even if protected areas are increased to
30% (Increased Protected Area alternative). Increased wildfire
under current Business As Usual and Increased Protected Area
scenarios would amplify these declines in habitat suitability.
Many static conservation approaches for at risk species spend
limited conservation dollars to increase the size of protected
areas, potentially increasing the intensity and scope of forest
harvesting outside of protected areas. Our results suggest that
in this portion of the olive-sided flycatcher’s range, changes
to forest management outside of protected areas will also be
critical, and require implementation of harvesting alternatives
such as restricting clearcut size to ≤10 ha to help limit projected
declines in habitat suitability under baseline fire conditions.
While we found considerable variability in the projected habitat
change under the Reduced Cutblock Size scenario, significantly
reducing clearcut size could function as an ‘other effective area-
based conservation measure’ (OECM) to help stem the steep
continental declines of this neotropical migrant (Rosenberg et al.,
2016; Watson et al., 2016).

Cumulative Effects of Stressors on
Availability of Suitable Habitat
Our result that olive-sided flycatchers were associated with
small clearcuts and mountain pine beetle is consistent with
other studies, in which olive-sided flycatchers were associated
with forest openings, where they may find increased foraging
opportunities (Robertson and Hutto, 2007; Bale et al., 2019;
Westwood et al., 2019; Altman and Sallabanks, 2020). Olive-sided
flycatchers can adapt to, and likely select for, small-scale human-
induced changes such as small patch forest cutting and/or small-
scale fires (Altman and Sallabanks, 2020) as were traditionally
applied by Indigenous peoples before European colonization of
the southern Peace River region (Gillies, 2015). However, the
amount of habitat suitable for olive-sided flycatcher was projected
to decline under both Business As Usual and Increased Protected
Area scenarios, especially if fire frequency increases, indicating a
cumulative effect of larger-sized clearcutting and climate change
on habitat loss.

The best scenario for reducing habitat loss was limiting
cutblock size to 10 ha, while fire was maintained at historic
levels. However, assuming environmental stability when
designing conservation networks and developing individual
site-management strategies is inappropriate (Hole et al., 2011)
and projections assuming baseline historic fire conditions may
be overly optimistic, considering future climate projections

(Wootton, 2010). Further, we simulated future fire frequencies
using only the IPCC-A2 emissions scenario, which was predicted
to be the most likely climate scenario. Habitat projections would
differ if emissions are less than, or surpass expected levels, and fire
frequency is subsequently higher or lower than anticipated in our
models. To optimize the future effectiveness of a conservation
network, planning frameworks must address the long-term
value of individual sites and resilience of the network as a whole
to climate change (Hole et al., 2011). In a cumulative effects
assessment for northeastern Alberta, olive-sided flycatchers were
associated with recently burned forest and were projected to
increase slightly in abundance over 50 years under harvesting
scenarios that resulted in an overall increase in forest age;
however, consistent with our findings, the projected increases
were lessened by increased fire frequencies expected as a result
of climate change (Leston et al., 2020). As the frequency of fires
increases across the western boreal forest, maintaining suitable
habitat for olive-sided flycatchers in the southern Peace River
region seems possible only by reducing allowable annual cut in
the Dawson Creek Timber Supply Area. Future work should
include scenarios that reduce the total allowable annual cut, to
determine the amount of area that is required to compensate
for the losses in forest habitat due to expected climate-induced
wildfires. Future management of breeding habitat for olive-sided
flycatchers should support efforts to reduce greenhouse gases
that contribute to climate change, restrict the size of clearcuts,
and incorporate the traditional Indigenous land-use practices of
creating small forest openings (Gillies, 2015).

Conservation Prospects
Canada-wide population declines of olive-sided flycatcher have
slowed recently, from 80% decline between 1973 and 2009,
to 19% between 2006 and 2016 (Committee on the Status
of Endangered Wildlife in Canada [COSEWIC], 2018). The
greatest regional-level decreases occurred west of the Rocky
Mountains, in British Columbia, where breeding densities are
highest (Committee on the Status of Endangered Wildlife in
Canada [COSEWIC], 2018; Boreal Avian Modelling Project,
2020). However, following IUCN criteria of ≤30% decline across
three generations (10 years for birds) across Canada, olive-
sided flycatcher was recently recommended for down-listing
from “Threatened” to “Special Concern” (Committee on the
Status of Endangered Wildlife in Canada [COSEWIC], 2018).
Although its legal status has not yet changed under the Canadian
federal Species at Risk Act (Government of Canada, 2002), a
down-listing to Special Concern removes the requirement to
identify critical habitat for federal protection. The current short-
term population objective for olive-sided flycatcher in Canada
is to halt the national decline by 2025 while ensuring the
population does not decrease more than 10% over this time,
and the long-term (after 2025) population objective is to ensure
a positive 10-year population trend (Government of Canada,
2016). Our simulations of breeding habitat indicate that current
management practices are not likely halting population declines
in Northeastern British Columbia, and it will be difficult to
reverse declines in breeding habitat over the next 30 years, even
under the best-case scenarios. Given the steep declines west of the
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Rocky Mountains and our projected negative trends in habitat
suitability on the east slope of the mountains, our results support
a decision to assess olive-sided flycatcher population trends by
management units matched to bird conservation regions, to
ensure that declines are detected and critical habitat is identified
and protected where needed. In addition, we recommend that
landscape simulations be applied in areas where the dates and
locations of point counts are closely matched with the dates and
locations of land cover data so that disturbance thresholds, such
as limits to cutblock size, can be identified. Given the removal of
protections associated with down-listing species in Canada, we
suggest that for bird species with sufficient data, declines should
be assessed over a longer timescale than a single decade, and
should take into account the probability of future recovery.

