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ABSTRACT

In managed boreal forests, logging operations maintain high levels of anthropogenic disturbance in the
ecosystem. The establishment of permanent anthropogenic linear features such as logging roads in the landscape
may be a major factor in the predator-prey system. Logging roads may potentially improve the numerical and
functional response of predators. Using camera traps, our objective was to explain according to local and
landscape factors how the number of uses by wolves, black bears, lynx and moose, varies along different natural
and anthropogenic linear features during the snow-free season. In western Quebec (Canada), the managed forest
south of Val-d’Or encloses an isolated caribou population facing extinction that requires active restoration of
their habitat. In this site, we used stratified random selection of gravel forest roads (n = 33), winter forest roads
(n = 28) and riparian areas (n = 19) to compare their characteristics and number of uses by the four species. For
wolves, black bears, and lynx, positive differences in lateral cover between the surroundings and the linear
feature mainly explained their number of uses. Number of uses by wolves and lynx were positively related to use
by their respective prey species (moose and snowshoe hare). Gray wolf use was also positively affected by
distance to a higher forest road class and negatively affected by distance to the nearest urban area. Gravel forest
roads had the highest number of uses by all species, as they showed greater positive differences in lateral cover as
compared to the surroundings area due to their limited vegetation growth and by frequent maintenance activ-
ities. We recommend that restoration efforts aimed at forest road closures should target roads with a high value
of difference in lateral cover, which is particularly the case in most gravel roads. Lower lateral cover on these
linear feature as compared to their surroundings area favors the movement of predators and alternative prey. Our
results thus suggest that investing in gravel roads restoration can benefit conservation efforts in caribou habitat.

RESUME

En forét boréale aménagée du Québec, I’exploitation forestiéere maintient un niveau de perturbation anthropique
trop élevé dans I'écosysteme forestier entrainant le déclin des populations de caribou boréal. Etant en général
une perturbation permanente, 1’'implantation de structures linéaires anthropiques, comme les chemins forestiers,
est un facteur prépondérant du systeme prédateurs-proies. Les chemins forestiers améliorent la réponse
numérique et fonctionnelle des prédateurs et des proies alternatives. Notre objectif était d’expliquer par des
facteurs locaux et de paysages comment le nombre d’utilisations de ’habitat en période sans neige du loup, de
I’ours noir, du lynx ainsi que du compétiteur apparent du caribou, 1’orignal, varie sur différentes structures
linéaires naturelles et anthropiques avec I’aide de caméras de surveillance. Dans l'ouest du Québec, au Canada, le
site faunique du caribou, au sud de Val-d'Or, abrite une population isolée en voie d'extinction qui nécessite une

* Corresponding author at: Institut de recherche sur les foréts, Université du Québec en Abitibi-Témiscamingue, 445, boul. de 1'Université, Rouyn-Noranda, Québec

J9x5E4, Canada.

E-mail address: Arnaud.Benoit-Pepin@ugat.ca (A. Benoit-Pépin).

https://doi.org/10.1016/j.foreco.2024.121911

Received 4 October 2023; Received in revised form 11 April 2024; Accepted 12 April 2024

Available online 25 April 2024

0378-1127/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:Arnaud.Benoit-Pepin@uqat.ca
www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2024.121911
https://doi.org/10.1016/j.foreco.2024.121911
https://doi.org/10.1016/j.foreco.2024.121911
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2024.121911&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

A. Benoit-Pépin et al.

Forest Ecology and Management 561 (2024) 121911

restauration active de son habitat. Dans ce site, une sélection aléatoire stratifiée de chemins gravelés (n = 33) et
de chemins d’hiver (n = 28) de classe inférieure ainsi que du milieu riverain (n = 19) a été faite pour comparer
leurs caractéristiques ainsi que le nombre d’utilisations de ces especes. Pour le loup, I’ours noir et le lynx, la
différence du couvert latéral entre le milieu environnant et la structure linéaire expliquait principalement leur
nombre d’utilisations par 100 jours. Cette utilisation par le loup et le lynx était positivement liée a l'utilisation
par leurs proies respectives (orignal et lievre d’Amérique). Le nombre d’utilisations du loup gris était affecté
positivement par la distance a un chemin forestier de classe supérieure et négativement par la distance a la ville
la plus prés. Essentiellement, les chemins forestiers gravelés présentaient le nombre d'utilisations le plus élevé par
toutes les especes car ils présentaient des différences positives plus importantes dans la couverture latérale par
rapport aux milieu environnant, en raison de la croissance limitée de la végétation et des activités d'entretien
fréquentes. Nous recommandons que les efforts de restauration visant la fermeture des chemins forestiers ciblent
ceux ayant une valeur élevée de différence de couvert latéral, ce qui est particulierement le cas pour la plupart
des chemins gravelés. Le faible couvert latéral sur ces structures linéaires par rapport a leur environnement
favorise le déplacement des prédateurs et des proies alternatives. Nos résultats suggerent que d'investir dans la
restauration des chemins forestiers gravelés peut étre bénéfique pour les efforts de conservation de 1'habitat du

caribou.

Introduction

The ongoing growth of the human population and the global econ-
omy is leading to considerable losses of biodiversity on the planet
(Grooten and Almond, 2018). In general, this decline is primarily due to
loss and fragmentation of habitats (Fahrig, 1997, 2003). Despite
remaining relatively intact, boreal forest ecosystems are also being
affected. In certain regions, exploitation of natural resources through
industrial activities (forestry, hydroelectric generation, mineral and
hydrocarbon extraction) may potentially contribute to a high level of
anthropogenic disturbance, leading to concerns about jeopardizing
biodiversity preservation (St-Laurent et al., 2009; Imbeau et al., 2015).
These disturbances alter the composition, structure, and level of frag-
mentation of forests. Such changes may affect the density and spatial
distribution of wildlife species, potentially affecting certain species with
large home ranges that are associated with mature forests, such as
woodland caribou (Rangifer tarandus caribou; Seip, 1992; Crete and
Manseau, 1996; James et al., 2004; Bowman et al., 2010; Fisher and
Burton, 2018; Lafontaine et al., 2019).

Anthropogenic disturbances associated with forest activity may be
categorized as temporary or permanent on land. The duration of the
impact on anthropogenic disturbance is more of a gradient. As observed
with natural disturbances (e.g., fires, insect epidemics), forest harvest-
ing can initiate a process of development and succession leading to more
favourable conditions for caribou within an estimated time-frame of 40
years (Courtois et al., 2007; Environnement, 2011). Anthropogenic
linear features such as forest roads, in contrast, may increase the rate of
disturbance in caribou habitat over a longer temporal period. Although
anthropogenic linear features often occupy a small portion of the land
area, they can have a disproportionate effect on ecological processes
(Trombulak and Frissell, 2000). Several studies in western Canada assert
that the placement of anthropogenic linear features in the landscape,
such as gravel forest roads and seismic lines, are overriding factors that
alter predator-prey dynamics by favouring predators at the expense prey
(Schneider, 2002; Whittington et al., 2005, 2011; DeMars and Boutin,
2018). When present in prey habitats, anthropogenic linear features
induce an increase in functional and numerical responses from its
predators. Functionally, anthropogenic linear features increase the
hunting efficiency of predators. For instance, they promote spatial
overlap of gray wolves (Canis lupus) and black bears (Ursus americanus)
in prey refuge areas undisturbed or mature forest (McKenzie et al., 2012;
DeMars and Boutin, 2018; Mumma et al., 2018) and facilitate movement
by increasing their travel speed (Dickie et al., 2017, 2020) and, thus,
their daily movement. Regarding the numerical response, it simply
means a rise in the number of predators hunting within the prey habitat
(McCutchen, 2007). Both responses can cause an increase in natural
predation that changes the sensitive demographic balance that is
traditionally known for caribou (Bergerud, 1974; Leclerc et al., 2012).

The demographic effect of linear features on large wildlife is well
known, especially from a species habitat restoration perspective, but it
would be relevant to identify which anthropogenic linear features are
most likely to favour species that are associated with his decline. To do
so, the level of use must be identified across various natural and
anthropogenic linear features in the managed forest landscape to target
the factors that explain a decrease or an increase in their uses. Under-
standing these factors holds particular importance in the context of
caribou habitat restoration.

Over the past decades, with the aid of camera traps, models have
been developed that provide information on large mammal distributions
and intensity of space use within their home ranges. Site occupancy
models developed by MacKenzie et al. (2002) have emerged as invalu-
able assets for effective wildlife habitat management and conservation
purposes. The intensity of use or counting model, on the other hand,
informs whether a particular resource will be used more or less
frequently over time (Keim et al., 2019). The outcome thus directly re-
fers to the expected number of events in which the species uses a
particular resource. The major distinction between occupancy and
counting models is that the probability of occupancy may remain con-
stant over time as intensity of use varies (Keim et al., 2011, 2019).
Therefore, these models allow us to directly quantify the actual risk that
is experienced by caribou using the space near a linear feature that is
also frequented by predators and alternative preys.

Using local and landscape factors, our objective was to explain how
the number of uses by woodland caribou predators, including gray
wolves, black bears, and Canada lynx (Lynx canadensis), together with its
alternative prey (moose; Alces americanus), varies along different natural
and anthropogenic linear features during the snow-free season. Indeed,
the number and distribution of black bears has increased on rejuve-
nating landscapes in Quebec, given the greater availability of its food
resources (Mosnier et al., 2008), which raises predation on caribou
calves (Latham et al., 2011a; Pinard et al., 2012; Leblond et al., 2016).
Some studies in Labrador show that Canada lynx may also represent a
significant predator of caribou calves when coyote and wolf are absent
(Bergerud et al., 1983; Mahoney et al., 2016). This increase in predation,
which in some areas had been linked to anthropogenic disturbance, has
led to the designation of caribou as a threatened species in Canada since
2002 (Bergerud, 1974; Thomas and Gray, 2002; Festa-Bianchet et al.,
2011; Leclerc et al., 2014). The literature reveals little information in
North America on the level of use of winter forest roads and riparian
areas by these species. Knowing the number of uses on gravel forest
roads, winter forest roads and riparian areas during the snow-free season
is relevant to forest management, because predation on calves is
concentrated in the summer. This will help identify roads heavily used
by species associated with calves predation and thus caribou decline. We
hypothesized that gravel forest roads had a higher number of uses by
large mammals than did winter roads and riparian areas. We assumed
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that the difference in lateral cover conditions between the surrounding
area and the linear feature was more conducive to movement on gravel
forest roads. Furthermore, we expected that prey use was more frequent,
and the availability of edible plants for black bear and moose was also
higher along gravel forest roads. Predicting the number of uses of these
species based on ecological and anthropogenic covariates in a context of
managed forest landscape is essential to guide woodland caribou habitat
restoration initiatives (Ray, 2014; Muhly et al., 2019).

Materials and methods
Study area

The study area was located in western Quebec, within the adminis-
trative region of Abitibi-Témiscamingue. Logging is the main economic
activity for this region. The forest ecosystem is mainly located in the
northern part of the white birch-balsam fir bioclimatic domain (Saucier
et al.,, 2009; MFFP, 2016). During the sampling periods in 2020 and
2021, the average temperatures were recorded at 15.7 ° Cand 16.2 ° C
and precipitation was 419 mm and 254 mm, respectively (Environment,
2022). The highest elevation in the study area was about 421 m, while
the lowest point was 308 m above sea-level. The study area was located
within Forest Management Unit (FMU) 08351 (MRN, 2020) and
included the caribou wildlife site south of Val-d'Or (47°53°20°’N,
77°39’15°W), which was designated in 2013-2018 covering about
2145 km? (MFFP, 2018; Fig. 1). This caribou wildlife site was delimited
by historical and recent telemetry surveys of tagged Val-d’Or caribou
individuals (MRN, 2013). For several years, a gray wolf depredation
program has been conducted in the northeastern part of the caribou
wildlife site. Construction of gravel and winter roads in the wildlife site
was achieved between 2004 and 2008. The wildlife site was primarily
composed of softwood species including black spruce (Picea mariana
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(Mill.) BSP), jack pine (Pinus bankisiana Lamb.) and balsam fir (Abies
balsamea (L.) Mill.), together with white or paper birch (Betula papyrifera
Marsh.). Mammals such as moose, gray wolf, black bear, lynx and
snowshoe hare (Lepus americanus) were also present (Saucier et al.,
2009).

