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ABSTRACT

Single-species conservation management is often proposed to preserve biodiversity in human-disturbed land-
scapes. How global change will impact the umbrella value of single-species management strategies remains an
open question of critical conservation importance. We assessed the effectiveness of threatened boreal caribou as
an umbrella for bird and beetle conservation under global change. We combined mechanistic, spatially explicit
models of forest dynamics and predator-prey interactions to forecast the impact of management strategies on the
survival of boreal caribou in boreal forest. We then used predictive models of species occupancy to characterize
concurrent impacts on bird and beetle diversity. Landscapes were simulated based on three scenarios of climate
change and four of forest management. We found that strategies that best mitigate human impact on boreal
caribou were an effective umbrella for maintaining bird and beetle assemblages. While we detected a stronger
effect of land-use change compared to climate change, the umbrella value of management strategies for caribou
habitat conservation were still impacted by the severity of climate change. Our results showed an interplay
among changes in forest attributes, boreal caribou mortality, as well as bird and beetle species assemblages. The
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conservation status of some species mandates the development of recovery strategies, highlighting the impor-
tance of our study which shows that single-species conservation can have important umbrella benefits despite

global change.

1. Introduction

Global climate and land-use changes are affecting biodiversity and
food webs by modifying environmental conditions (Wilmers and Getz,
2005; Blois et al., 2013). Different approaches of biodiversity conser-
vation have thus been proposed to mitigate the impact of global change
on ecosystems. Single-species approaches to animal conservation are
one of them. Instead of predicting the impact of global change on all
species, conservation and management plans focus on a single species (i.
e., an umbrella species, (Roberge and Angelstam, 2004)) with the intent
for sympatric species to be concurrently protected. The conservation
strategy of an effective umbrella species must therefore represent the
conservation needs of sympatric species, and must ideally provide pro-
tection from vertebrates to invertebrates (Rubinoff, 2001). Usually,
umbrella species are organisms with large home ranges, sensitive to
human-induced habitat changes, and typical of their ecosystem (Caro,
2010). Umbrella species can also be a flagship species, generating con-
servation interest, funding, and public support. Climate change already
increases the impact of natural disturbances in most ecosystems (Dale
et al., 2001; Flannigan et al., 2006; IPCC, 2021). Combined with human
disturbances, it could alter species assemblages to the point that an
umbrella species and management strategies aimed at conserving it may
no longer be associated with the same species assemblages over the long
term. Few studies, however, have assessed the consequences of global
change on the effectiveness (i.e., the umbrella value) of conservation
strategy designed around the needs of a given umbrella species for
biodiversity conservation (Lindenmayer and Westgate, 2020).

In forest ecosystems, for example, changes in temperature and pre-
cipitation induced by climate change (CC) will influence the occurrence,
duration, frequency, size, and intensity of natural disturbances such as
wildfire and insect outbreaks (Dale et al., 2001; IPCC, 2021). In addition
to CC, ecological communities are also largely shaped by anthropogenic
disturbances. Land-use changes (LUC), the direct effect of human ac-
tivities on landscape without a change in land-cover class (Biirgi et al.,
2017), are causing widespread biodiversity declines through habitat loss
and fragmentation (IPBES, 2018). CC and LUC thus jointly modify forest
ecosystems, affecting the composition, structure, age classes and spatial
configuration of forests, notably by increasing disturbed areas or
inducing changes in the speed and pathways of forest succession (Baker,
1995; Bergeron et al., 2006; Yamasaki et al., 2008). Also, the cumulative
effects of anthropogenic and natural disturbances can interactively
compound ecosystem change, resulting in massive species losses and
decline, and restructuring biological communities (Chapin III et al.,
2000). Understanding the impact of global change on the distribution
and abundance of species and their trophic interactions is thus valuable
to predict future changes in the face of such complex habitat modifica-
tions (Fuller et al., 2011).

Boreal caribou (Rangifer tarandus caribou) is an umbrella species of
North American boreal forests (Bichet et al., 2016; Drever et al., 2019)
because of its large range and sensitivity to human-induced habitat
changes, and because the management of its populations requires large
areas of intact forests (Brown et al., 2003; Courtois et al., 2007; Hins
et al., 2009; Fortin et al., 2013). Anthropogenic disturbances, such as
logging and oil and gas extraction, are a major conservation challenge
for all boreal biodiversity, including caribou (Trombulak and Frissell,
2001; Environment Canada, 2012). Co-occurrence of boreal caribou and
their main predator, the gray wolf (Canis lupus), has increased dramat-
ically due to repercussions of anthropogenic disturbances on their
habitat (Environment Canada, 2012). Disturbed areas provide high-
quality food for deciduous-browsing Cervidae species like moose

(Alces alces) and deer (Odocoileus spp.). The subsequent increases in
these prey populations trigger a positive numerical response in wolves,
which intensifies predation rate on boreal caribou, causing apparent-
competition induced declines (i.e., the increase in predator numbers,
sustained by one prey, intensifies the predation pressure on the sec-
ondary prey; Wittmer et al., 2005). In addition, the increase in wildfire
induced by climate change will lead to further increase in the proportion
of young stands containing more deciduous thermophilous species
(Boulanger and Pascual Puigdevall, 2021), and thus herbivore species
browsing on deciduous vegetation (i.e., apparent competitors for
caribou). These interactive effects of climate and land-use changes
cumulatively impact all biodiversity that rely on mature conifer for at
least some portion of their life history (Norvez et al., 2013; Tremblay
et al., 2018; Cadieux et al., 2020; Leston et al., 2020). For example,
boreal bird species associated with mature forest, such as Canada war-
blers (Cardellina canadensis) (Ball et al., 2016) and Olive-sided
Flycatcher (Contopus cooperi) (Environment Canada, 2015), are also
declining as a result of these anthropogenic-induced loss in mature and
old-growth coniferous forests (Imbeau et al. 2015).

Boreal caribou populations are threatened in Canada (Government of
Canada, 2018), and are theoretically protected by provincial and na-
tional recovery plans across Canada (Environment and Climate Change
Canada, 2017, 2018). In the province of Quebec, the management
strategies under consideration, including measures to mitigate the
impact of human activities, involve the protection of remaining intact
old-growth forests on which caribou depend (Ministere des Forets de la
Faune et des Parcs, 2019a). As predation by wolves is considered the
main driver of population decline (Rettie and Messier, 1998; Equipe de
rétablissement du caribou forestier du Québec, 2013), and predation is
closely linked to moose abundance and change in landscape composition
(Serrouya et al., 2021), the effectiveness of these theoretical manage-
ment strategies must be evaluated by considering the car-
ibou-moose-wolf system entirely. As an umbrella species, the
delineation of protected areas targeted for the conservation of boreal
caribou could be an effective management strategy to maintain current
biodiversity typical of boreal forest (Branton and Richardson, 2010;
Thornton et al., 2016). Considering future changes in forest landscapes
induced by CC and LUG, it is yet unclear if management strategies based
on the current needs of boreal caribou would be effective at maintaining
biodiversity. Moreover, it is also unclear to what extent the delineation
of protected areas will succeed in protecting sufficient high-quality
habitats under global changes. In fact, the impact of global change on
the value of the umbrella approach remains unknown for most single-
species management.