Our landscape simulations indicated that current forest
management in western Canada may be contributing to observed
declines in olive-sided flycatcher populations, and that changing
the management of breeding habitat to limit clearcut size
could potentially reduce population declines. However, such
measures should be accompanied by efforts to understand and
address additional stressors across their full annual life cycle,
including prolonged heat events that increase energetic demands
of thermoregulation; exposure to contaminants; collisions with
buildings and other infrastructure; direct nest loss due to forestry
and other industrial activities; and phenological mismatches
and declines in high quality insect prey (Calvert et al., 2013;
Wilson et al., 2018; Spiller and Dettmers, 2019; Andreasson et al.,
2020). Outside of the breeding season, Rodewald et al. (2019)
estimated that 10.7% of olive-sided flycatchers winter in mining
concessions in the northern Andes, where a transition to active
mines is expected to result in habitat loss, fragmentation, and
pollution. Additional non-breeding records across the Brazilian
Amazon, Cerrado and Atlantic Forest (Willis, 1993; de Lima-
Pereira, 2016) occur in regions already subject to high levels
of forest loss; for example, 88% of the original Brazilian
Atlantic Forest and 46% of the Cerrado have already been
cleared, and large-scale agriculture is projected to replace 31–
34% of the remaining Cerrado by 2050 (Ribeiro et al., 2009;
Strassburg et al., 2017). If researchers can obtain data on
non-breeding habitat use by olive-sided flycatchers and other
aerial insectivores, they can use landscape simulations to assess
cumulative effects of multiple stressors on wintering grounds.
An important next step is to integrate full life-cycle population
models (e.g., Wilson et al., 2018) into landscape simulations
to identify specific management practices in each part of the
annual life cycle that can have the greatest effect on reversing
population declines.

Caveats
Our study uses the best available data to project suitable
habitat for olive-sided flycatcher in the southern Peace River
Region of British Columbia, taking into account the cumulative
effects of multiple disturbances, but with several caveats. First,
although olive-sided flycatchers often show positive numerical
responses to fire (Hutto, 1995; Kotliar et al., 2002; Haché
et al., 2014; Altman and Sallabanks, 2020), we were unable
to test directly for effects of fire on occurrence, and had

to assume that fires would have a similar effect as clearcuts
(positive effect of small gaps; negative effect of large gaps).
Second, we do not know the fitness consequences of breeding
in clearcuts or burned areas: in some studies, nest survival
was lower in harvested areas and burned areas, and in others,
nest survival was higher in burned areas (Kotliar et al., 2002;
Robertson and Hutto, 2007; Altman and Sallabanks, 2020).
Before-after-control-impact studies are necessary to determine
how burning influences habitat suitability relative to other
important disturbance factors such as clearcuts and insect
outbreaks. Further, we did not examine how climate-related
variables, such as weather during breeding, influenced annual
variation in populations and habitat associations. Therefore,
we cannot evaluate the relative importance of breeding habitat
factors in the face of increasing climate change pressures.
Third, we used Biogeoclimatic Ecosystem Classification zones
to stratify our landscape simulation because forest managers
use these zones in planning, but the detections in our point
count data were too sparse to stratify habitat suitability
models by the same zones. Olive-sided flycatchers occur
across forested zones, and our preliminary inspection of the
data did not suggest that detections were correlated with
Biogeoclimatic Ecosystem Classification zone, soil moisture,
elevation, crown closure, or spatial coordinates. Fourth, 72%
of the point counts in our dataset were within 100 m of
a road. Although we did not find a relationship between
the occurrence of olive-sided flycatchers and the presence of
roads in the southern Peace River region, roadside surveys
can under-sample certain habitats in boreal forest, and under-
represent bird densities (Sólymos et al., 2020). Simulations
of future habitat availability would be best suited to areas
with higher densities of the target species (which can,
however, be difficult for species that have experienced steep
declines) and more comprehensive land cover and point
count data, and subsequently, lower error in habitat suitability
models. To better align with forest planning objectives, the
design of point count surveys should take into account
regional forest classifications (such as Biogeoclimatic Ecosystem
Classification in British Columbia), attempt to cover off-road
areas, and encompass a wider variety of disturbances, including
smaller cutblocks, areas exposed to recent wildfires and insect
outbreaks, and areas exposed to both insects and cutting
(specific recommendations in Mahon and Pelech, in press).
Collecting a minimum of habitat data (tree species, stand
age, severity of disturbances) during point count studies
would improve resolution and reduce the problem of missing
land cover data.

CONCLUSION

Our simulation study highlights potential avenues to explore in
adaptive management or with experiments on the ground. We
suggest testing the generality of our scenarios as prescriptions
for management of olive-sided flycatcher habitat, especially
outside the study area. Moreover, management for olive-sided
flycatcher and other birds associated with small forest openings
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will need to balance the benefits of limiting cut block size
with the cost of increased road infrastructure and increasing
forest fragmentation, which can affect other wildlife populations
at risk (e.g., woodland caribou Rangifer tarandus caribou;
Johnson et al., 2015). Our landscape simulations highlight the
importance of integrating disturbance thresholds (such as
clearcut size) into land-use planning, when protected areas alone
are insufficient to halt or reverse population declines.
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