Linear feature selection

In Quebec, the construction, upgrading, repair and maintenance of
forest roads on public forest land is based on the "user pays" principle
(MFFP, 2022). The forest industry is therefore the main contractor of the
anthropogenic linear features in the forest landscape with about
476721 km of forest roads established in 2020 (MFFP, 2021). These
forest roads are legislated in Quebec by the Sustainable Forest Man-
agement Regulation and must be authorized by the regional forestry
minister (MFEP, 2020). All forest roads are classified according to
functional classes. High class gravel forest roads (Quebec functional
classes 1 and 2) represented a small percentage of all forest roads
combined (13082 km). These classes of forest roads, with a width of
more than 8 m, were designed to have an almost permanent life span
because they have multiple uses. The economic and social importance of
these higher gravel forest road classes rendered their dismantling a
considerable constraint. Narrow gravel forest roads (Quebec functional
classes 3 and 4) and winter forest roads that were built near logging
areas represented about half of those established in Quebec with
165875 km and 67703 km, respectively (MFFP, 2021). Such narrow
forest roads were more suitable in terms of being dismantled for resto-
ration purpose by the regional minister of forest in boreal caribou
habitat. Therefore, this study has focused on these two types of
anthropogenic linear features. Class 3 and 4 gravel forest roads have an
estimated life span of 10-15 years and are dedicated to the trans-
portation of wood, predominantly during the summer period. Gravel
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forest roads were established and regulated using compacted aggregate
and drainage system (culvert). For example, their sub-grade consists of
natural gravel, mineral soil, organic soil and wood debris and has a
medium to high degree of compaction, which allows the roads to
perform better while preventing degradation from occurring quickly.
Winter roads did not meet these standards; their construction is based
upon a shorter-term planning horizon without aggregates and has a
lower degree of compaction. Gravel forest roads are considered a
long-lasting disturbance in the forest landscape (Girardin et al., 2022).
Winter forest roads, in contrast, are used to transport wood when frozen
ground conditions are established during the winter period. Low regu-
latory standards for such roads imply a status of temporary disturbances
(MRN, 2013; MFFP, 2018, 2020). In addition to winter and gravel forest
roads, we also studied a natural linear feature that is used by large
wildlife, the riparian area. This natural edge constrains and concentrates
movement and provides an important habitat for many prey species
(Newton et al., 2017; Dickie et al., 2020).

Selection of linear features was performed with the help of a
geographic information system (ArcGIS Pro 2.60, ESRI, Redlands, CA).
Geographic data for forest roads in the study area were provided by the
Quebec Ministry of Energy and Natural Resources. In this same area, we
also received the locations of gravel and winter forest roads from the
Ministry of Forests, Wildlife and Parks (MFFP). These roads were
scheduled for dismantling in 2022 for the purpose of habitat restoration
in the caribou wildlife site. To select the riparian areas, we excluded
shorelines of water bodies less than 20 ha in surface area, since small
water bodies were less likely to impede animal movements (Newton
et al., 2017). The entire wildlife site was covered with a grid of points
(fishnet function withing ARCGIS), each spaced 150 m apart from the
others, to consider small sections of roads at the end of forest road
network. On the 466 km of gravel roads, 1497 km of winter roads and
1361 km of riparian areas in study area, we selected points within in
20-metre buffer zone (407 points on gravel roads, 1151 on winter roads
and 1106 on riparian areas). This 20-m zone corresponded influence
area of a logging road affecting the vegetation (Zhou et al., 2020) and
represented the minimum width of residual forest that left around water
bodies after a cut as a protective measure. Thus, this area represented a
connectivity space that can be used as a travel corridor by wildlife. To
study how large mammals use linear features in a highly disturbed
habitat, we applied four spatial constraints before randomly drawing the
final sample. The first constraint excluded all points located more than
500 m from a drivable forest road. This distance was chosen to facilitate
accessibility of sampled sites. The second constraint was to prioritize the
points on roads that were scheduled for deconstruction due to their
rarity and to assure long-term study. We applied a 3-km radius zone
around these roads for sampling efficiency because some points on forest
roads that will not be dismantled were located too far away from
dismantled roads. The points that were located within the area delimited
by these radii allowed us to identify those with a potential for being
randomly drawn for the purpose of our study. To distribute our sample
spatially, the third constraint separated the study area into two
sub-areas according to the degree of recent use by Val-d'Or caribou and
the intensity level of recent depredation (MRN, 2013). Thus, the sample
was the result of a stratified random selection according to five groups of
linear features: gravel forest roads with and without scheduled
dismantling; winter forest roads with and without scheduled disman-
tling; and riparian areas. Lastly, a minimum distance of 1 km between
each observation point was established to promote the independence of
sites within the same group. We formed clusters that located in the two
sectors, i.e., 44 observation points in the northeastern depredation
sector used during the calving and breeding periods (1698 km?) and 38
points in the southwestern sector without depredation in winter habitat
(447 km?). This process resulted in a distribution of sites where we
selected 33 observation points on gravel forest roads, 30 on winter forest
roads and 19 on riparian areas (Fig. 1). Within the drivable forest road
area, we sampled 7.8% of points on the 466 km of gravel roads, 11.5% of
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points on the 613 km of winter roads and 5.2% on the 445 km of
shorelines.

Camera-trap installation

This survey required the use of 87 camera traps for the 82 linear
features studied (30 model #119876CN, Trophy Cam HD Brown; 40
model #119776, Trophy Cam Aggressor brown, Bushnell, Overland
Park, Kansa, USA; 7 model #119875, Trophy Cam Camo; 5 model
#119977, Core DS, no glow trail camera, Bushnell). Some cameras had
to be replaced, which led to the purchase of newer models to complete
the tracking of linear features (5 model #119837, Trophy Cam E3). We
avoided the snow season, since the presence of snow cover and the
absence of deciduous foliage could strongly modify the movement pat-
terns of the species studied on linear features. We removed our cameras
before the hunting season to avoid theft and considerable data loss.
Sampling was conducted from 9 June to 6 October (93 days) in 2020,
and from 14 May to 17 September (135 days) in 2021. Cameras were
programmed to capture 3 photos per event to facilitate identification,
with a 5-second capture interval between each event. We positioned the
cameras about 50 cm above ground level and aimed them as far north as
possible for best image clarity with a 30-degree angle to the forest roads
or to the estimated location on the riparian area to capture moving
animals. For the riparian area, we used Rovero and Zimmermann (2016)
as a guide for determining the most likely wildlife passage near the
shoreline around a 0-20 m radius of the pre-selected station. We were
forced to modify the environment by cutting branches in the camera
fields-of-view to avoid false triggers. The average camera detection
radius on gravel roads, winter roads and riparian areas was 9.4 m, 7.8 m
and 8.3 m, respectively. Photo and memory card retrieval were done
about every 24-30 days. We used Wild ID software (Rovero and Zim-
mermann, 2016; Team Network, 2017) to annotate images in prepara-
tion for analysis.

Linear feature characteristics

Local variables

The vegetation sampling was conducted by the same observer be-
tween June 14 and September 20, 2021. To quantify lateral cover, the
method of Collins and Becker (2001) was adapted to increase the ac-
curacy and efficiency of measurements. Given the variable fields-of-view
of the study species, lateral cover was measured at 50 cm, 100 cm and
150 cm above the ground surface. For each sampling unit (Fig. 2), we
had two distinct micro-habitats (surrounding area and the linear
feature) that were characterized by their own composition and plant
cover. We arranged two 100 m? (5.64 m radius) plots per micro-habitat.
The plots in the surrounding area excluded vegetation within 10 m of
the forest road right-of-way to avoid edge effects (Zhou et al., 2020). On
the linear feature, plots were located on both sides of the camera at a
distance of 10 m to avoid vegetation that was disturbed during camera
placement. Each plot had 20 observation points that were systematically
distributed around its periphery, i.e., at an angle of 18° between each
observation point. For each point, the observer, with the help of a pole,
positioned the detector device to capture the rotary self-levelling laser
signal (Bosch GRL900-20HVK). Percentage lateral cover was calculated
by counting the number of times the rotary laser signal was obstructed,
divided by the total number of observation points in the plot. For each
plot, we thus obtained three values of the lateral cover according to
three measured heights. The mean for each height (50 cm, 100 cm and
150 cm) was calculated for each environment. Average lateral cover
value of each height of the linear feature was subtracted from the sur-
rounding area to obtain the difference in lateral cover between the two
micro-habitats. Possible values for differences in lateral cover between
the surroundings area and the linear feature were between —100% and
100% for each linear feature sampled. A positive value means that the
linear feature was less obstructed than the surrounding area, while a
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value of 0 means that there was no difference between the surrounding
area and the linear feature; a negative value means that the linear
feature was more obstructed than the surrounding area.

To test the effect of food quantity on linear features for bear and
moose, we sampled two circular plots with a radius of 2.26 m (16 m?) on
the linear feature, within the lateral cover plots at a distance of 10 m
from the camera location (St-Pierre et al., 2021; Fig. 2). This plots size
was particularly justified on gravel roads. Our initial observations
revealed a particularly uneven distribution of vegetation. Most of it was
found on the edges, and our interpretation was that the use of 1 m? plots
in the center of the road surface would have underestimated the amount
of food < 1 m on the gravel roads (type 1 error). A count of the number
of stems (>1 m height) and an assessment of the percentage of plant
cover (< 1 m) were made in this plot to quantify biomass substitute. We
then counted and summed the total number of edible stems (Table A3)
for bear and moose, as well as the average edible plant cover (Table A2)
in both plots (32 m?). For predators, habitat use may be strongly asso-
ciated with the habitat use of their prey species (Fuller et al., 2003; Keim
et al., 2011). The possible effect of respective prey number of uses on
predators was a potentially favourable factor that affects their number of
uses on the linear feature. The preys that were considered were snow-
shoe hare for Canada lynx, American beaver (Castor canadensis) and

moose for gray wolf and black bear. From the prey events that were
captured by the cameras, we then extracted the events of prey use on
each of the linear features. For these same linear features, we also
extracted the events of human activity to test whether human use causes
species avoidance on the linear feature (Oberosler et al., 2017). Because
the number of uses of a species depends upon the sampling effort of the
cameras, we then divided the obtained events of each prey and human
activity by the camera sampling effort (days) on each linear feature. The
result gave a rate of use for snowshoe hare, beaver, moose and humans
that was used for the analysis.

Landscape variables

Using ArcGIS Pro and MRNF data (5th Eco-forestry inventory of
Southern Quebec), we extracted landscape variables that we assumed
would be important for explaining mammal distribution (Table 1). On
different radii (250 m, 500 m, 750 m and 1000 m) around each camera
trap, we calculated the density of all forest road classes (km/krnZ), and
the percentage of the area of forests that were less than 20-years-old
(harvested or not) compared to the total land area. In the case of lynx,
the percentage of dense cover stands (cover density greater than 50%)
was considered over the total productive area. Last, the distance to a
higher-class forest gravel road (class 1 and 2) and the distance to nearest
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Table 1
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Variables and hypotheses related to gray wolf, Canada lynx, black bear, and moose that could explain the number of uses on linear features (gravel forest and winter
roads, and riparian areas) in the caribou wildlife site south of Val-d'Or, Québec. The expected response for each species was represented by (+) for positive effect, (-) for
a negative effect, (+/-) for varying effects and (NA) for non applicable covariate for that species.

Group Variables Short form Species-specific Hypothesis
variables effect
Local Difference in lateral cover between the DifLateralCover (+) Wolf (+) Lynx The difference in lateral cover between the surrounding area
surrounding area and the linear feature (%) at (+) Black bear (+) and the linear feature could reflect the number of uses. Number
50 cm for predator and 150 cm for moose Moose of uses increases with increasing difference in lateral cover (
Abrahms et al., 2016).
Count of edible stems (> 1 m) EdibleStems (NA) Wolf (NA) Availability of most digestible plants affect displacement
Edible plants (< 1 m) EdiblePlantCover Lynx (+)Black bear patterns for Black bear (Mosnier et al., 2008). Moose
cover (%) (+) Moose preferentially forage in high productivity scrubland-early
successional forests (Dussault et al., 2005; Crum et al., 2017).
Rate of human use (count/sampling effort) Human (-) Wolf (-) Lynx (-) For all species, local human activity can cause avoidance of
Black bear (-) Moose linear features and their adjacent zones (Oberosler et al., 2017).
Rate of prey use (count/sampling effort) Prey (Moose, Beaver, (+) Wolf (+) Lynx Predators such as wolf and lynx are positively related to prey
Snowshoe hare) (+)Black bear (NA) density (Fuller, 1989; Fuller et al., 2003; Keim et al., 2011; King
Moose et al., 2020).
Landscape Percentage of dense cover stands (more than Densecoverstand (NA) Wolf (+) Lynx Dense to closed-canopy stands are important components of

50% cover) in 1000 m radius

Percentage of regeneration stands (20 years)
in 250 m radius

Regenaration-Stands

Density (km / km?) of forest roads (all classes) ~ DensityRoad

in 250 m radius for Alces and 1000 m radius

for wolf, black bear, and lynx

Distance (km) to a higher forest road class NearRoad
Distance (km) to nearest urban area NearUrbanArea

(NA) Black bear
(NA) Moose

(+) Wolf (NA) Lynx
(+) Black bear (+)
Moose

(+/-) Wolf (+/-)
Lynx (+/-) Black
bear (-) Moose

(+/-) Wolf (-) Lynx
(+) Black bear (-)
Moose

(-) Wolf (-) Lynx (-)
Black bear (+/-)
Moose

lynx habitat in northern boreal forests (Poole et al., 1996).

Wolf selects regenerating stands based on its prey habitat
preference (i.e., moose) (Houle et al., 2010). Black bear and
moose select regenerating stands for forage opportunities (
Brodeur et al., 2008; Mosnier et al., 2008).

Density of anthropogenic linear features can negatively affect
lynx and wolf occupancy (Mech et al., 1988; Mladenoff et al.,
1995; Marrotte et al., 2020) or positively improve movement
and hunting (Thurber et al., 1994; Whittington et al., 2005;
Fisher et Burton, 2018; Dickie et al., 2020).