In previous studies, Bouderbala et al. (2023) as well as Labadie et al.
(2023) examined the anticipated long-term changes in bird and beetle
communities resulting from forest management and climate change
scenarios, and predicted the impact of global change on the caribou food
web. In this study, we profit from these analyses by comparing the
umbrella value of forest management strategies designed around the
needs of a single species (i.e., boreal caribou) for biodiversity conser-
vation in a context of global change in the Canadian boreal forest. More
precisely, we evaluated the potential umbrella effectiveness of different
management strategies for maintaining sympatric bird and beetle spe-
cies assemblages and high-quality habitat for those species. By inte-
grating previous simulations from Labadie et al. (2023) with new
simulations, we linked a landscape simulation model (Fig. 1.1) with
individual-based models of caribou, moose and wolf agents (Fig. 1.2)
and empirical models of bird and beetle species distribution developed
by Bouderbala et al. (2023) (Fig. 1.3) to: (1) Evaluate the effectiveness of
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management strategies and their landscape characteristics, through four
scenarios of forest management (i.e., LUC), combined with three sce-
narios of CC; (2) Compare how species occurrences differ among LUC
and CC scenarios; (3) contrasted LUC scenarios on biodiversity integrity;
and (4) evaluate the extent to which management measures aiming at
maintaining caribou populations also maintain biodiversity following
global change (Fig. 1.4). Boreal caribou are under top-down control
(Seip, 1992), and wolf predation risk is tightly linked to the level of
disturbances (Environment Canada, 2012). Accordingly, as boreal
caribou is an umbrella species, the management strategies associated
with relatively low caribou mortality should perform as an umbrella and
be linked to bird and beetle assemblages similar to undisturbed land-
scapes. More specifically, we used animal (birds and beetles) community
dissimilarity between assemblages in disturbed and undisturbed land-
scapes as an index of biodiversity integrity (Bradford et al., 1998; Bichet
et al., 2016), and boreal caribou mortality as an index of the effective-
ness of the management strategy.

2. Methods
2.1. Model overview

Our study integrates the results that Labadie et al. (2023) obtained
with an individual-based model (IBM) that caribou, moose and wolf
agents interact in managed boreal forests. Specifically, the IBM provided
caribou mortality rates in virtual landscape forests impacted by each of
three levels of forest harvesting (No harvest, Medium harvest and High
harvest), combined to three climate change scenarios (i.e., baseline, RCP
4.5, RCP 8.5). In addition to these simulations, we used the same IBM to
assess the mortality rate expected in a landscape managed under a
“Protected areas” scenario. This last scenario was designed specifically
for boreal caribou conservation, in the territories covered by the
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management strategy for boreal caribou under consideration in 2019 in
Quebec (Ministere des Forets de la Faune et des Parcs, 2019a, MFFP).
The resulting dataset was used to assess the effectiveness of the Pro-
tected areas scenario in reducing caribou mortality, relative to the three
other forest management scenarios (No harvest, Medium harvest and
High harvest) in the context of climate change. Then, to evaluate the
impact of caribou management on biodiversity, we estimate the overall
probability of occurrence of bird and beetle species that can be expected
in the different simulated landscapes based on the models of Bouderbala
et al. (2023). Leveraging this comprehensive dataset, we examined the
interaction between variation in caribou mortality rates between man-
agement scenarios and the concurrent change in bird and beetle as-
semblages (Table 1). Through this comparative analysis, we aimed to
provide valuable insights into the efficacy of the newly developed
management scenario and its implications for caribou, bird and beetle
conservation efforts in the face of climate change.

Below, we provide an overview of the main model components and
their behavior. Readers interested in the details of these components
may also refer to Boulanger and Pascual Puigdevall (2021) (for the forest
simulation model), Labadie et al. (2023) (for the IBM) and Bouderbala
et al. (2023) (for bird and beetle species distribution models). For the
IBM, empirical movement rules were derived from empirical data
collected between 2005 and 2018. To project future scenarios, we
examined the interactions among agents from the three species for two
specific years (2000 and 2100), representing different expected land-
scape conditions. In all simulations, the caribou density remained con-
stant at 2996 individuals, while the wolf and moose populations were
adjusted based on available resources (Appendix A Table A.1).

2.2. Study area

The study area (48°N-54°N, 63°W-73°W) covers 115,470 km? of
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Fig. 1. Conceptual representation of the simulation design implemented in this study. (1) A forest landscape model was used to simulate stand-scale (i.e., individual
tree establishment, growth and mortality) and landscape-scale dynamics (seed dispersal, natural and anthropogenic disturbances), allowing climate change and land
use to individually impact forest landscapes. Forest landscape simulation outputs were then combined with empirical movements rules from boreal caribou, moose
and wolves (2.1) to calibrate the individual based model (IBM - 2.2), and ultimately project prey mortalities (2.3) under each forest management and climate
scenarios. In addition, we used presence-absence data of birds and beetles and models of species occurrence (3.1) to create species distribution models (3.2) and
project species occurrence and assemblage dissimilarity (3.3) in landscapes developed from different land-use (LUC, logging) and climate change (CC, fire) scenarios.
To evaluate if boreal caribou management strategies would be effective at maintaining biodiversity in the future under global change, we combined results of
assemblage dissimilarity and caribou mortality (4). Tree, bird and beetle symbols courtesy of (UMCES, 2021). Schematic representation of the simulation design was

adapted from Labadie et al. (2023).
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Table 1

Characteristics of the four forest management scenarios cumulated with three
climate scenarios used in LANDIS-II. For each scenario, the associated reference
scenario and the land-use change characteristics were indicated.