Bears use anthropogenic linear features to facilitate movement (
Dickie et al., 2020) or perceive this type of landscape as a risk
due to high level of human disturbance (Gould et al., 2019).
Moose tend to avoid anthropogenic linear features (Laurian

et al., 2008; Grosman et al., 2011; Beyer et al., 2013; Thomas,
2018).

Distance to a higher forest road class (1 and 2) has a positive
spatial effect by promoting movement for wolf (McKenzie et al.,
2012; St-Laurent and Gosselin, 2020). However, in regions with
high levels of human activity, wolves tend to avoid
anthropogenic disturbances (Lesmerises et al., 2012).

Higher forest road classes may negatively affect lynx due to
habitat loss, fragmentation and mortality risks (Bayne et al.,
2008; Walpole et al., 2012).

Black bears have a high tolerance of human activity, especially
since anthropogenic linear features are often correlated with
availability of high-quality food (Ladle et al., 2018).

Disturbed areas with high human activity can be attractive to
moose because these represent a refuge habitat from its predator
(Rempel et al., 1997; Muhly et al., 2019).

The spatial urban area has an effect on density and space use of
large mammal wildlife species (Berger, 2007; Bayne et al., 2008;
Mcdonald et al., 2009; Muhly et al., 2011; Olsson et al., 2011).

urban area was calculated for each camera trap position.

Statistical analyses

Local and landscape characteristics of linear features

We compared local and landscape variables by linear feature type
that did not differ between years (excluding species interaction vari-
ables). For this analysis, 32 gravel forest roads, 27 winter forest roads,
and 19 riparian areas were selected. We used two-factor ANOVA ac-
cording to the several heights (50 cm, 100 cm, 150 cm) of the difference
in lateral cover, and the different radii (250 m, 500 m, 750 m, 1000 m)
of the percentage of dense cover stand, percentage of regeneration stand
and the density of forest road. For the variables quantifying food
available on the linear feature for black bear and moose (count of edible
stems > 1 m and cover of edible plants < 1 m) and the two distance
variables (distance to higher forest road class and distance to nearest

urban area), we used one-way ANOVA. For all of these ANOVA tests,
Bonferroni adjustment (P < 0.05/10 = 0.005) for subsequent means
comparison was applied. Only the lateral cover difference variable met
normality and homoscedasticity assumptions; therefore, transformation
was not required. The remaining variables required square-root trans-
formation. Tukey’s tests were performed for each variable to find
whether the means differed between the three types of linear features.

Number of use models

Due to the long sampling duration (120 and 127 days/year), the
large number of cameras deployed per year (76 and 66 cameras/year)
and the study of common and highly detectable species, intensity models
were more appropriate than occupancy models. In fact, the use of oc-
cupancy models for such a dataset proved useless since the probability of
species occupancy on three type of linear feature was very high (p =
~1). The large number of detections for each species per habitat
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therefore justified the application of intensity models.

Prior to analysis, we removed linear feature samples with dysfunc-
tional camera traps (loss by theft, destruction by bears, leaf movements)
from the dataset (Hamel et al., 2013). We selected only those that per-
formed the full tracking of linear features. In 2020 and 2021, respec-
tively, we removed from the dataset 6 and 11 camera traps on gravel
forest roads, 7 and 3 cameras on winter roads as well as 3 and 2 cameras
on riparian areas. Note that data on the same linear feature, but
collected in different years, were processed independently.

To determine the number of uses, calculations were based upon the
number of use events, corrected by the number of days of monitoring at
each site with a camera (offset). To avoid multiple events of the same
individual passing and returning to the detection field of the camera
traps on the same station, we specified a time interval of 10 minutes as a
criterion for independence between 2 events of the same species at the
same site (Keim et al., 2019). We used generalized linear mixed-effects
model (GLMM) with Poisson distribution to calculate the number of uses
of a species for the entire snow-free period. To do this, use-events for
each species were employed as a response variable. This type of model
then considered site variables that are specific to each species, and
random variables that could affect the number of uses of gray wolves,
black bears, Canada lynx and moose. To do so, all numerical variables
were standardized prior to analysis. First, for fixed effects, we included
the factor year in all models to control its effect. Second, for some fixed
effect variables, a variable reduction filter was necessarily applied due to
the presence of correlations among some variables. This was the case for
the different measurements of lateral cover at 50 cm, 100 cm, and
150 cm above the ground surface, and for calculations of the density of
forest roads (DR), the percentage of dense cover forest (DS) and the
percentage of regenerating forest (RS) along different radii (250 m,
500 m, 750 m, 1000 m) extending from camera trap locations. We
employed the Akaike Information Criterion (AIC; (Burnham and
Anderson, 2002), for model comparisons for each previous variable that
was taken at different scales allowed for the selection of the most
parsimonious one for each species (Leblond et al., 2011). The
fixed-effect variables that were selected for further analysis are pre-
sented in Table 1. The graphic tool developed by Schloerke et al. (2018)
for fixed-effect variables found a strong correlation in lynx between
distances to a higher forest road class and the percentage of dense forest
cover (r > 0.6). To overcome this problem, we retained only the most
parsimonious one between these two variables (Leblond et al., 2011),
selecting the percentage of dense forest cover. Note that for the moose
model, the distance to nearest urban area could not be included because
it led to estimation problems. For random effects, we included the
database ID of the linear feature as a random effect in each model to
account for the effect caused by the two repeated annual measurements
on the linear features.

Since the effects of some local and landscape variables were strongly
influenced by the type of linear features, separating the number of use
models into groups for all species was more appropriate. This meant that
the first group of models considered only the local and landscape vari-
ables in the fixed effects, which considers the biological aspects of the
species. The effect of linear feature type was excluded from the aver-
aging of the first group so that the model would predict local and
landscape variables only. The second group and third group of models
were relevant from a management perspective. The second group was
used to predict and compare the number of uses and types of linear
features. Therefore, we included only the type of linear features (gravel
forest roads, winter forest roads and riparian areas) as fixed effects. Last,
for each species, a third group of models compared the best models of
the first two groups to determine whether the type of linear feature is
sufficient to identify restoration priorities.

We used R package Ime4 (version 1.1-29) to construct the models
(Bates et al., 2011). For the first group, we generated a global model and
models with a single fixed-effect variable, for each species and their
respective variables. The second group considered only the linear
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feature type as the fixed effect, while the third group compared the best
models by species from the first two groups. All groups of models were
compared to a null model. The goodness-of-fit of the global model for
each group was performed following Mazerolle (2020). This test showed
for the first group of models that the global lynx model fitted the
observed data (c-hat = 0.99). However, we detected a slight
under-dispersion for the wolf, bear and moose global models (c-hat < 1).
For the global species models, the prediction resulted of 1000 simula-
tions with 95% prediction interval shows good representation of the
data (Fig. Al). The pseudo-R-square for Generalized Mixed-Effect
models was then calculated for all models in comparison to their null
models. For each species, we used model selection and multi-model
inference based upon AIC; Burnham and Anderson, 2002), applying
the AICcmodavg package (Mazerolle, 2020) to the first and second
groups of models. With the Shrinkage estimator function, we assessed the
presence or absence of effects for local and landscape variables under all
models. Prediction of the number of uses on the snow-free season was
calculated with the modavgPred function of (Mazerolle, 2020).

To determine whether there was spatial bias in the use data for the
four species of interest, we performed neighbourhood analysis per year
with the geographic coordinate locations of the camera traps (Bivand
et al., 2013). To build the neighbourhood list, the function Graph-based
spatial weights was used with the Gabriel graph method. To add spatial
dependence in the generalized mixed-effect models, we used the fitme
function of the package spam (Rousset, 2023). Moran’s test was per-
formed only for the complete model of each species, showing that the
location of the camera traps was not correlated respectively with the
number of uses of wolves (P-value 2020-2021 = 0.89 — 0.92), lynx
(P-value 2020-2021 = 0.28 — 0.68), or moose (P-value 2020-2021 =
0.70 — 0.43). Therefore, in the presence of only one incidence of spatial
bias for black bear (P-value 2020-2021 = 0.01 — 0.39) in 2020 that was
related to camera trap locations in the study area, we did not include
spatial location of the camera trap in the further analysis of number of
use models.

All statistical analyses were performed in R version 4.0.2 (R Core
Team, 2020). For all statistical analyses, we considered the results to be
significant at a threshold value of P = 0.05.

Results
Characteristics of local and landscape variables of linear feature

Local variables

The summary results of the difference in lateral cover showed a mean
discrepancy in paired samples of 16% for the surrounding area and 14%
for the linear feature. We attributed this difference to the variability of
the vegetation community, which determined the difference in lateral
cover among sampling units. This small difference in lateral cover be-
tween the plots on roads and those in forests suggested that the plant
community was relatively homogeneous.

The difference in lateral cover (Fig. 3, Table A4) showed significant
difference in linear feature type (F-value = 26.806; Df = 2; P < 0.001)
among level of heights of lateral cover measured (F-value = 3.967; D¢ =
4; P = 0.004). The difference in lateral cover between gravel forest roads
and the two other linear features was larger at 50 cm and decreased as
height increased. At 50 cm, 100 cm and 150 cm above the ground, we
obtained respective differences of 38%, 18% and 8% between gravel
forest roads and winter forest roads. Between gravel forest roads and
riparian areas, the difference was 35%, 18% and 11%, respectively. The
interaction indicates that the difference in lateral cover on the inside vs.
outside of gravel roads differed by height stratum, but this pattern was
not apparently present for the other two linear features (Fig. 3). The
difference in lateral cover was consistent between winter forest roads
and riparian areas, regardless of height. These two linear features were
very close to 0%, signifying the absence of cover differences between the
surrounding area and the linear feature. On gravel forest roads,
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especially at 50 cm and 100 cm above the ground, the mean difference
was 36% and 22%, respectively. Lateral cover was significantly lower on
gravel forest roads compared to the surrounding areas.

Regarding the two variables representing the food that was available
to black bear and moose, only the proportion of edible plant cover
(plants < 1 m) for black bear (F-value =16.97; Df = 2; P < 0.001) was
different among the three types of linear features. For bear, there was
respectively 17% and 18% less edible plant cover on gravel forest roads
than on winter forest roads and riparian areas (Table A4).

Landscape variables

The landscape variables around the camera trap locations are pre-
sented in Fig. 4 and Table A5 according to the type of linear features. The
proportion of regenerating stands (20-year age class) differed between
the three types of linear features (F-value = 35.32; Dy = 2; P < 0.001).
On average, 16% and 13% less regenerating stands were found around
winter forest roads than around gravel forest roads and riparian areas
respectively (Fig. 4F). For the proportion of dense cover stands, this
variable differed between types of linear features (F-value = 12.9; D¢ =
2; P < 0.001) with subsequent comparisons differentiating winter forest
roads from the two other linear features (Fig. 4G). On average, we
observed more dense cover stands around winter forest roads than
around gravel forest roads (13% less) and riparian areas (16% less).
Forest road density (km / km?) differed according to the type of linear
features (F-value = 81.1; Df = 2; P < 0.001) and among the different
radii that were measured (F-value = 12.4; D¢ = 3; P < 0.001). Further-
more, interaction existed between the type of linear feature and radii
that were selected (F-value = 13.28; Df = 4; P < 0.001), resulting in a
negative relationship for gravel and winter forest roads, whereas the
relationship was positive for riparian areas. At 250 m and 500 m from
the camera locations, the difference in density was greatest between
riparian areas and the two other linear features. At these radii, on
average, the density of forest roads was lower around riparian areas
compared to winter forest roads (2.84 km/km? versus 1.45 km/km?
higher, respectively) and gravel forest roads (2.36 km/km? and 0.8 km/
km? higher, respectively). At an average of 750 m, the distinction was
only present between winter forest roads and the riparian areas. At this
distance, the density of all forest road classes around the camera trap
locations on winter forest roads was higher than for riparian areas
(0.97 km/km? less) and around gravel forest roads (0.33 km/km? less).
At a radius of 1000 m, no difference was observed between the three
types of linear features. Overall, only by type of linear feature, the
density of forest roads was 2.76 km/km? on winter forest roads,
2.12 km/km? on gravel forest roads and 1.2 km/km? around riparian
areas (Fig. 4H). For the distance to a higher forest road class, this vari-
able differed among the three types of linear features (F-value = 17.76;
D¢ = 2; P < 0.001). We obtained average distances to the camera traps
that were respectively 6.38 km, 4.93 km and 1.75 km for riparian areas,
gravel forest roads and winter forest roads (Fig. 41).

Number of uses

For 5589 sampling days in 2020 and 7906 days in 2021, the cameras
detected 21 mammal species on all linear features combined. Those that
were most common were, in descending order of total detections,
snowshoe hare, red fox, human, Canada lynx, red squirrel, moose,
American beaver, black bear and gray wolf (Table A1). For all species of
interest and models, results of model selection and the marginal and
conditional R-square values for the three groups of models are presented
in Tables 2, 3 and 4.

The first group of models considered the local and landscape vari-
ables for each species, the effect of year and a random effect of the
identifier of the linear features (Table 2, Table A6). At the level of local
variables, we observed a positive effect of the difference in lateral cover
between the surrounding area and the linear feature with respect to the
number of uses by all predators during the snow-free season (Table 5,
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Fig. 3. Distribution of differences in lateral cover between the surrounding
area (SA) and the linear feature (LF) measured at 50 cm (red boxplots), 100 cm
(green boxplots) and 150 cm (blue boxplots) above the ground for 33 gravel
forest roads, 29 winter forest roads, and 18 riparian areas in western Quebec,
Canada. Mean values are red dots on the box-and-whisker plots. The dotted
horizontal line represents the absence of difference (zero difference) between
the SA and LF. Positive values mean that the LF has lower cover than the SA,
while negative values mean that the LF has greater cover than the SA. The
comparisons were conducted with two-way ANOVA without transformation.
Letters indicate significant differences between linear features and their
respective heights, with a > b > ¢ > d (pairwise Tukey tests).

Fig. 5). Note that the measured height of the most parsimonious lateral
cover difference was 50 cm for predators and 150 cm for moose. The
number of uses by gray wolf and Canada lynx was positively associated
with the number of uses by their prey species (Table 5, Fig. 6A, Fig. 6B).
The number of human activity variables did not influence the number of
uses of any of the species that were investigated. No effect was found on
the two variables quantifying food quantity on linear features for black
bear or moose. For landscape variables, the number of Canada lynx uses
seemed to increase marginally as the percentage of dense cover stands
increases near the linear feature (Table 5, Fig. 6C). We found no evi-
dence that the percentage of regenerating stands within 250 m affected
the number of uses for wolf, bear and moose (Table 5). None of the four
species responded to the forest road density within a radius of 1000 m
(Table 5). Furthermore, we observed that distance to a higher forest road
class (Table 5, Fig. 6D) and distance to the nearest urban area (Table 5,
Fig. 6E) respectively had positive and negative effects on the number of
uses for gray wolf.

The results of the second group of models considering only the fixed
effects of linear feature type and year, together with the random effect of
linear feature (Table 3), are presented in Fig. 7. For each species, number
of uses over a period of 100 days during snow-free season was always
significantly higher on gravel roads than on the two other linear features
(winter roads and riparian areas). Mean predictions of the number of
wolves uses on gravel forest roads were 2.1 and almost no use respec-
tively on the two other linear features (0.3 on winter roads and 0.2 on
riparian areas). For black bears, there were 3.1 uses on gravel roads, 1.1
on winter roads and 1.7 on the riparian areas. For Canada lynx, its use
was 8.5 on gravel roads, 1.9 on winter roads and 1.7 on riparian areas.
No significant difference was evident between winter roads and riparian
areas for predators, except for black bear, where a slightly higher
number of uses were observed for riparian areas. For moose, the number
of uses differed among types of linear features, with a value for riparian
areas that was lower than that for the two other types. There were 4.4
uses by moose uses on gravel roads, 2.7 uses on winter roads and only 1
use on riparian areas.
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Fig. 4. Distribution of local and landscape variables for 33 gravel forest roads, 29 winter forest roads and 18 riparian areas in western Quebec, Canada. The
comparisons were conducted using one-way ANOVA for all variables with square-root-transformation. Mean values are red dots on the boxplots. Red letters indicate

significant differences between linear features, with a > b > ¢ > d (Tukey tests).

The third group of models that compared the two best models of the
first two groups of models are presented in Table 4. For moose, the
model with the type of linear feature only in the fixed effects was more
parsimonious than the global model considering all local landscape
variables. For black bears, the model with the difference in lateral cover
in the fixed effects was a little more parsimonious than the one
considering the effect of linear feature type. For both carnivores, their
respective global models were much more parsimonious than the ones
considering only the type of linear feature.

Discussion

We investigated how local and landscape variables affect the use of
linear features by gray wolves, black bears, and Canada lynx. Our

findings revealed that their use was primarily explained by local vari-
ables. Specifically, our results supported the hypothesis of a positive
effect of important local explanatory variables, including the difference
in lateral cover between the surrounding area and the linear feature for
these predators, as well as the presence of prey species for gray wolves
(moose) and Canada lynx (snowshoe hare). Contrary to what we ex-
pected, we did not find evidence to support the hypothesis that the rate
of human activity leads to linear feature avoidance by all species.
Furthermore, while we expected a favourable effect of the quantity of
food on linear features upon the number of uses by black bears and
moose, our results did not show any evidence of such effect, preventing
us from confirming this hypothesis.
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Table 2
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Model selection based on the Akaike Information Criterion (AIC) explaining the number of uses of linear features (gravel forest roads, winter forest roads and riparian
areas) according to linear feature characteristics (first group of models) by gray wolf, black bear, Canada lynx and moose in the caribou wildlife site south of Val-d'Or,
western Québec, Canada, in 2020 and 2021. The models for each species were compared to a null model. Only the two best models of each species are represented with
respective Akaike weights (;), log likelihood (LL), the number of estimated parameters (K), the marginal (R*M) and conditional R-square (R>C).

Models LL K AIC AAIC R’M R’C

Gray wolf ~

DifLateralCover50cm + Human + Moose + Beaver + RegenerationStands250m + DenstyRoad1000m —+ -224.70 11 473.59 0.00 097 0.51 0.94
NearRoad-+ NearUrbanArea + Year + (1|LinearFeaturelD)

DifLateralCover50cm + Year + (1|LinearFeaturelD) -236.19 4 480.69 7.09 0.03 0.33 0.94

Null + Year + (1|LinearFeatureID) -249.14 3 504.47 30.87 0.00 0.009 0.94

Black bear ~

DifLateralCover50cm + Year + (1|LinearFeaturelD) -275.60 4 559.51 0.00 0.77 0.16 0.45

DifLateralCover50cm + EdibleStems + EdiblePlantsCover + Human + Moose + Beaver + -266.48 13  562.04 2,53 022 0.26 0.45
RegenerationStandS250m + DensityRoad1000m + NearRoad + NearUrbanArea + Year + (1 |LinearFeatureID)

Null + Year + (1|LinearFeatureID) -285.61 3 577.41 1790 0.00 0.03 0.47

Canada lynx ~

DifLateralCover50cm + Human + SnowshoeHare + DenseCoverStands1000m + DensityRoad1000m -+ -355.65 9 730.78 0.00 0.99 0.40 0.75
NearUrbanArea + Year + (1|LinearFeatureID)

DifLateralCover50cm + Year + (1 |LinearFeatureID) -365.86 4 740.04 9.26 0.01 0.32 0.76

Null + Year + (1 |LinearFeatureID) -383.33 3 772.85 42.08 0.00 0.0004 0.78

Moose ~

DifLateralCover150cm + EdibleStems + EdiblePlantsCover + Human + RegenerationStands250m -+ -303.12 10 628.06 0.00 0.47 0.15 0.50
DensityRoads250m + NearRoad + Year + (1|LinearFeaturelD)

DifLateralCover150cm + Year + (1|LinearFeatureID) -310.76 4  629.84 1.77 019 0.06 0.47

Null + Year + (1|LinearFeatureID) -314.19 4 636.69 8.62 0.01 0.00005 0.47

Table 3

Model selection based on the Akaike Information Criterion (AIC) explaining the number of uses of linear features (gravel forest roads, winter forest roads and riparian
areas) according to type of linear features (second group of models) by gray wolf, black bear, Canada lynx and moose in the caribou wildlife site south of Val-d'Or,
western Quebec, Canada in 2020 and 2021. The models for each species were compared to a null model. All models are represented with respective Akaike weights
(i), log likelihood (LL), the number of estimated parameters (K), the marginal (R?M) and conditional (R*C) R-square.

Models LL K AIC AAIC o; R°M R%C
Gray wolf ~

TypeLinearFeature + Year + (1| LinearFeatureID) -236.82 5 484.11 0.00 1.00 0.32 0.94
Null + Year + (1| LinearFeatureID) -249.14 504.47 20.36 0.00 0.001 0.002
Black bear ~

TypeLinearFeature + Year + (1| LinearFeatureID) -274.66 5 559.79 0.00 1.00 0.17 0.45
Null + Year + (1| LinearFeatureID) -285.61 3 577.41 17.61 0.00 0.0001 0.0003
Canada lynx ~

TypeLinearFeature + Year + (1| LinearFeatureID) -369.84 5 750.16 0.00 1.00 0.25 0.77
Null + Year + (1| LinearFeatureID) -383.33 3 772.85 22.7 0.00 0.004 0.01
Moose ~

TypeLinearFeature + Year + (1| LineraFeatureID) -303.08 5 616.64 0.00 1.00 0.17 0.49
Null + Year + (1| LinearFeatureID) -314.23 3 634.65 18.01 0.00 0.0005 0.002

Local and landscape explanatory variables

Regarding the explanatory variables which were common to the
three predators, our results showed that the number of uses during the
snow-free season on linear features increased positively with the dif-
ference in the lateral cover between the surrounding area and the linear
feature. While the type of linear feature possibly introduced a con-
founding effect, our results suggest that positive values of this variable,
indicating less dense vegetation cover and lower energy costs on the
linear feature, were associated to increased use by gray wolves, black
bears, and Canada lynx. Linear features with these conditions therefore
canalize predator paths, ultimately favouring their movements in the
habitat and potentially contribute increased hunting opportunities
(Abrahms et al., 2016; Dickie et al., 2017; Latham et al., 2011b).
Furthermore, gray wolves and Canada lynx exhibited distinct patterns in
their use of linear features based on lateral cover differences. Canada
lynx, with its ambush hunting behaviour, seemed to use linear features
as soon as the difference in lateral cover was positive (> 0%; Maletzke
et al., 2008). In contrast, wolves that are known to travel long distances
in packs to hunt prey and maintain their territory (Mech and Boitani,
2010), showed a tendency to use linear features with strongly positive
values (towards 75%) of lateral cover difference. It is also noteworthy
that the higher number of uses of Canada lynx compared to wolf was
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probably related to its higher population density in the study area (Royle
et Dorazio., 2008).

Unlike gray wolves and Canada lynx, black bears, an opportunistic
and omnivorous species (Basille et al., 2011), exhibited a greater vari-
ability in their use of linear features based on the difference in lateral
cover. Given that this species has a largely plant-based diet, this vari-
ability may be attributed to a less pronounced selection of its environ-
ment compared to grey wolves and Canada lynx (Latham et al., 2011a).
Bears may spend less time than these two carnivores on linear features
that are suitable for travel. It is suggested that black bears use, to a lesser
extent, linear features with a high lateral cover difference as an efficient
means of moving to their food plots rather than foraging on them
(Mosnier et al., 2008). This was supported in our study by the lack of a
positive effect between the amount of food available and the bear
number of uses in linear features. Another interesting fact was that the
three predators seemed to favor linear features with a difference in
lateral cover at 50 cm above the ground surface, where vegetation is
sparse, for increased efficiency in movement and vision for hunting.

Finally, the number of uses of the respective prey species of wolf
(moose) and Canada lynx (snowshoe hare) on linear features, was a
dominant factor explaining the number of uses of their predator,
consistent with our hypotheses. In line with prior research, our results
indicate that predators select resources based on the presence of their
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Table 4
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Model selection based on the Akaike Information Criterion (AIC) of the two best models (third group of models) explaining the number of uses of linear features (gravel
forest roads, winter forest roads and riparian areas) by gray wolf, black bear, Canada lynx and moose in the caribou wildlife site south of Val-d'Or, western Quebec,
Canada in 2020 and 2021. The models for each species were compared to a null model. All models are represented with respective Akaike weights (0i), log likelihood
(LL), the number of estimated parameters (K), the marginal (R®M) and conditional R-square (R%Q).

Models LL K AC AAIC R*M R’C

Gray wolf ~

DifLateralCover50cm + Human + Moose + Beaver + RegenerationStands250m + DenstyRoad1000m + -224.70 11 473.59 0.00 099 0.51 0.94
NearRoad+ NearUrbanArea + Year + (1|LinearFeaturelD)

TypeLinearFeature + Year + (1| LinearFeatureID) -236.82 5 484.11 0.00 1.00 0.32 0.94

Null + Year + (1| LinearFeatureID) -249.14 3 50447 2036 0.00 0.001 0.002

Black bear ~

DifLateralCover50cm + Year + (1|LinearFeaturelD) -275.60 4 559.51 0.00 0.54 0.17 0.45

TypeLinearFeature + Year + (1| LinearFeatureID) -274.66 5 559.79 0.29 1.00 0.17 0.45

Null + Year + (1| LinearFeatureID) -285.61 3 577.41 1790 0.00 0.0001  0.0003

Canada lynx ~

DifLateralCover50cm + Human + SnowshoeHare + DenseCoverStands1000m + DensityRoad1000m + -355.65 9 730.78 0.00 1.00 0.40 0.75
NearUrbanArea + Year + (1|LinearFeatureID)

TypeLinearFeature + Year + (1| LinearFeatureID) -369.84 5 750.16 19.38 0.00 0.25 0.77

Null + Year + (1| LinearFeatureID) -383.33 3 772.85 42.08 0.00 0.004 0.01

Moose ~

TypeLinearFeature + Year + (1| LineraFeatureID) -303.08 5 616.64 0.00 1.00 0.17 0.49

DifLateralCover150cm -+ EdibleStems + EdiblePlantsCover + Human + RegenerationStands250m -+ -303.12 10 628.06 11.42 0 0.15 0.49
DensityRoads250m+ NearRoad + Year + (1|LinearFeatureID)

Null + Year + (1| LinearFeatureID) -314.23 3 63465 18.01 0 0.0005  0.002

preferred prey species rather than the quality of the prey species habitat
(Keim et al. 2011; Fuller et al. 2003). Furthermore, the avoidance of
higher forest road classes (1 and 2) was only observed for wolves, in line
with Lesmerises et al. (2013). The presence of a relative high level of
vehicle traffic on such large linear features was likely associated with a
high risk of mortality. Surprisingly, the assumption that proximity to
urban areas negatively affects large mammals was not supported. On the
contrary, gray wolf activity was slightly higher near urban areas. It is
difficult to interpret this result with such a small effect or with no effect
for the other three species. Indeed, Lesmerises et al. (2013) demon-
strated the wolf aversion to human disturbance when human activity is
high. Our study area encompassed the Caribou Val-d’Or Biodiversity
Reserve, which covers an area of 434.2 km?, and is located less than
20 km southeast of the urban area of Val-d’Or, perhaps a factor that can
mitigates the impact of Val-d’Or urban community on wolves. Also,

Table 5

located 5 km east of Val-d’Or, a landfill serves as a potential food source
that could probably contribute to the observed result.