Reference
scenario

Scenarios Land-use change characteristics

Protected areas +

Planned of the harvestable forest area
per 10 years

4 % of the harvestable upland area per

Baseline-Protected Baseline-No
areas harvest

Baseline-Medium

harvest 10 years
Baseline-High 8 % of the harvestable upland area per
harvest 10 years
RCP45-Protected RCP 4.5-No Protected areas +
areas harvest Planned of the harvestable forest area
per 10 years
RCP45- Medium 4 % of the harvestable upland area per
harvest 10 years
RCP45-High harvest 8 % of the harvestable upland area per
10 years
RCP85-Protected RCP 8.5-No Protected areas +
areas harvest Planned of the harvestable forest area

per 10 years

RCP85- Medium 4 % of the harvestable upland area per

harvest 10 years
RCP85-High harvest 8 % of the harvestable upland area per
10 years

boreal forest within the Cote-Nord region of Québec, Canada (Fig. 2).
Natural disturbances, such as spruce budworm (SBW, Choristoneura
fumiferana) outbreaks recurring every 35-40 years and frequent wild-
fires (with fire return intervals of approximately 250-400 years) are the
dominant environmental events in this region (Boucher et al., 2017;
Labadie et al., 2021). The study area exhibits a gradient in forest
composition along its latitudinal axis. Towards the north, there are old-
growth coniferous forests and open woodlands dominated by black
spruce (Picea mariana) and balsam fir (Abies balsamea). Moving south-
ward, the forests transition to young and mature mixed forests con-
taining black spruce, balsam fir, white birch (Betula papyrifera), white
spruce (Picea glauca), and trembling aspen (Populus tremuloides). His-
torically, forest harvesting was primarily concentrated in the southern
part of the study area, gradually expanding northward, while wildfires
were more prevalent in the northern regions.

2.3. Spatially explicit forest simulation model (Fig. 1.1)

2.3.1. Climate scenarios

Future climate projections for the study area were derived from two
Representative Concentration Pathways (RCP, see Van Vuuren et al.
(2011) for more information) known as RCP 4.5 and RCP 8.5. These
projections were obtained from the Canadian Earth System Model
version 2 (CanESM2) and downscaled using the ANUSPLIN method to a
10-km resolution. By the year 2100, compared to 2000, the study area is
expected to experience an increase in mean annual temperatures
ranging from approximately 3 °C (under RCP 4.5) to 7.5 °C (under RCP
8.5). Additionally, average precipitation is projected to increase by 7 %
(under RCP 8.5) to 10 % (under RCP 4.5). Forest landscape simulations
were parameterized using monthly time series data from each climate
scenario.

2.3.2. Forest landscapes simulations with LANDIS-II

The forest landscape simulations were conducted using LANDIS-II
v7.0(Scheller and Mladenoff, 2004), a spatially explicit raster-based
model that captures forest ecosystem processes at both stand and land-
scape scales (Scheller and Mladenoff, 2004). This model represents trees
as cohorts, allowing for the assessment of ecological processes across
broad spatial and temporal scales. It has been extensively used and
validated in boreal regions (Boulanger et al., 2017; Taylor et al., 2017;
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Tremblay et al., 2018; Boulanger and Pascual Puigdevall, 2021). A
complete description of the model can be found in Labadie et al. (2023)
and Tremblay et al. (2018). The spatial resolution for cell size was
established at 250 m, equivalent to 6.25 ha. The simulations were
initialized for the year 2000. To initialize the characteristics of forest
composition and structure within each cell, data from the Canadian
National Forest Inventory (NFI) and cohort information from provincial
forest inventory plots (FIP), both permanent and temporary, were uti-
lized. Using variables such as species biomass, mean annual tempera-
ture, and total annual precipitation, we conducted a nearest neighbor
spectral analysis to assign the FIP plot with the closest resemblance,
measured by Euclidean distance, to each 250-m cell. This imputation
process was conducted in 20-year age intervals to ensure that the
Euclidean distance primarily reflected site productivity rather than
stand age. Subsequently, these cells were assigned to specific spatial
units referred to as ‘landtypes,’ taking into consideration consistent soil
conditions (as outlined by Mansuy et al., 2014) and uniform climate
conditions. Cells on the grid that had non-forest cover types occupying
>50 % of their area were categorized as ‘inactive.” The model considers
climate-sensitive tree growth, regeneration, and wildfire events.

2.3.3. Natural disturbances

In our study, we conducted fire simulations using the LANDIS-II Base
Fire extension v 4.0. This extension replicates random fire events,
considering factors like fire ignition, initiation, and spread. We orga-
nized fire data into ‘fire regions,” aligning them with Canadian Homo-
geneous Fire Regime (HFR) zones. We aimed to maintain consistent fire
characteristics to improve traceability and reproducibility, avoiding
dynamic changes in simulations due to shifts in vegetation and climate.
For both current and future fire regimes in each region, we used pro-
jections by Boulanger et al. (2017) under baseline and RCP climate
scenarios.

To simulate outbreaks of Spruce Budworm (SBW), we used the Bio-
logical Disturbance Agent (BDA) extension (Sturtevant et al., 2004).
This extension is designed to mimic tree mortality caused by insect in-
festations. We considered the vulnerability of host tree species to SBW,
with balsam fir, white spruce, red spruce, and black spruce ranked from
most to least susceptible. Outbreaks were modeled as probabilistic
events at the cell level, influenced by site conditions, neighboring tree
dominance, and regional outbreak status. The severity of these out-
breaks and tree mortality depended on these probabilities and the sus-
ceptibility and age of host species. The parameters used in our study
were calibrated and validated using various sources specific to the mixed
boreal forest. Regional outbreaks were calibrated to reach the highest
severity level possible using this extension, lasting for a maximum of one
timestep (equivalent to 10 years) and occurring approximately every 40
years, consistent with observed regional patterns.

2.3.4. Forest harvesting and roads

We employed the model introduced in Labadie et al. (2023) to
simulate caribou mortality rates under different forest disturbance levels
(No harvest, Medium harvest and High harvest) and the newly devel-
oped species-specific management strategy (Protected areas). More
precisely, the four simulated forest management scenarios (i.e., land-use
change scenarios, LUC, Table 1) were determined according to a
gradient of forest harvesting; i) no harvesting (No harvest); ii) medium-
intensity clearcutting similar to half of the mean rate of the current
forest harvesting (Medium harvest—applied to 4 % of the harvestable
upland area per 10 years), iii) clearcutting with intensity similar to
current management practices within the study area (High harvest-
—applied to 8 % of the harvestable upland area per 10 years), and iv) a
scenario designed for boreal caribou conservation (Protected areas)
consistent with the territories under consideration in 2019 in Quebec
(Ministere des Foréts de la Faune et des Parcs, 2019a, MFFP). The
strategy integrates the protection of large tracts of forest (i.e., protected
areas with no forest harvest), and adaptive forestry practices designed to
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avoid caribou habitat and reduce rates of logging (Ministere des Forets
de la Faune et des Parcs, 2019a). We integrated the protected areas and
the adaptative logging rate within each targeted area to delineate tem-
porary (50 or 150 years) or permanent conservation areas where no
harvesting occurred (Fig. 2). In the remaining area, harvest rates were
parameterized according to those proposed by the MFFP under this plan
(variation between 3.3 and 10.6 % per 10 years by forest management
unit). Protected patch size varied between 0.06 km? to 2037 km? (mean
size = 4.44 km? and median size = 0.12 kmz), for a total area of 15,931
km?. Only stands that included tree cohorts older than 60 years were
allowed for harvesting simulation. Mean harvested patch size varied
between 40 km? to 150 km?, following current practices. Harvest rates
were held constant throughout the simulations unless not enough stands
qualified for harvest. In this latter case, harvest proceeded until there
were no more stands available. Forest harvesting was simulated using
the Biomass Harvest extension (v5.0; Gustafson et al., 2000), while
roads were drawn using the Forest Roads Simulation module (Hardy,
2021). Hence, the road networks varied among forest harvesting sce-
narios. For the scenario designed for boreal caribou conservation, the
dismantle of forest roads was not simulated, although initially recom-
mended (Ministere des Foréts de la Faune et des Parcs, 2019a).