Type of linear feature

Comparing the number of uses by mammal predators and prey across
different types of linear features is highly relevant for forest manage-
ment. Our results supported the hypothesis that there was no significant
distinction in predators use between winter roads and riparian areas,
and that the number of uses on gravel roads for all species were signif-
icantly higher compared to the other two linear features. Thus, it
appeared that wolves, bears, lynx and moose can differentiated gravel
roads from the other two linear features. However, this was probably
affected by the relationship between varying levels of lateral cover and
the type of linear features mentioned earlier. These values tended to be

Shrinkage version of model-averaged estimates explaining the number of uses during the snow-free season according to the characteristics (first group of models) of
linear features (gravel forest roads, winter forest roads and riparian areas) by gray wolf, black bear, Canada lynx and moose in the caribou wildlife site south of Val-
d’Or, western Québec, Canada, in 2020 and 2021. Estimates, unconditional standard error, and unconditional confidence interval of fixed-effect explanatory variables
on the number of uses () are presented, together with their 95% confidence intervals. All candidate models were used to estimate the effects of each parameter.

Parameters Estimate SE Lower limit Upper limit Parameters Estimate SE Lower limit Upper limit
Gray wolf Canada Lynx

DifLateralCover50cm 0.85 0.2 0.46 1.25 DifLateralCover50cm 0.78 0.12 0.55 1.02
Human 0.03 0.01 -0.16 0.22 Human 0.01 0.05 -0.09 0.11
Moose 0.29 0.13 0.04 0.54 SnowshoeHare 0.17 0.05 0.06 0.27
Beaver 0.04 0.11 -0.17 0.26 DenseCoverStands1000m 0.25 0.13 0.00 0.51
RegenarationStands250m 0.24 0.21 -0.17 0.65 DensityRoad1000m -0.18 0.13 -0.43 0.07
DensityRoad1000m 0.17 0.22 -0.26 0.60 NearUrbanArea -0.14 0.13 -0.39 0.11
NearRoad 0.54 0.23 0.09 0.98

NearUrbanArea -0.60 0.23 -1.06 -0.15

Black bear Moose

DifLateralCover50cm 0.39 0.11 0.17 0.61 DifLateralCover150cm 0.18 0.17 -0.15 0.51
EdibleStems -0.04 0.09 -0.21 0.14 EdibleStems 0.01 0.08 -0.14 0.16
EdiblePlantCover -0.02 0.06 -0.14 0.09 EdiblePlantsCover 0.09 0.21 -0.14 0.31
Human -0.03 0.07 -0.16 0.11 Human -0.15 0.17 -0.47 0.18
Moose 0.02 0.05 -0.08 0.11 RegenerationStands250m 0.15 0.16 -0.16 0.45
Beaver 0.01 0.04 -0.06 0.09 DensityRoad250m 0.08 0.13 -0.18 0.35
RegenerationStands250m 0.01 0.05 -0.09 0.12 NearRoad -0.02 0.10 -0.22 0.17
DensityRoad1000m -0.01 0.05 -0.11 0.09

NearRoad 0.05 0.10 -0.15 0.25

NearUrbanArea -0.01 0.05 -0.11 0.09

11
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frequently higher on gravel forest roads than on the two other linear
features. Therefore, while predator number of uses was higher on gravel
roads, this could be attributed the lower lateral cover on these forest
roads ass compared to the surrounding areas rather than a clear pref-
erence for this type of linear feature. To summarize, our findings suggest
that the level of predator use may be linked with the specific charac-
teristics of gravel roads on one hand, and winter roads grouped with
riparian areas on the other, highlighting the complexity of predator
behavior in these habitats.

In addition to the lateral cover observed on gravel road, it also
appeared that the use of prey (moose for wolf, and snowshoe hares for
Canada lynx) is more pronounced on this linear feature compared to
winter roads and riparian areas. The presence of these two important
explanatory local variables on gravel roads largely explained the strong
difference in the number of uses of the three predators (especially
Canada lynx) compared to the two other linear features. Given that they
are a persistent disturbance in the landscape, gravel roads lack vegeta-
tion cover on the road surface, making it challenging for plants to
colonize and persist in this compacted soil (St-Pierre et al., 2021) where
maintenance activities are carried out on a regular basis. Gravel roads,
with fewer barriers to animal movement, represented an efficient and
sustainable corridor in both space and time for large mammals.

Winter roads, in contrast, had similar values of difference in lateral
cover with respect to riparian areas, with values close to 0 indicating
little difference between the linear feature and its surrounding area.
Indeed, this aligns well with lower predator numbers of uses compared
to gravel roads, but similar levels to riparian areas. This result is prob-
ably explained by the fact that winter roads were generally heavily
revegetated. Indeed, the lack of land-shaping on winter roads allowed
vegetation to quickly recolonize after its construction (Girardin et al.,
2022; Braham et al., 2023). After a few years, the lateral cover on winter
roads may closely resembled that of surrounding forest, making it less
conducive for movement within the landscape. It should be noted that
our selection of winter roads were less connected lower-class logging
roads (3 and 4) than higher forest road classes (1 and 2) in our study
area, potentially explaining the reduced use of winter roads by wolves.

While the patterns of predator use were similar in riparian areas and
winter roads, riparian areas exhibited a lower number of uses for moose.
Possibly, the small differences in lateral cover between the surrounding
area, may explain the low number of uses by carnivores. While several
studies have highlighted the riparian area as frequently used by preda-
tors during the summer season (Latham, 2009; Mech and Boitani, 2010;
Latham et al., 2011b; Kittle et al., 2017), our findings align with those of
Newton et al. (2017), indicating that gray wolves tend to select forest
roads over natural linear features in a compensatory manner. Similarly,
Dickie et al. (2020) observed for wolves and bears, as did Terwilliger and
Moen (2012) for lynx, that these three predators responded less to
natural linear features in the presence of anthropogenic linear features
in the landscape. Our study supported these observations, as we found
that gravel roads offered better conditions in terms of lateral cover
compared to the other two linear features. Habitat use by these species
seemed to shift towards gravel roads within the forest landscape, rather
than natural linear features, such as riparian area surrounding large
water bodies, during the snow-free season.

To facilitate management while upholding restoration and conser-
vation goals, predicting the number of uses for each species with only
the specific type of linear features proved to be extremely relevant. Yet,
the comparison of the best model (biological factors versus type of linear
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Fig. 5. Model-averaged predicted number of uses over a period of 100 days
during snow-free season of a linear feature by gray wolf, black bear, Canada
lynx and moose based on the sequence of observed values of the difference in
lateral cover between the surrounding area (SA) and the linear feature (LF), and
the average value of all other variables. Data that were collected from 27 to 22
gravel forest roads, 24-27 winter forest roads and 16-17 riparian areas in
2020-2021, respectively, were sampled in the caribou wildlife site south of Val-
d’Or, western Quebec, Canada. Colour shading denotes 95% prediction in-
tervals about the estimates for predators.

feature) revealed that relying on the type of linear features was adequate
only for identifying priorities in forest road restoration for moose, and
potentially for black bear. On the other hand, for gray wolves, black
bears and Canada lynx, the biological models incorporating local and
landscape variables were more representative of their use during the
snow-free season and can eventually offer a more precise identifications
of roads that promote the functional response of these three boreal
predators.

Our study presented some limitations. Firstly, we focused on pre-
dicting the number of uses while holding all other factors constant. We
had therefore selected common variables within the linear features that
under investigation. Thus, some explanatory variables specific to
anthropogenic linear features were not included in our model, given our
interest in studying riparian areas. For studying exclusively anthropo-
genic linear features, it would be relevant to analyze the variables
proposed by Braham et al. (2023), such as width and years-post con-
struction. Furthermore, we were restricted to habitats highly impacted
by forestry activities, particularly those heavily disturbed by gravel
roads due to spatial constraints. Regarding to vegetation sampling, a
larger number of small, well-distributed plots on the road surface to
quantify the amount of plant < 1 m would have minimized mis-
interpretations of plant structure. Also, adding a third replicate per
micro-habitat to quantify differences in lateral cover of linear features
would have allowed us a more precise identification of biologically
relevant cover differences. The methodology associated with the use of
camera traps may have influenced our results in some extent, in
favouring the detection of species that use linear features as movement
corridors. However, the wolf was the most difficult species to detect, due
to its movement speed and wariness (Burton et al., 2015).
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Fig. 6. Model-averaged predicted number of uses over a period of 100 days during snow-free season by gray wolf (solid line) and Canada lynx (dotted line) based
upon the sequence of observed values of moose use (panel A), snowshoe hare use (panel B), percentage of dense stands (% 50 — 100%) in 1000 m radius (panel C),
distance (km) to a higher forest road class (panel D) and the distance (km) to nearest urban area (panel E) and the average value of all other variables. Data that were
collected from 27 to 22 gravel forest roads, 24-27 winter forest roads and 16-17 riparian areas in 2020-2021, respectively, were sampled in the caribou wildlife site
south of Val-d’Or, western Quebec, Canada. Colour shading denotes the 95% prediction interval around estimates for gray wolf and Canada lynx.
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Fig. 7. Model-averaged predicted number of uses over a period of 100 days
during the snow-free season by caribou predators (gray wolf, black bear and
Canada lynx) and the apparent competitor (moose). Data that were collected on
27-22 gravel forest roads, 24-27 winter forest roads and 16-17 riparian areas
in 2020-2021, respectively, were sampled in the caribou wildlife site south of
Val-d’Or, western Quebec, Canada. Error bars denote 95% confidence intervals
about the estimates.

Conclusions

Our findings are of paramount importance in managed areas to un-
derstand how the causes of the decline of boreal caribou can be linked to
an increase in predation by wolves and bears associated with forest
roads in managed boreal forests. Gray wolf and Canada lynx were
influenced by the presence of their prey species and were slightly
affected by landscape variables, but difference in lateral cover was an
extremely informative variable in the context of forest management.
This is particularly important, as these data enabled us to predict the
number of predators uses more accurately than if we only used the linear
feature type as information. Future investigations could use this data in
relation to very high-resolution remote sensing to potentially extract this
vegetation structure on a larger scale and more rapidly. Reducing the
number of linear features with low lateral cover relative to the sur-
rounding area, especially gravel forest roads, could reduce the ability of
predators to locate and move through caribou habitat. This reduction
could potentially reduce the likelihood of co-occurrence, which should
help reduce the risk of predation on caribou. Forest road planning
process thus needs to be improved to favour less gravel forest road
density and prone restoration activities. Closing or re-vegetating gravel
roads with an effective short-term treatment (Lacerte et al., 2021) can
potentially decrease gray wolf, black bear, Canada lynx and moose use

Appendix
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on this type of anthropogenic linear feature. Long-term research of
restoration activities (closures, barriers, and revegetation) on gravel and
winter roads is required to estimate effectiveness of these treatments and
to see whether changes in the functional response of predators emerge in
such restored habitats.
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Figure Al. Simulation (1000) of global models for gray wolf, black bear, Canada lynx and moose, using a generalized linear mixed-effect model with a Poisson
distribution. Data were ordered according to their predicted values and were collected from 27 to 22 gravel forest roads, 24-27 winter forest roads and 16-17
riparian areas in 2020-2021, respectively, which were sampled in the caribou wildlife site south of Val-d’Or, western Quebec, Canada. Shading denotes 95%
prediction intervals for each observation in the dataset. The DHARMa zero-inflation test (Hartig, 2017) compares the observed number of zeros with the zeros that
were expected from simulations (a value < 1 means that the observed data have fewer zeros than would be expected).

Table Al

Mammal detections observed during the snow-free season in 2020-2021 on 27-22 camera traps on gravel forest roads, 24-27 on winter forest roads, and 16-17 on
riparian areas, respectively, which were sampled in the caribou wildlife site south of Val-d'Or, western Québec, Canada. Mammals in boldface represent those that were

used for the statistical analyses.