2.3.5. Simulation design

LANDIS-II simulations were run for 100 years starting from the year
2000, considering each radiative forcing and forest harvesting scenario
with a 10-year time step. For the next steps of the analysis, we used
landscapes resulting from the LANDIS-II model for the years 2000 and
2100 to assess the cumulative impact of anthropogenic disturbances and
climate change on caribou mortality in the IBM analysis as well as on
bird and beetle species distribution.

2.3.6. Habitat characteristics of simulated landscapes

To assess the composition of the forest and generate the final forest
cover maps to use with biodiversity and individual-based caribou
models, we used the relative proportions of species groups (conifer and
deciduous species), obtained from the biomass outputs of the LANDIS-II
model. As LANDIS-II does not directly provide crown closure data, we
developed a random forest model, following Labadie et al. (2023)
methods, for predicting crown closure using Canadian National Forest
Inventory (NFI) forest attribute maps (Beaudoin et al., 2014). These
maps are a k-Nearest Neighbours interpolation of NFI photoplot data
collected in 2001, encompassing over 130 forest attributes, including
species-specific biomass, stand age, and crown closure at a 250-m res-
olution (refer to Beaudoin et al. (2014)). Subsequently, we constructed a
random forest model to forecast cell-level crown closure in NFI products
based on NFI species-specific biomass and stand age. This model
demonstrated a high goodness of fit (R> = 0.86). We then applied this
model to LANDIS-II outputs, enabling us to predict crown closure
throughout the simulation for each cell, using simulated species-specific
biomass and stand age. Using information on species group and pre-
dicted crown closure, we classified the land cover into five distinct
classes from the Land Cover Classification of the Earth Observation for
Sustainable Development of Forests (EOSD) (Beaubien et al., 1999):
closed-canopy conifer forest (conifer >75 % and crown closure >60 %),
open-canopy mature conifer forest (conifer >75 %, and crown closure
<60 %), mixed forest (conifer >25 % and deciduous >25 %), open area
(Vegetation >50 % and Vegetation (non-treed) > Vegetation (treed))
and other (Non-Vegetation >50 %). Land cover maps were then updated
by incorporating roads, as well as recent (<10 years), regenerating
(11-20 years) and old (21-50 years) cutblocks/burned areas that were
simulated by LANDIS-II at each 10-year time step.

2.3.7. Analysis of landscape structure and composition

To assess changes in landscape composition, we analyzed the
LANDIS-II outputs to determine the proportions of anthropogenic and
natural disturbances, as well as the proportion of deciduous land cover
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(Appendix A Table A.2.a-c.). The calculation of disturbance levels fol-
lowed the methodology outlined by Environment Canada (2011), which
involved measuring the percentage of nonoverlapping area covered by
burns, roads, and cuts. To account for the influence of roads and cuts on
the surrounding areas, we included 500-m buffer zones around them in
the calculation of disturbed areas as assessed by Environment Canada
(2011).

To assess changes in landscape configuration, we used the ‘land-
scapemetrics’ package in R (Hesselbarth et al., 2019). Two metrics were
chosen to capture different aspects of landscape structure, which could
potentially mediate individual responses to LUC and CC. At the patch
level (i.e., neighboring cells belonging to the same land cover class), the
mean ‘isolation index’ was calculated to evaluate the connectedness of
patches within the same land cover class (Hesselbarth et al., 2019). The
isolation index is derived from the ‘cohesion index’ and is calculated as 1
— ‘cohesion index’. A lower value of the ‘isolation index’ indicates that
patches of the same class are more aggregated, while a higher value
suggests increased isolation of patches (Appendix A Table A.2.d). This
metric serves as a proxy for assessing the fragmentation and loss of
mature conifer stands. At the landscape level, the ‘homogenization
index’ was calculated, reflecting the complexity of the landscape pattern
configuration (Nowosad and Stepinski, 2019; Hesselbarth et al., 2019).
The ‘homogenization index’ is calculated as 1 / ‘conditional entropy’. A
small value of the ‘homogenization index’ indicates that cells of one
category are adjacent to cells of many other categories, implying a more
heterogeneous landscape. Conversely, high values of the ‘homogeniza-
tion index’ values indicate that cells of one category are predominantly
adjacent to only one other category of cells, suggesting a more homo-
geneous landscape (Appendix A Table A.2.e).

2.4. Movement rules derived from radio-collared caribou, moose and
wolves (Fig. 1.2.1)

To determine the effectiveness and then the umbrella value of
management strategies, we used simulation results of boreal caribou
mortality as an index of strategy suitability. We thus ran a spatially
explicit individual-based model (IBM) with simulated agents, repre-
senting individuals of the three species (moose, caribou and wolf).
Species-specific movement rules determined from empirical data
collected for caribou, moose, and wolves over the study area (Labadie
et al., 2023) were implemented in the IBM.

Briefly, we used 68 GPS-collared adult female caribou, 16 wolves,
and 15 moose monitored between March 2005 and December 2018. Our
research primarily focused on the winter season, as this period is asso-
ciated with higher caribou mortality rates (Losier et al., 2015; Labadie
et al., 2021). To examine the extent to which individuals alter their
movement behavior in response to environmental characteristics, step
selection functions (SSFs; (Fortin et al., 2005)), specific for each species
were used. Details on GPS data and SSF models can be found in Ap-
pendix S1 in Labadie et al. (2023).

Habitat was characterized from 2004 to 2018 using the Canadian NFI
forest cover maps (Beaudoin et al., 2014), and information provided
annually by local forestry companies (Ministere des Forets de la Faune et
des Parcs, 2019b) and from the Canadian National Fire Database (Ca-
nadian Forest Service, 2019) for anthropogenic and natural
disturbances.

2.5. Individual-based model (IBM) (Fig. 1.2.2)

A complete description of the model and how it was parameterized,
calibrated and validated can be found in Labadie et al. (2023). Below,
we outline the major model components.

Briefly, the IBM simulations were conducted in a spatially explicit
representation of the Cote-Nord region using simulated landscapes
generated from the forest landscape model for projections. The IBM was
used to simulate the movements and interactions of individual agents,
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including prey species (caribou and moose) and predators (wolves).
These movements and predation events were influenced by species-
specific behavior and the characteristics of the surrounding landscape.
Each species exhibited distinct responses to landscape features, such as
cuts and roads (Fortin et al., 2013, 2015; Gagné et al., 2016), resulting in
variations in the types of land cover where the likelihood of predator-
prey encounters was highest for each prey species (Courbin et al.,
2009, 2013). When an individual agent moved, 21 random steps were
generated within a buffer surrounding their current position. Subse-
quently, the agent relocated to the position that exhibited the highest
SSF score. The maximum distance that an individual of a given species
could cover in a single step was determined based on the 99th percentile
of the species-specific empirical step length distribution (Dickie et al.,
2017) (Appendix A Table A.3). Prey could only die from predation, and
they were then removed from the simulation.

2.5.1. Moose and wolf numerical response

Simulations accounted for the typical numerical response of moose
that follows timber harvesting (Potvin et al., 2005; Anderson et al.,
2018), and the subsequent increase in wolf density (Messier, 1984). The
number of moose in a simulation was adjusted to the proportion of de-
ciduous vegetation available in simulated landscapes (Appendix A
Table A.1), and then the number of wolf packs was adjusted to moose
density based on Messier (1984), Appendix A Table A.1).

2.5.2. Model projections

To simulate the movements of wolf, moose and caribou, and to es-
timate the predation rate of wolves under various scenarios, IBM sim-
ulations were conducted for a duration of one year in both the years
2000 and 2100. Each simulation was replicated ten times. Consequently,
a total of 130 ((12 scenarios in 2100 + 1 reference scenario in 2000) x10
replicates) simulations were performed.

2.6. Analysis of outputs of individual-based models (Fig. 1.2.3)

2.6.1. Analysis of prey mortality

To evaluate the effectiveness of conservation strategy in mitigating
caribou mortality and the influence of the cumulative effects of LUC and
CC, we compared the predicted caribou mortalities simulated by the IBM
across different scenarios of CC and LUC. To assess how changes in forest
structure and composition impacted the proportion of caribou killed (i.
e., number of caribou killed/total number of caribou), we used a
generalized linear mixed model (GLMM) with a binomial distribution.
We thus analyzed the relationship between the proportion of caribou
mortalities and several covariates related to forest characteristics,
including the proportion of areas disturbed by cuts and roads, burned
areas, and landscape features, such as mean stand age, proportion of
deciduous vegetation, landscape homogenization and isolation of
mature conifer stands. To account for the variation in the proportion of
caribou killed among LUC scenarios because of CC, we created a factor
from the combination of LUC and CC (i.e., LUC x CC) that was used as a
random effect, with the factor “No harvest _baseline” as reference. We
considered a logit link and binomially distributed errors.

2.7. Bird and beetle occurrence data (Fig. 1.3.1)

We characterized boreal biodiversity based on predictive models of
occupancy of birds and beetles previously developed from field obser-
vations (Bouderbala et al., 2023). For birds, models were based on
presence-absence data from the Second Atlas of Breeding Birds of
Québec (Regroupement QuébecOiseaux, 2018). All birds were identified
at the species level. For beetles, species abundance datafiles collected in
2004, 2005, 2007, 2011, and 2018 from June to August (Janssen et al.,
2009; Légaré et al., 2011; Bichet et al., 2016) were merged, and then
transformed into a presence-absence database (Bouderbala et al., 2023).
The beetles were identified at the species level when possible; otherwise,
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the identification to the genus level was standardized (92 % identifica-
tions were at the species level).

2.8. Species distribution models (Fig. 1.3.2)

As a result of these models, Bouderbala et al. (2023) provides pre-
dicted density for 31 bird and 77 beetle species for each simulated
landscapes generated from the forest landscape model for projections
(The species list used for the model is in Appendix B Table B.1), which
we used to evaluate the umbrella value of management strategies
designed around the needs of boreal caribou. In addition to the expected
species distribution maps provided by Bouderbala et al. (2023), we
generated maps of the predicted occurrence for bird and beetle species
for the caribou conservation scenario (i.e., Protected areas). Briefly,
these models only included species that were recorded at >1 % and > 5
% of all sites for birds and beetles, respectively, and that also had high
goodness-of-fit (i.e., Area under the curve (AUC) diagnostic >0.7).
Presence-absence data of bird and beetle species were used to estimate
the probability of occurrence related solely to habitat characteristics
using GLMMs with a random intercept to account for differences among
sampling years (see Bouderbala et al. (2023) for more details).

Similarities in predicted probability of occurrence combined with
expert opinion allowed to classify bird species according to their main
habitat associations (mature forests or early-to-mid succession forests,
Appendix B Table B.1). Early-to-Mid succession forest included the
following land covers: wetland and young stands of deciduous, mixed-
wood and coniferous species. On a total of 31 bird species, 7 were
associated with mature forests, 20 with early-to-mid succession forests
and 4 were considered as generalist. Knowledge regarding beetle habitat
associations was too scarce to allow similar classification and further
habitat-related investigations. The occurrence probability maps of every
included species were then computed for each scenario.

2.9. Analysis of outputs of species distribution models (Fig. 1.3.3)

Impacts of LUC and CC on bird and beetle species assemblages were
assessed by comparing occupancy and assemblage dissimilarity under
each CC and LUC scenario in 2100. We used the predicted probability of
occurrence of species s (ps) for every pixel of the landscape, as a function
of environmental characteristics associated with a given CC and LUC
scenario. An occupancy index of species s (P;) was estimated as its mean
probability of occurrence in the landscape for each of the climate j and
forest management scenario k:

> log (ps,k + 1)

pixels
Sik
N, pixels

We evaluated the percent change in P; between the reference sce-
nario (No harvest under climate j scenario, Table 1) and each of the
climate j and forest management scenario k, as:

AP, = Pu = Puiret 199
sjref

We then computed the Jaccard dissimilarity index (JDI; (Jaccard,
1908, Rahel, 2000)) on occupancy indices to assess the biodiversity
change across scenarios (i.e., the degree of the dissimilarity in assem-
blage composition between the compared scenarios). Biodiversity
change was calculated from the equation:

2BCjk et

Dl ref =
i 1+ Bcjk—rel'

Where BC is the Bray-Curtis dissimilarity index determined from the
relationship:
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where Py, and P, refer to the index of occupancy of a species s in
landscapes under climate j and forest management scenario k and No
harvest (i.e., reference), respectively (Oksanen et al., 2020).