Species 2020

2021

Gravel roads

Winter roads

Riparian areas

Gravel roads Winter roads

Riparian areas

Snowshoe hare (Lepus americanus) 901
Red fox (Vulpes vulpes) 1056
Human (Homo sapiens) 570
Canada Lynx (Lynx canadensis) 292
American red squirrel (Tamiasciurus hudsonicus) 145
Moose (Alces americanus) 136
Beaver (Castor canadensis) 3
Black bear (Ursus americanus) 83
Gray wolf (Canis lupus) 102
Eastern chipmunk (Tamias striatus) 107
Porcupine (Erethizon dorsatum) 27
Northern flying squirrel (Glaucomys sabrinus) 0
Striped skunk (Mephitis mephitis) 2
American marten (Martes americana) 3
Coyote (Canis latrans) 4
Fisher (Martes pennanti) 3
North American river otter (Lontra canadensis) 0
Muskrat (Ondatra zibethicus) 0
Groundhog (Marmota monax) 2
Long-tailed weasel (Mustela frenata) 1
Raccoon (Procyon lotor) 1
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Table A2

List of summer edible plants (< 1 m) for moose and black bear that were found on linear features. Data were collected on
33 gravel forest roads, 29 winter forest roads and 18 riparian areas in the caribou wildlife site south of Val-d'Or, western
Quebec, Canada, in 2021. For each mammal species, the sum of plant cover with values of 1 in each linear feature
represented edible plant cover (EPR) variables

Plant species Edible for

Moose Black bear

Red maple (Acer rubrum)

Mountain maple (Acer spicatum)
American green alder (Alnus alnobetula)
Wild sarsaparilla (Aralia nudicaulis)
Paper or white birch (Betula papyrifera)
Leatherleaf (Chamaedaphne calyculata)
Yellow clintonia (Clintonia borealis)
Bunchberry (Cornus canadensis)
Red-osier dogwood (Cornus sericea)
Woody debris

Horsetail (Equisetum sp.)

Wild strawberry (Fragaria virginiana)
Mountain holly (Ilex mucronata)
Twinflower (Linnaea borealis)

Lycopod (Lycopodium sp.)

Grass (Poaceae sp.)

Trembling aspen (Populus tremuloides)
Pin cherry (Prunus pensylvanica)

Skunk currant (Ribes glandulosum)

Rose (Rosa sp.)

Red raspberry (Rubus idaeus)

Dwarf raspberry (Rubus pubescens)
Willow (Salix sp.)

Canada goldenrod (Solidago canadensis)
American mountain-ash (Sorbus americana)
Rose twisted stalk (Streptopus lanceolatus)
Early lowbush blueberry (Vaccinium angustifolium)
Small cranberry (Vaccinium oxycoccos)
Wild raisin (Viburnum nudum)

C OO R HREREEFEHKMHREBEREHKMEMBE QOO HOOROMRO M H =
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Table A3

List of summer edible plants (> 1 m) for moose and black bear that were found on linear features. Data were
collected on 33 gravel forest roads, 29 winter forest roads and 18 riparian areas in the caribou wildlife site south of
Val-d'Or, western Quebec, Canada, in 2021. For each mammal species, the sum of plant counts with value of 1 in
each linear feature represented counts of edible stems (ES) variables.

Plant species Edible for

Moose Black bear

Red maple (Acer rubrum)

Mountain maple (Acer spicatum)
American green alder (Alnus alnobetula)
Serviceberry (Amélanchier sp.)

Paper or white birch (Betula papyrifera)
Red-osier dogwood (Cornus sericea)
Beaked hazelnut (Corylus cornuta)
Mountain holly (Ilex mucronata)
Trembling aspen (Populus tremuloides)
Balsam poplar (Populus balsamifera)

Pin cherry (Prunus pensylvanica)
Willow (Salix sp.)

American mountain-ash (Sorbus americana)
Wild raisin (Viburnum nudum)
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Table A4

Distribution of local variables depending on the type of the linear feature. Camera traps are located on 33 gravel forest roads, 29 winter forest roads and 18 riparian
areas in the caribou wildlife site south of Val-d'Or, western Quebec, Canada. Comparisons were conducted following one-way Anova for all variables, except for the
difference in lateral cover between the surrounding area and the linear feature, which was analysed with two-way ANOVA. Results of Tukey tests are presented with
letters.

Type of linear feature DLC" at ES" for EPR° for

50 cm 100 cm 150 cm Black bear Moose Black bear Moose
Gravel road® 36 + 257 22 + 212 16 + 16™ 2+ 42 12 + 217 11 +12° 14 + 127
Winter road” 24224 4423 8 + 154 10 + 16* 9+ 10% 28 + 167 13 £ 15°
Riparian area® 1+28¢ 4 + 28> 5 + 23b«d 11 + 15° 4+6° 29 + 142 6+ 9°

 Difference in lateral cover between the surrounding area and the linear feature (%)
b Count of edible stems (> 1 m)
¢ Edible plant (< 1 m) cover (%)
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Table A5

Distribution of landscape parameters depending upon the type of linear feature on different radii around camera-trap locations. Camera traps are located on 33 gravel
roads, 29 winter roads and 18 riparian areas in the caribou wildlife site south of Val-d'Or area, western Quebec, Canada. The comparisons were conducted with two-
way ANOVA for all variables, except for distance to higher forest road class and distance to nearest urban area, which were analysed with a one-way ANOVA. The
results of Tukey tests are presented as letters.

Landscape variables Type of linear feature Radius
250 m 500 m 750 m 1000 m
Proportion of regenerating stands (10 years) Gravel road® 39 + 26° 29 + 18%° 26 + 14%° 25+ 122
Winter Road® 15 + 23¢ 14 + 16° 13 +12° 12+ 11¢
Riparian area® 16 + 15> 21 + 122 21 + 1220 22 4 122b¢
Proportion of dense cover stands (50%-100% cover) Gravel road® 48 + 27° 49 + 227 49 +19° 48 +17°
Winter Road® 64 + 30° 60 + 212 61 + 18* 61 + 167
Riparian area® 44 + 122 44 + 142 46 + 162 47 + 152
Density of forest roads (km /km?) Gravel road® 3.21 + 1.25% 2.06 + 0.77°% 1.67 + 0.524¢f 1.55 + 0.36%f
Winter Road® 3.96 + 1.86% 2.71 +1.18 2.31 + 0.77°4 2.07 + 0.63°%
Riparian area® 0.85+1.118 1.26 £ 0.76 1.34 4+ 0.72° 1.35 + 0.59°
Distance (km) to higher forest road class Gravel road 4,93 + 3.16%
Winter Road 1.75 + 1.53°
Riparian area 6.38 & 3.897
Distance (km) to nearest urban area Gravel road 46.8 +12.7%
Winter Road 41.2 £ 17.6%
Riparian area 39.0 + 22.17
Table A6

Model selection based on the Akaike Information Criterion (AIC) explaining the number of uses of linear features (gravel forest roads, winter forest roads and riparian
areas) according to linear feature characteristics (first group model) by gray wolf, black bear, Canada lynx and moose in the caribou wildlife site south of Val-d'Or,
western Québec, Canada, in 2020 and 2021. The models for each species were compared to a null model. All models of each species are represented with respective
Akaike weights (;), log likelihood (LL), the number of estimated parameters (K), the marginal (RZM) and conditional (RZC) R-square.

Models LL K AIC AAIC [
Gray wolf ~
DifLateralCover50cm + Human + Moose + Beaver + RegenerationStands250m + DensltyRoad1000m + NearRoad+ NearUrbanArea  -224.70 10  473.59 0.00 0.97
+ Year + (1|LinearFeatureID)
DifLateralCover50cm + Year + (1|LinearFeaturelD) -236.19 4 480.69 7.09 0.03
Moose + Year + (1|LinearFeatureID) -242.79 4 493.89 20.30 0.00
RegenerationStands250m + Year -+ (1|LinearFeatureID) -244.59 4 49749 2390 0.00
NearRoad + Year + (1|LinearFeatureID) -245.76 4 499.84 26.24 0.00
DenstyRoad1000m + Year + (1 \LinearFeatureID) -247.57 4 503.46 29.86 0.00
Null + Year + (1|LinearFeatureID) -249.14 3 504.47 30.87 0.00
Beaver + Year + (1|LinearFeatureID) -248.54 4 505.39 31.80 0.00
NearUrbanArea + Year + (1 |LinearFeatureID) -248.69 4 505.69 32.09 0.00
Human + Year + (1|LinearFeatureID) -249.05 4 506.41 32.82 0.00
Black bear ~
DifLateralCover50cm + Year + (1|LinearFeaturelD) -275.60 4 559.51 0.00 0.77
DifLateralCover50cm + EdibleStems + EdiblePlantsCover + Human + Moose + Beaver + RegenerationStandS250m + -266.48 13 562.04 253  0.22
DensityRoad1000m + NearRoad -+ NearUrbanArea + Year + (1|LinearFeatureID)
NearRoad + Year + (1|LinearFeatureID) -280.26 4 568.84 9.34 0.01
EdibleStems + Year + (1|LinearFeatureID) -281.15 4 570.62 11.12 0.00
RegenerationStand250m + Year + (1|LinearFeatureID) -281.94 4 57219 12,68 0.00
DensityRoad1000m + Year + (1|LinearFeatureID) -282.43 4 57317 13.66 0.00
EdiblePlantsCover + Year + (1|LinearFeaturelD) -282.48 4 573.27 13.76 0.00
Moose + Year + (1|LinearFeatureID) -283.49 4 57529 1578  0.00
Null + Year + (1|LinearFeatureID) -285.61 3 577.41 1790 0.00
NearUrbanArea + Year + (1|LinearFeatureID) -285.21 4 578.74 19.23 0.00
Human + Year + (1|LinearFeatureID) -285.58 4 579.47 1996  0.00
Beaver + Year + (1|LinearFeatureID) -285.59 4 579.49 1999 0.00
Canada lynx ~
DifLateralCover50cm + Human + SnowshoeHare + DenseCoverStands1000m + DensityRoad1000m + NearUrbanArea + Year + (1|  -355.65 9 730.78 0.00 0.99
LinearFeaturelD)
DifLateralCover50cm + Year + (1|LinearFeaturelD) -365.86 4 740.04 9.26 0.01
SnowshoeHare + Year + (1|LinearFeatureID) -378.59 4 765.50 34.72 0.00
DensityRoad1000m + Year + (1|LinearFeatureID) -380.82 4 76996 39.19 0.00
DenseCoverStands1000m + Year + (1|LinearFeatureID) -381.81 4 77194 41.16 0.00
Null + Year + (1|LinearFeatureID) -383.33 3 772.85 42.08 0.00
NearUrbanArea + Year + (1 |LinearFeatureID) -382.92 4 774.16 43.38 0.00
Human + Year + (1|LinearFeatureID) -383.00 4 77432 4354  0.00
Moose ~

DifLateralCover150cm + EdibleStems + EdiblePlantsCover + Human + RegenerationStands250m -+ DensityRoads250m + NearRoad ~ -303.12 10  628.06 0.00 0.47
+ Year + (1|LinearFeatureID)

DifLateralCover150cm + Year + (1|LinearFeatureID) -310.76 4 629.84 1.77 0.19
RegenerationStad250m + Year + (1|LinearFeaturelD) -311.10 4 630.52 2.46 0.14
DensityRoads250m + Year + (1 |LinearFeatureID) -311.62 4 631.55 3.49 0.08
EdiblePlantsCover + Year + (1|LinearFeatureID) -312.06 4 63244 4.38 0.05

(continued on next page)
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Table A6 (continued)
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Models LL K AIC AAIC [

Human + Year + (1|LinearFeatureID) -312.27 4 632.86 4.80 0.04
Null + Year + (1|LinearFeatureID) -314.23 3 634.65 6.59 0.02
EdibleStems + Year + (1|LinearFeatureID) -314.15 4  636.61 8.54 0.01
NearRoad + Year + (1|LinearFeatureID) -314.19 4 636.69 8.62 0.01

References

Abrahms, B., Jordan, N., Golabek, K., McNutt, J., Wilson, A., Brashares, J., 2016. Lessons
from integrating behaviour and resource selection: activity-specific responses of
African wild dogs to roads. Anim. Conserv 19, 247-255. https://doi.org/10.1111/
acv.12235.

Basille, M., Courtois, R., Bastille-Rousseau, G., Courbin, N., Faille, G., Dussault, C.,
Ouellet, J.-P., Fortin, D., 2011. Effets directs et indirects de ’'aménagement de la
forét boréale sur le caribou forestier au Québec. Le. Nat. Can. 135, 46-52.

Bates D., Maechler M., Bolker B., Walker S., Christensen R.H.B., Singmann H., Dai B.,
Scheipl F., Grothendieck G. 2011. Ime4: Linear mixed-effects models using S4
classes. R package version 1.1-29. https://cran.r-project.org/web/packages/Ime4/
index.html.

Bayne, E.M., Boutin, S., Moses, R.A., 2008. Ecological factors influencing the spatial
pattern of Canada lynx relative to its southern range edge in Alberta, Canada. Can. J.
Zool. 86, 1189-1197. https://doi.org/10.1139/708-099.

Berger, J., 2007. Fear, human shields and the redistribution of prey and predators in
protected areas. Biol. Lett. 3, 620-623.

Bergerud, A., Nolan, M.J., Curnew, K., Mercer, W.E., 1983. Growth of the Avalon
Peninsula, Newfoundland caribou herd. J. Wildl. Manag. 47, 989-998. https://doi.
org/10.2307/3808157.

Bergerud, A.T., 1974. Decline of caribou in North America following settlement. J. Wildl.
Manag. 38, 757-770. https://doi.org/10.2307/3800042.