To assess how changes in forest structure and composition impacted
variation in biodiversity (i.e., the Jaccard Dissimilarity Index, JDI), we
used a linear regression to relate the biodiversity change to each co-
variate of forest characteristics: the proportion of areas disturbed by cuts
and roads, burned areas, and landscape characteristics, such as the mean
stand age, proportion of deciduous vegetation, landscape homogeniza-
tion and isolation of mature conifer stands. As the JDI is an index that
compare two scenarios (scenario jk compared to the scenario of refer-
ence, Table 1), we calculated the percentage of change of each covariate
of forest characteristics following:

. Covariate,,
Percentage of change (Covarlatexk) =[—"—"—-1] x100
! Covariatey,,

where Covariatey, is the value of the landscape characteristics x under
the climate scenario j and forest management k. For example, for the
covariate ‘mean stand age’, we used the value of the mean stand age of
the landscape under the scenario RCP 8.5-Medium harvest and the value
of the mean stand age of the landscape under the reference scenario
(RCP 8.5-No harvest, Table 1). This method was used to get a direct
assessment of the effects of LUC while controlling for CC.

2.10. Umbrella effectiveness of a conservation strategy under global
change (Fig. 1.4)

To test the umbrella value of the boreal caribou management stra-
tegies' ability to conserve associated biodiversity, we calculated the
Pearson's correlation coefficient between the ratio of caribou killed, an
index of the effectiveness of management strategies for maintaining the
species, and biodiversity change (i.e., the Jaccard Dissimilarity Index,
JDI) from both avian and beetle taxa between scenarios with harvest
(Protected areas, Medium and High harvest) and the No harvest scenario
in 2100 while controlling for CC (Table 1). To determine the cumulative
impact of LUC and CC on the umbrella value of a management strategy,
we calculated the Pearson's correlation coefficient between the ratio of
caribou killed and biodiversity change from both taxa between scenarios
with harvest (Protected areas, Medium and High harvest) and the
Baseline-No harvest scenario in 2100 as a unique reference for each CC
scenario.

3. Results
3.1. Projection of forest cover

LUC changed the composition of boreal landscapes by initiating
widespread secondary succession (Fig. 2), and by decreasing the pro-
portion of old forests. Under the Protected areas scenario, the average
stand age across the landscape was 71-year-old, showcasing the suc-
cessful preservation of mature forest stands compared to the High har-
vest scenario, where the average stand age was 53-year-old under the
baseline climate scenario. This prediction of increasing deciduous
vegetation and decreasing proportion of old-growth forests was further
exacerbated by CC (Fig. 2). Under each climate scenario, the proportion
of post-harvest stands <50-year-old were comparable under the Medium
harvest and Protected areas scenarios (Appendix C Table C.1). Simula-
tion outputs of Medium harvest and Protected areas scenarios were
similar: at the end of 100 years (Appendix C Table C.1), both scenarios
ended up with comparable amounts of most forest age-class types and
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habitat available for species (Fig. 2, Appendix C Table C.1). CC also
altered landscape composition mainly through an important surge in
area burned (e.g., the proportion of burned areas doubled under RCP85
compared to baseline climate scenario under No harvest scenario in
2100, Appendix C Table C.1). Indeed, the proportion of deciduous
vegetation in the study area was mainly driven by disturbance-induced
increases in boreal, co-occurring deciduous species (e.g., trembling
aspen) rather than through a climate-induced northward expansion of
thermophilous species. The shift to deciduous and younger vegetation
was characterized by the increase in mixed stands and in regenerating
cuts and burned areas (Fig. 2). Forest disturbance levels (i.e., Proportion
of cuts and roads, and burned areas) increased with the intensification of
LUC and CC. Moreover, CC caused a steep decline in landscape
complexity by causing an increase in proportion of burned areas
(Pearson's correlation r = —0.87, P < 0.01, in 2100). Protected areas
scenario had more aggregated cuts than Medium harvest scenarios,
which increased landscape complexity; the complexity index was 1.83
and 1.73 respectively under Baseline climate scenario. The scenario with
the lowest landscape complexity was High harvest under RCP 8.5 sce-
nario (value of the complexity index = 1.51). In addition, the change in
landscape structure can also be characterized by the isolation of mature
conifer stands which was correlated with the increase in LUC (Pearson's
correlation r = 0.68, P = 0.01, in 2100), and the increase in the pro-
portion of deciduous vegetation within the landscape (Pearson's corre-
lation r = 0.84, P < 0.01, in 2100).

3.2. Effectiveness of forest management for reducing boreal caribou
mortality

We determined the effectiveness of management strategies to reduce
mortality of the boreal caribou by analyzing the simulated proportion of
caribou killed by wolf for each scenario. The effectiveness of the two
boreal caribou management strategies through the decrease in forest
harvesting rate (Medium harvest scenario) or the delineation of pro-
tected areas (Protected areas scenario) was equivalent as the proportion
of caribou killed was nearly the same under both scenarios (Appendix C
Fig. C.1). Moreover, the proportion of caribou killed by wolves increased
with the increase in the proportion of cuts and roads (Pearson's corre-
lation r = 0.67, P < 0.01), and deciduous vegetation (Pearson's corre-
lation r = 0.88, P < 0.01). CC and LUC also affected landscape structure
by increasing the homogeneity of the landscape and the isolation of
mature conifer stands which are both predicted to increase the propor-
tion of caribou killed by wolves (Pearson's correlation r = 0.58, P < 0.01,
and Pearson's correlation r = 0.70, P < 0.01, respectively) (Appendix C
Fig. C.2). An overall increase in stand age, which is predicted to be
favored by caribou conservation strategies, is expected to reduce the
proportion of caribou killed by wolves (Pearson's correlation r = —0.83,
P < 0.01) (Appendix C Fig. C.2).

3.3. Projected bird and beetle occupancy following climate change and
forest management

The simulations indicate that, compared to the uncut landscape (No
harvest), the probability of decrease or increase in the occurrence of
beetle species should remain approximately the same in landscapes
altered by the three forest management scenarios (i.e., Protected areas,
Medium and High harvest scenarios), regardless of CC (Fig. 3). For bird
species associated with early-to-mid succession forests, approximately
90 % of species were predicted to increase their probability of occur-
rence under the three LUC scenarios compared with the No harvest
scenario, regardless CC (Fig. 3). The great majority of increasing bird
species were early successional species (94 % associated with young
forest and/or harvested forest <20-year-old, Appendix B Table B.1 and
Appendix C Table C.2). The highest decrease in the probability of
occurrence was obtained for bird species associated with mature forests,
with the highest decrease under High harvest scenario, regardless of CC
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(Fig. 3). Those species were associated with old forests and/or harvested
forests older than 20-year-old (Appendix B Table B.1). In addition, bird
species associated with mature forests that were disadvantaged by nat-
ural and anthropogenic disturbances (i.e., with a negative percentage of
change in species index of occupancy), were predicted to have an even
larger decrease in their probability of occurrence with CC, resulting in a
larger negative percentage of changes in species index occupancy in
addition to the impact of LUC (Fig. 3). For example, under RCP 8.5
species associated with mature forests that are expected to decrease
their probability of occurrence will decrease by 28 %, 24 % and 34 %
respectively depending on forest harvesting scenarios (i.e., Medium
harvest, Protected areas and High harvest), while under the baseline
scenario, they are expected to decrease their probability of occurrence
by 21 %, 16 % and 30 % respectively (Fig. 3).

3.4. Variations in bird and beetle assemblages following climate change
and forest management

Compared to the No harvest scenario, the biodiversity change (i.e.,
Jaccard dissimilarity index; JDI) for all taxa under Medium harvest and
Protected areas scenarios were very similar regardless of CC scenarios
(Table 2). Biodiversity change increased with increasing forest har-
vesting rates for all taxa (Table 2). LUC had a more important impact
than CC on biodiversity change. An 11 % increase in cuts (Medium
harvest [16 % of cuts] to High harvest [27 % of cuts]) increased biodi-
versity change by 38 %, when averaging all climate scenarios. Compared
to Baseline-No harvest, the cumulated effects of LUC and CC resulted, on
average, in 25 % and 9 % higher dissimilarity under RCP 8.5 and RCP
4.5 respectively than under no climate change (Appendix C Table C.3).
When considering the cumulative effects of LUC and CC (i.e., with the
unique reference scenario Baseline-No harvest), the biodiversity change
under Protected areas scenario was smaller than the biodiversity change
under Medium harvest scenario for all taxa and CC scenarios (Appendix
C Table C.3).

More precisely, biodiversity change (JDI) increased with the growing
proportion of cuts and roads (Pearson's correlation r = 0.88, P < 0.01)
and deciduous vegetation (Pearson's correlation r = 0.95, P < 0.01)
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Table 2

Biodiversity change shown through the Jaccard dissimilarity index (JDI) con-
trasting prediction of species assemblages between the reference scenario and
harvested landscapes in 2100, given climate change, for the boreal forest in
Canada. All taxa column includes the value of JDI calculated from beetle and
bird (Mature, Early-Mid succession forests and generalist species) data.

Scenarios Birds Birds Beetles  All Reference
(Mature) (Early- taxa scenario
Mid)

Baseline- 0.14 0.13 0.10 0.13 Baseline-
Protected No harvest
areas

Baseline- 0.17 0.15 0.12 0.15
Medium
harvest

Baseline-High 0.23 0.19 0.17 0.20
harvest

RCP45- 0.15 0.13 0.10 0.13 RCP 4.5-
Protected No harvest
areas

RCP45- 0.18 0.13 0.11 0.14
Medium
harvest

RCP45-High 0.25 0.19 0.16 0.20
harvest

RCP85- 0.13 0.10 0.08 0.11 RCP 8.5-
Protected No harvest
areas

RCP85- 0.16 0.11 0.09 0.12
Medium
harvest

RCP85-High 0.21 0.16 0.12 0.17
harvest

(Fig. 4). Biodiversity change decreased, however, as landscapes become
increasingly comprised of older forests (Pearson's correlation r = —0.90,
P < 0.01) (Fig. 4). Changes in landscape structure induced by CC and
LUC, through the increase in the homogeneity of the landscape, were
predicted to increase the biodiversity change (Pearson's correlation r =
0.82, P < 0.01) (Fig. 4). Our analysis did not detect a significant link
between the proportion of burned areas, the isolation of mature conifer
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stands and biodiversity change (Pearson's correlation r = 0.30, P = 0.43
and Pearson's correlation r = 0.62, P = 0.07, respectively) (Fig. 4).

3.5. Umbrella effectiveness of conservation strategies

Finally, we found a positive relationship between the ratio of the
proportion of caribou killed and biodiversity change (JDI) from both
taxa (Pearson's correlation r = 0.89, P < 0.01, Fig. 5a), which implies
that bird and beetle assemblages are less impacted (i.e., lower JDI) when
conditions are more suitable for caribou survival (lower mortality).
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Biodiversity change and boreal caribou mortality decreased when a
management strategy was implemented compared to the current prac-
tice (High harvest scenario) (Table 2, Appendix C Fig. C.1). When we
used the Baseline-No harvest scenario as a unique reference to deter-
mine the cumulative effects of LUC and CC, we observed that biodi-
versity change and the ratio of the proportion of caribou killed increased
under RCP 8.5, regardless of LUC (Fig. 5b and Appendix C Table C.3).
These results demonstrate that the effectiveness of management strate-
gies also depends on the cumulative impacts of CC and LUC.
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10



G. Labadie et al.

4. Discussion

This work highlights future cumulative effects of climate change and
various land-uses resulting from different management strategies on
forest characteristics, animal assemblages, and the umbrella value of
boreal caribou for biodiversity conservation. Our results show an
interplay among changes in vegetation structure and composition,
boreal caribou mortality and biodiversity assemblages (Fig. 4, Appendix
C Fig. C.2). Our findings also point to LUC induced by forest harvesting
as a key driving force of community assembly. In accordance with Bichet
et al. (2016), we show that management strategy designed around the
needs of boreal caribou populations (Protected areas scenario) and
management strategy that reduce the level of forest harvesting (Medium
harvest scenario) can serve as an effective umbrella for preserving bird
and beetle assemblages, but we further predict that their umbrella value
will depend on the severity of climate change. In addition to the similar
forecasted response of boreal caribou and bird and beetle assemblages to
global change, management strategies designed to maintain boreal
caribou can serve for conserving sufficient high-quality habitat of co-
occurring species. As an effective umbrella species for biodiversity,
boreal caribou could alleviate the effect of global change on animal
species assemblages without having to identify all the sympatric species
and their independent responses to CC and LUC.

We emphasize that the main goal of this study was to determine
whether scenarios aiming at the conservation of one umbrella species
also maintain the integrity of regional biodiversity under climate
change, not testing how well caribou performs as an umbrella to other
potential umbrella species. Among the possible management measures
aimed at preserving boreal caribou populations, we tested two possible
management actions. The first one, Medium harvest, was simulated to
evaluate the effect of the reduction of the level of forest harvesting. The
second one, Protected areas, was simulated to evaluate the effect of the
delineation of specific conservation areas, aiming at minimizing the
threat of anthropogenic disturbances while maximizing patches of high
habitat quality for boreal caribou. The delineation of protected areas
influenced the location of cuts, and subsequently the structure of the
landscape. Our results highlighted that species assemblages were more
similar to the uncut landscape under which we observed complex
landscape with large mature stands (i.e., landscapes under conservation
strategy scenarios). Previous studies have reported that landscape
complexity has a positive effect on biodiversity (Janssen et al., 2009),
and could be used to manipulate species interactions with the aim of
increasing or decreasing the predation rate on target populations ac-
cording to management objectives (Smith et al., 2019; Vanlandeghem
et al., 2021). Our results emphasize an opportunity to increase the
umbrella value of the proposed management strategies by focusing on
human activities while maintaining landscape complexity.