Beyer, H.L., Ung, R., Murray, D.L., Fortin, M.J., 2013. Functional responses, seasonal
variation and thresholds in behavioural responses of moose to road density. J. Appl.
Ecol. 50, 286-294. https://doi.org/10.1111/1365-2664.12042.

Bivand, R.S., Pebesma, E.J., Gémez-Rubio, V., 2013. Applied Spatial Data Analysis With
R, Second edition. Springer Science & Business Media, New York. https://link.
springer.com/book/10.1007/978-1-4614-7618-4.

Bowman, J., Ray, J.C., Magoun, A.,J., Johnson, D.S., Dawson, F.N., 2010. Roads, logging,
and the large-mammal community of an eastern Canadian boreal forest. Can. J. Zool.
88, 454-467. https://doi.org/10.1139/210-019.

Braham, N., Valeria, O., Imbeau, L., 2023. Characterization of vegetation dynamics on
linear features using airborne laser scanning and ensemble learning. Forests 14, 511.

Brodeur, V., Ouellet, J.-P., Courtois, R., Fortin, D., 2008. Habitat selection by black bears
in an intensively logged boreal forest. Can. J. Zool. 86, 1307-1316. https://doi.org/
10.1139/Z08-118.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach. Second edition. Springer Science and
Business Media, Berlin, Germany, p. 488 https://link.springer.com/book/10.1007/
b97636.

Burton, A.C., Neilson, E., Moreira, D., Ladle, A., Steenweg, R., Fisher, J.T., Bayne et, E.,
Boutin, S., 2015. Wildlife camera trapping: a review and recommendations for
linking surveys to ecological processes. J. Appl. Ecol. Vol. 52 (3), 675-685. https://
doi.org/10.1111/1365-2664.12432.

Collins, W.B., Becker, E.F., 2001. Estimation of horizontal cover. Rangel Ecol Manage/.
J. Range Manag Arch. 54, 67-70. https://doi.org/10.2307/4003530.

Courtois, R., Ouellet, J.-P., Breton, L., Gingras, A., Dussault, C., 2007. Effects of forest
disturbance on density, space use, and mortality of woodland caribou. Ecoscience
14, 491-498. https://doi.org/10.2980/1195-6860(2007)14[491:EOFDOD]2.0.CO;
2.

Créte, M., Manseau, M., 1996. Natural regulation of cervidae along a 1000 km latitudinal
gradient: change in trophic dominance. Evolut. Ecol. 10, 51-62. https://doi.org/
10.1007/BF01239346.

Crum, N.J., Fuller, A.K., Sutherland, C.S., Cooch, E.G., Hurst, J., 2017. Estimating
occupancy probability of moose using hunter survey data. J. Wildl. Manag. 81,
521-534. https://doi.org/10.1002/jwmg.21207.

DeMars, C.A., Boutin, S., 2018. Nowhere to hide: effects of linear features on
predator—prey dynamics in a large mammal system. J. Anim. Ecol. 87, 274-284.
https://doi.org/10.1111/1365-2656.12760.

Dickie, M., McNay, S.R., Sutherland, G.D., Cody, M., Avgar, T., 2020. Corridors or risk?
Movement along, and use of, linear features varies predictably among large mammal
predator and prey species. J. Anim. Ecol. 89, 623-634. https://doi.org/10.1111/
1365-2656.13130.

Dickie, M., Serrouya, R., McNay, R.S., Boutin, S., 2017. Faster and farther: wolf
movement on linear features and implications for hunting behaviour. J. Appl. Ecol.
54, 253-263. https://doi.org/10.1111/1365-2664.12732.

Dussault, C., Ouellet, J.P., Courtois, R., Huot, J., Breton, L., Jolicoeur, H., 2005. Linking
moose habitat selection to limiting factors. Ecography 28, 619-628. https://doi.org/
10.1111/j.2005.0906-7590.04263.x.

Environnement Canada. 2022. Données climatiques historiques. https://climat.meteo.gc.
ca/historical_data/search_historic_data_f.html.

18

Environnement Canada. 2011. Examen scientifique aux fins de la désignation de I’habitat
essentiel de la population boréale du caribou des bois (Rangifer tarandus caribou) au
Canada. 116 p. et annexes. https://publications.gc.ca/collections/collection 2011/
ec/CW66-296-2011-fra.pdf.

Fahrig, L., 1997. Relative effects of habitat loss and fragmentation on population
extinction. J. Wildl. Manag. 61, 603-610. https://doi.org/10.2307/3802168.

Fahrig, L., 2003. Effects of habitat fragmentation on biodiversity. Annu Rev. Ecol. Evol.
Syst. 34, 487-515.

Festa-Bianchet, M., Ray, J., Boutin, S., Coté, S., Gunn, A., 2011. Conservation of caribou
(Rangifer tarandus) in Canada: an uncertain future. Can. J. Zool. 89, 419-434.
https://doi.org/10.1139/211-025.

Fisher, J.T., Burton, A.C., 2018. Wildlife winners and losers in an oil sands landscape.
Front Ecol. Environ. 16, 323-328. https://doi.org/10.1002/fee.1807.

Fuller, T.K., 1989. Population dynamics of wolves in north-central Minnesota. Wildl.
Monogr. 105, 3-41.

Fuller, T.K., Mech, L.D., Cochrane, J.F., 2003. Wolf population dynamics. In: Mech, L.D.,
Boitani, L. (Eds.), Wolves: Behavior, Ecology, and Conservation. University of
Chicago Press, Chicago & London, p. 32.

Girardin, P., Valeria, O., Girard, F., 2022. Measuring spatial and temporal gravelled
forest road degradation in the boreal forest. Remote Sens 14, 457. https://doi.org/
10.3390/1rs14030457.

Gould, M.J., Gould, W.R., Cain, J.W., Roemer, J.W., 2019. Validating the performance of
occupancy models for estimating habitat use and predicting the distribution of
highly-mobile species: A case study using the American black bear. Biol. Conserv
234, 28-36. https://doi.org/10.1016/j.biocon.2019.03.010.

Grooten, M., Almond, R.E., 2018. Living Planet Report-2018: Aiming Higher. WWF
International, Gland, Switzerland, p. 148.

Grosman, P.D., Jaeger, J.A., Biron, P.M., Dussault, C., Ouellet, J.-P., 2011. Trade-off
between road avoidance and attraction by roadside salt pools in moose: An agent-
based model to assess measures for reducing moose-vehicle collisions. Ecol. Model.
222, 1423-1435. https://doi.org/10.1016/j.ecolmodel.2011.01.022.

Hamel, S., Killengreen, S.T., Henden, J.A., Eide, N.E., Roed-Eriksen, L., Ims, R.A.,
Yoccoz, R.A., 2013. Towards good practice guidance in using camera-traps in
ecology: influence of sampling design on validity of ecological inferences. Methods
Ecol. Evol. 4, 105-113.

Hartig, F., 2017. DHARMa: Residual diagnostics for hierarchical (multi-level / mixed)
regression models. R. Package Version 0 (6), 4.

Houle, M., Fortin, D., Dussault, C., Courtois, R., Ouellet, J.-P., 2010. Cumulative effects
of forestry on habitat use by gray wolf (Canis lupus) in the boreal forest. Land. Ecol.
25, 419-433. https://doi.org/10.1007/510980-009-9420-2.

Imbeau, L., St-Laurent, M.-H., Marzell, L., Brodeur, V., 2015. Current capacity to conduct
ecologically sustainable forest management in northeastern Canada reveals
challenges for conservation of biodiversity. Can. J. Res 45, 567-578. https://doi.
org/10.1139/cjfr-2014-0123.

James, A.R.C., Boutin, S., Hebert, D.M., Rippin, A.B., 2004. Spatial separation of caribou
from moose and its relation to predation by wolves. J. Wildl. Manag. 68, 799-809.
https://doi.org/10.2193/0022-541X(2004)068[0799:SSOCFM]2.0.CO;2.

Keim, J.L., DeWitt, P.D., Lele, S.R., 2011. Predators choose prey over prey habitats:
evidence from a lynx-hare system. Ecol. Appl. 21, 1011-1016. https://doi.org/
10.1890/10-0949.1.

Keim, J.L., Lele, S.R., DeWitt, P.D., Fitzpatrick, J.J., Jenni, N.S., 2019. Estimating the
intensity of use by interacting predators and prey using camera traps. J. Anim. Ecol.
88, 690-701. https://doi.org/10.1111/1365-2656.12960.

King, T.W., Vynne, C., Miller, D., Fisher, S., Fitkin, S., Rohrer, J., Ransom, J.I.,
Thornton, D., 2020. Will lynx lose their edge? Canada lynx occupancy in
Washington. J. Wildl. Manag. 84, 705-725. https://doi.org/10.1002/jwmg.21846.

Kittle, A.M., Anderson, M., Avgar, T., Baker, J.A., Brown, G.S., Hagens, J.,

Iwachewski, E., Moffatt, S., Mosser, A., Patterson, B.R., 2017. Landscape-level wolf
space use is correlated with prey abundance, ease of mobility, and the distribution of
prey habitat. Ecosphere 8, e01783. https://doi.org/10.1002/ecs2.1783.

Lacerte, R., Leblond, M., St-Laurent, M.H., 2021. Determinants of vegetation
regeneration on forest roads following restoration treatments: implications for
boreal caribou conservation. Restor. Ecol. 29, e13414 https://doi.org/10.1111/
rec.13414.

Ladle, A., Steenweg, R., Shepherd, B., Boyce, M.S., 2018. The role of human outdoor
recreation in shaping patterns of grizzly bear-black bear co-occurrence. PLoS One 13
(2), €0191730. https://doi.org/10.1371/journal.pone.0191730.

Lafontaine, A., Drapeau, P., Fortin, D., Gauthier, S., Boulanger, Y., St-Laurent, M.H.,
2019. Exposure to historical burn rates shapes the response of boreal caribou to
timber harvesting. Ecosphere 10, €02739. https://doi.org/10.1002/ecs2.2739.

Latham, A.D.M. 2009. Wolf ecology and caribou-primary prey-wolf spatial relationships
in low productivity peatland complexes in northeastern Alberta (Doctoral thesis).
University of Alberta, Edmonton. 197 pp. https://doi.org/10.5441/001/1.7vr1k987.


https://doi.org/10.1111/acv.12235
https://doi.org/10.1111/acv.12235
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref2
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref2
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref2
https://doi.org/10.1139/Z08-099
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref4
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref4
https://doi.org/10.2307/3808157
https://doi.org/10.2307/3808157
https://doi.org/10.2307/3800042
https://doi.org/10.1111/1365-2664.12042
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref8
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref8
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref8
https://doi.org/10.1139/z10-019
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref10
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref10
https://doi.org/10.1139/Z08-118
https://doi.org/10.1139/Z08-118
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref12
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref12
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref12
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref12
https://doi.org/10.1111/1365-2664.12432
https://doi.org/10.1111/1365-2664.12432
https://doi.org/10.2307/4003530
https://doi.org/10.2980/1195-6860(2007)14[491:EOFDOD]2.0.CO;2
https://doi.org/10.2980/1195-6860(2007)14[491:EOFDOD]2.0.CO;2
https://doi.org/10.1007/BF01239346
https://doi.org/10.1007/BF01239346
https://doi.org/10.1002/jwmg.21207
https://doi.org/10.1111/1365-2656.12760
https://doi.org/10.1111/1365-2656.13130
https://doi.org/10.1111/1365-2656.13130
https://doi.org/10.1111/1365-2664.12732
https://doi.org/10.1111/j.2005.0906-7590.04263.x
https://doi.org/10.1111/j.2005.0906-7590.04263.x
https://doi.org/10.2307/3802168
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref23
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref23
https://doi.org/10.1139/z11-025
https://doi.org/10.1002/fee.1807
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref26
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref26
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref27
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref27
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref27
https://doi.org/10.3390/rs14030457
https://doi.org/10.3390/rs14030457
https://doi.org/10.1016/j.biocon.2019.03.010
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref30
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref30
https://doi.org/10.1016/j.ecolmodel.2011.01.022
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref32
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref32
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref32
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref32
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref33
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref33
https://doi.org/10.1007/s10980-009-9420-2
https://doi.org/10.1139/cjfr-2014-0123
https://doi.org/10.1139/cjfr-2014-0123
https://doi.org/10.2193/0022-541X(2004)068[0799:SSOCFM]2.0.CO;2
https://doi.org/10.1890/10-0949.1
https://doi.org/10.1890/10-0949.1
https://doi.org/10.1111/1365-2656.12960
https://doi.org/10.1002/jwmg.21846
https://doi.org/10.1002/ecs2.1783
https://doi.org/10.1111/rec.13414
https://doi.org/10.1111/rec.13414
https://doi.org/10.1371/journal.pone.0191730
https://doi.org/10.1002/ecs2.2739

A. Benoit-Pépin et al.

Latham, A.D.M., Latham, M.C., Boyce, M.S., 2011a. Habitat selection and spatial
relationships of black bears (Ursus americanus) with woodland caribou (Rangifer
tarandus caribou) in northeastern Alberta. Can. J. Zool. 89, 267-276. https://doi.
org/10.1139/z10-115.