Projected increases in fire activity due to CC cumulate with forest
harvesting are expected to be important drivers of landscape changes
and subsequently in boreal assemblages. The use of a spatially explicit
and mechanistic forest model allowed us to simulate changes in forest
stand composition, an important driver of bird and beetle occurrences
(Cadieux et al., 2019; Mason et al., 2021) and caribou mortality
(Courbin et al., 2009; Gagné et al., 2016). In our simulations, a signifi-
cant proportion of coniferous stands transitioned to deciduous-
dominated stands after a disturbance. For caribou, the proportion of
deciduous vegetation induced by forest harvesting and wildfire deter-
mined the numerical response of moose and wolf, and consequently the
predation risk for boreal caribou (Serrouya et al., 2021). Therefore,
impact of forest composition on caribou mortality through apparent
competition is expected to be higher compared to the change in forest
structure as determined in Labadie et al. (2023). While lichen avail-
ability is not currently a limiting resource for caribou in boreal forest, a
reduction in lichen availability can be expected due to the increasing
occurrences of fires with climate change (Rupp et al., 2006). However,
the rapid and asymmetrical change in vegetation composition due to the
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induced increase in deciduous vegetation would be a major threat for
boreal caribou. Management strategies that are expected to decrease or
control for the proportion of deciduous vegetation are thus predicted to
have a high umbrella value. Indeed, the proportion of deciduous vege-
tation is also predicted to greatly impact bird and beetle assemblages.
Overall, our results indicate that the predicted large-scale conversion of
the boreal forest to higher deciduous cover may be one of the most
important threats to the integrity of boreal assemblages (Drapeau et al.,
2000; Carroll, 2007; Janssen et al., 2009; Légaré et al., 2011; Cadieux
et al., 2020; Labadie et al., 2021). As a result, the long-term ecological
consequences of LUC and CC could be an ecological state shift (Folke
et al., 2004) in assemblage structure, in which the outcomes are pre-
dicted to depend on the potential change in fire regime from CC and the
rate of LUC (i.e., forest harvesting).

The transition from conifer to mixed forests, with more deciduous
trees, represents not only a large change in forest composition but also a
major net loss of old growth stands on which many forest species
depend. Decrease in old-growth forest was one of the most important
variables that significantly affected the response of modeled species and
thus the dissimilarity in species assemblages. In accordance with other
studies in western Canada (Schneider et al., 2003; Cadieux et al., 2020),
we identified that boreal caribou and bird species requiring old-growth
habitats were likely to be the most negatively affected by cumulative
disturbances. More specifically, we show that the probability of occur-
rence of bird species associated with mature forests — such as Bay-
breasted Warbler (Setophaga castanea), Cape May warbler (Setophaga
tigrine), Brown creeper (Certhia americana), Swainson's thrush (Catharus
ustulatus) and Evening grosbeak (Coccothraustes vespertinus) — would
have the highest decrease while the probability of occurrence of bird
species associated with early-to-mid succession forests would have the
highest increase (Appendix C Table C.2). Furthermore, loss of old
growth stands would also have major consequences on saproxylic bee-
tles (i.e., those depending on dead wood during some part of their life
cycle). Indeed, old forests present a multitude of microhabitats favorable
to insect biodiversity but above all, it is the large amount of dead trees of
various sizes and species which are necessary for maintaining saproxylic
beetle assemblages (Ulyshen, 2018). More globally, the consequences of
the loss of mature stands or the degradation of forests for biodiversity
are in accordance with many other worldwide systems (Gibson et al.,
2011; Haddad et al., 2015; Lindenmayer et al., 2017; Chase et al., 2020).
For example, in Australia, there was concern for the population viability
of several threatened mammals following the widespread collapse of old
trees (Lindenmayer et al., 2015). Furthermore, in regions such as
Finland and Sweden, the depletion of mature forests had devastating
consequences for a broad range of taxa (Berg et al., 1994; Bauhus et al.,
2009). Forests are important globally because of their economic re-
sources, ecosystem services and biodiversity (Gauthier et al., 2015),
especially older forest with their specific structural attributes (e.g., large
trees with cavities and coarse woody debris) (Kuuluvainen et al., 2012;
Kuuluvainen and Gauthier, 2018). Strategies aiming at maintaining old-
growth stands should thus have a higher value for an umbrella species
such as the boreal caribou.

We show that management strategies aiming at reducing harvest
rates, notably those specifically targeted for caribou conservation,
decreased caribou mortality and biodiversity change compared to a
business-as-usual forest harvesting scenario. These results highlight that
the key factor to preserve boreal biodiversity is to reduce the level of
forest harvesting at the regional scale. We show that management aimed
at reducing the level of forest harvesting per se or to favour protected
areas, should mitigate the increase in the proportion of deciduous
vegetation, and the loss of mature forests. The efficacy of management
strategies focused on umbrella species is better over large spatial ex-
tents, because the design of management action will naturally accom-
modate the needs of many species at regional scales (Thornton et al.,
2016) by preserving a large variety of environmental characteristics. We
show that a management plan that focuses on the protection of boreal
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caribou habitat through the decrease in harvesting levels trigger a
decrease in encounter rates with wolves and allows to represent condi-
tions at multiple levels (i.e., stand, landscape, and ecosystem) leading to
the protection of a large number of other species. As complementary
analyses to our study, it would be also very interesting to use additional
metrics, such as those based on species conservation status or functional
traits to provide valuable insights into specific aspects of biodiversity
conservation.

In conclusion, while there are many uncertainties surrounding global
change effects on boreal ecosystems, there is clear evidence for the
positive effects of strategies that aimed to mitigate the impact of human
activities. We found that management strategies designed by targeting
specific species with large home ranges and with special habitat re-
quirements, such as rare or threatened species, can be used to evaluate
the effects of environmental changes, and at broader scale for biodi-
versity conservation (Brashares, 2010). Our study provides guidance to
conservation strategies by clarifying mechanisms through which CC and
LUC threaten biodiversity. The determination of the umbrella value of
the boreal caribou conservation strategy shows that a single-species
management strategy can be critical for governments, such as in Can-
ada and in USA, because they have the legal obligation of developing a
conservation strategy for the recovery of individual endangered and
threatened species (U.S. Fish and Wildlife Service, 1973; Government of
Canada, 2002). In this context, our study emphasizes that surrogate
species, like umbrella species, which benefit from governmental action
plans (e.g., conservation strategy), can act as a catalyst for research
informing biodiversity conservation approaches.
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