Latham, A.D.M., Latham, M.C., Boyce, M.S., Boutin, S., 2011b. Movement responses by
wolves to industrial linear features and their effect on woodland caribou in
northeastern Alberta. Ecol. Appl. 21, 2854-2865. https://doi.org/10.1890/11-
0666.1.

Laurian, C., Dussault, C., Ouellet, J.P., Courtois, R., Poulin, M., Breton, L., 2008.
Behavior of moose relative to a road network. J. Wildl. Manag. 72, 1550-1557.
https://doi.org/10.2193/2008-063.

Leblond, M., Dussault, C., Ouellet, J.P., St-Laurent, M.H., 2016. Caribou avoiding wolves
face increased predation by bears — Caught between Scylla and Charybdis. J. Appl.
Ecol. 53, 1078-1087. https://doi.org/10.1111/1365-2664.12658.

Leblond, M., Frair, J., Fortin, D., Dussault, C., Ouellet, J.-P., Courtois, R., 2011. Assessing
the influence of resource covariates at multiple spatial scales: an application to
forest-dwelling caribou faced with intensive human activity. Land. Ecol. 26,
1433-1446. https://doi.org/10.1007/s10980-011-8789647-6.

Leclerc, M., Dussault, C., St-Laurent, M.-H., 2012. Multiscale assessment of the impacts of
roads and cutovers on calving site selection in woodland caribou. Ecol. Manag 286,
59-65. https://doi.org/10.1016/j.foreco.2012.09.010.

Leclerc, M., Dussault, C., St-Laurent, M.-H., 2014. Behavioural strategies towards human
disturbances explain individual performance in woodland caribou. Oecologia 176,
297-306. https://doi.org/10.1007/500442-014-3012-9.

Lesmerises, F., Dussault, C., St-Laurent, M.-H., 2012. Wolf habitat selection is shaped by
human activities in a highly managed boreal forest. Ecol. Manag 276, 125-131.
https://doi.org/10.1016/j.foreco.2012.03.025.

Lesmerises, F., Dussault et, C., St-Laurent, M.-H., 2013. Major roadwork impacts the
space use behaviour of gray wolf. Landsc. Urban Plan. 112, 18-25. https://doi.org/
10.1016/j.landurbplan.2012.12.011.

MacKenzie, D.I., Nichols, J.D., Lachman, G.B., Droege, S., Royle, J.A., Langtimm, C.A.,
2002. Estimating site occupancy rates when detection probabilities are less than one.
Ecology 83, 2248-2255. https://doi.org/10.1890/0012-9658(2002)083[2248:
ESORWD]2.0.CO;2.

Mahoney, S.P., Lewis, K.P., Weir, J.N., Morrison, S.F., Luther, J.G., Schaefer, J.A.,
Pouliot, D., Latifovic, R., 2016. Woodland caribou calf mortality in Newfoundland:
insights into the role of climate, predation and population density over three decades
of study. Popul Ecol. 58, 91-103. https://doi.org/10.1007/510144-015-0525-y.

Maletzke, B.T., Koehler, G.M., Wielgus, R.B., Aubry, K.B., Evans, M.A., 2008. Habitat
conditions associated with lynx hunting behavior during winter in northern
Washington. J. Wildl. Manag. 72, 1473-1478. https://doi.org/10.2193/2007-455.

Marrotte, R.R., Bowman, J., Morin, S.J., 2020. Spatial segregation and habitat
partitioning of bobcat and Canada lynx. Facets 5, 503-522. https://doi.org/
10.1139/facets-2019-0019.

Mazerolle, M.J. 2020. AICcmodavg: model Selection and Multimodel Inference Based on
(Q)AIC(c). R package version 2.3-1.

McCutchen, N.A. 2007. Factors affecting caribou survival in northern Alberta: the role of
wolves, moose, and linear features (Doctoral thesis). University of Alberta,
Edmonton. 171 pp. https://doi.org/10.7939/r3-yzed-2y28.

Mcdonald, R.I., Forman, R.T.T., Kareiva, P., Neugarten, R., Salzer, D., Fisher, J., 2009.
Urban effects, distance, and protected areas in an urbanizing world. Landsc. Urban
Plan 93, 63-75.

McKenzie, HW., Merrill, E.H., Spiteri, R.J., Lewis, M.A., 2012. How linear features alter
predator movement and the functional response. Interface Focus 2, 205-216.
https://doi.org/10.1098/rsfs.2011.0086.

Mech, L.D., Boitani, L. (Eds.), 2010. Wolves: behavior, ecology, and conservation.
University of Chicago Press, Chicago, p. 472.

Mech, L.D., Fritts, S.H., Radde, G.L., Paul, W.J., 1988. Wolf distribution and road density
in Minnesota. Wildl. Soc. Bull. 16 (1973-2006), 85-87.

Ministere des Foréts de la Faune et des Parcs (MFFP). 2016. Niveaux supérieurs du
systeme hiérarchique de classification écologique. Direction des inventaires
forestiers. Gouvernement du Québec. 13 p.

Ministere des Foréts de la Faune et des Parcs (MFFP). 2018. Rapport préliminaire du
diagnostic de la zone d’habitat résiduel en paysage perturbé de Val-d'Or. Direction
des inventaires forestiers. Gouvernement du Québec. 51 p.

Ministere des Foréts de la Faune et des Parcs (MFFP). 2020. Guide d’application du
Réglement sur I’aménagement durable des foréts du domaine de I'’Etat.
Gouvernement du Québec. 453 p.

Ministere des Foréts de la Faune et des Parcs (MFFP). 2021. Ressources et industries
forestieres du Québec - Portrait statistique (Edition 2020). Direction du
développement et de I'innovation de I'industrie. Gouvernement du Québec. 148 p.

Ministere des Foréts de la Faune et des Parcs (MFFP). 2022. Guide d’application du
Programme de remboursement des cofits pour des activités d’aménagement forestier
sur des chemins multiusages. Gouvernement du Québec. 22 p.

Ministére des ressources naturelles (MRN). 2020. Unités d'aménagement (UA)-Période
2018-2023-Région d'application des GA de 1'Abitibi-Témiscamingue. Direction de la
gestion des stocks ligneux. Gouvernement du Québec.

Ministere des ressources naturelles (MRN). 2013. Plan d'aménagement du site faunique
du caribou au sud de Val-d'Or-Période 2013-2018. Direction de I’expertise Energie-
Faune-Foreéts-Mines-Territoire de I’ Abitibi-Témiscamingue. Gouvernement du
Québec. 76 p.

Mladenoff, D.J., Sickley, T.A., Haight, R.G., Wydeven, A.P., 1995. A regional landscape
analysis and prediction of favorable gray wolf habitat in the northern Great Lakes
region. Conserv Biol. 9, 279-294. https://doi.org/10.1046/j.1523-
1739.1995.9020279.x.

19

Forest Ecology and Management 561 (2024) 121911

Mosnier, A., Ouellet, J.-P., Courtois, R., 2008. Black bear adaptation to low productivity
in the boreal forest. Ecoscience 15, 485-497. https://doi.org/10.2980/15-4-3100.

Muhly, T.B., Johnson, C.A., Hebblewhite, M., Neilson, E.-W., Fortin, D., Fryxell, J.M.,
Latham, A.D.M., Latham, M.C., McLoughlin, P.D., Merrill, E., 2019. Functional
response of wolves to human development across boreal North America. Ecol. Evol.
9, 10801-10815. https://doi.org/10.1002/ece3.5600.

Muhly, T.B., Semeniuk, C., Massolo, A., Hickman, L., Musiani, M., 2011. Human activity
helps prey win the predator-prey space race. PLoS One 6 (3), e17050. https://doi.
org/10.1371/journal.pone.0017050.

Mumma, M.A., Gillingham, M.P., Parker, K.L., Johnson, C.J., Watters, M., 2018.
Predation risk for boreal woodland caribou in human-modified landscapes: evidence
of wolf spatial responses independent of apparent competition. Biol. Conserv 228,
215-223. https://doi.org/10.1016/j.biocon.2018.09.015.

Newton, E.J., Patterson, B.R., Anderson, M.L., Rodgers, A.R., Vander Vennen, L.M.,
Fryxell, J.M., 2017. Compensatory selection for roads over natural linear features by
wolves in northern Ontario: Implications for caribou conservation. PLoS One 12
(11), e0186525. https://doi.org/10.1371/journal.pone.0186525.

Oberosler, V., Groff, C., lemma, A., Pedrini, P., Rovero, F., 2017. The influence of human
disturbance on occupancy and activity patterns of mammals in the Italian Alps from
systematic camera trapping. Mamm. Biol. 87, 50-61. https://doi.org/10.1016/j.
mambio.2017.05.005.

Olsson, M., Cox, J.J., Larkin, J.L., Widén, P., Olovsson, A., 2011. Space and habitat use of
moose in southwestern Sweden. Eur. J. Wildl. Res 57, 241-249.

Pinard, V., Dussault, C., Ouellet, J.P., Fortin, D., Courtois, R., 2012. Calving rate, calf
survival rate, and habitat selection of forest-dwelling caribou in a highly managed
landscape. J. Wildl. Manag. 76, 189-199. https://doi.org/10.1002/jwmg.217.

Poole, K.G., Wakelyn, L.A., Nicklen, P.N., 1996. Habitat selection by lynx in the
Northwest Territories. Can. J. Zool. 74, 845-850. https://doi.org/10.1139/296-098.

Ray, J.C., 2014. Defining habitat restoration for boreal caribou in the context of national
recovery: a discussion paper, 51. Wildlife Conservation Society Canada Environment
and Climate Change Canada, Government of Canada https://www.
registrelepsararegistry.gc.ca/virtual_sara/files/Boreal%20caribou%20habitat%
20restoration%20discussion%20paper_dec2014.pdf.

R Core Team. (2020). R: a language and environnement for statistical computing. R
Fondation for Statistical Computing, Vienna, Austria. https://www.r-project.org/.

Rempel, R.S., Elkie, P.C., Rodgers, A.R., Gluck, M.J., 1997. Timber-management and
natural-disturbance effects on moose habitat: landscape evaluation. J. Wildl. Manag.
61, 517-524. https://doi.org/10.2307/3802610.

Royle, J.A., Dorazio, et R.M., 2008. Hierarchical modeling and inference in ecology: the
analysis of data from populations, metapopulations and communities. Elsevier, San
Diego, USA, p. 464.

Rousset, M.F., Ferdy, J.-B., Courtiol, A. 2023. Package ‘spaMM’. Mixed-Effect Models,
with or without Spatial Random Effects.

Rovero, F., Zimmermann, F., 2016. Camera trapping for wildlife research. Pelagic
Publishing, London, UK, p. 320.

Saucier, J., Grondin, P., Robitaille, A., Gosselin, J., Morneau, C., Richard, P., Brisson, J.,
Sirois, L., Leduc, A., Morin, H. 2009. Manuel de foresterie. Edition multimonde.
Québec, Québec. 1574 p. https://www.oifq.com/centre-de-documentation/manuel-
de-foresterie.

Schloerke, B., Crowley, J., Cook, D. 2018. GGally: Extension to 'ggplot2’. R package
version 2.1.2. https://ggobi.github.io/ggally/.

Schneider, R.R. 2002. Alternative futures: Alberta’s boreal forest at the crossroads.
Federation of Alberta Naturalists, Edmonton. 152 pp.

Seip, D.R., 1992. Factors limiting woodland caribou populations and their
interrelationships with wolves and moose in southeastern British Columbia. Can. J.
Zool. 70, 1494-1503. https://doi.org/10.1139/292-206.

St-Laurent, M.-H., Dussault, C., Ferron, J., Gagnon, R., 2009. Dissecting habitat loss and
fragmentation effects following logging in boreal forest: conservation perspectives
from landscape simulations. Biol. Conserv 142, 2240-2249. https://doi.org/
10.1016/j.biocon.2009.04.025.

St-Laurent, M.-H., Gosselin, J. 2020. Sélection d’habitat, délimitation de I'habitat
essentiel et scénarios de restauration d'habitat & priosiser au bénéfice du caribou de
Val-d'Or. Rapport scientifique présenté au Conseil de la Nation Anishnabe du Lac
Simon, par I’Université du Québec & Rimouski. viii + 118 p.

St-Pierre, F., Drapeau, P., St-Laurent, M.-H., 2021. Drivers of vegetation regrowth on
logging roads in the boreal forest: Implications for restoration of woodland caribou
habitat. Ecol. Manag 482, 118846. https://doi.org/10.1016/j.foreco.2020.118846.

Team Network. 2017. Tropical ecology assessment and monitoring. Wild.ID Instruction
Manual, Wild.ID Version 0.9.28. 49 p.

Terwilliger, L., Moen, R. 2012. Canada lynx (Lynx canadensis) in Minnesota: road use
and movements within the home range. University of Minnesota, Duluth. NRRI
Technical Report No. NRRI/TR-2012/31 Release 1.0. 32 pp.

Thomas, D., Gray, D. 2002. Rapport de situation du COSEPAC sur le caribou des bois
(Rangifer tarandus caribou) au Canada Mise a jour, Comité sur la situation des
especes en péril au Canada. Ottawa.Mise a jour, Evaluation et Rapport de situation
du COSEPAC sur le caribou des bois. 111 p.

Thomas, J. 2018. Habitat use by boreal mammals in response to salvage logging after an
insect outbreak (Master’s thesis). University of Calgary, Calgary. 104 pp.

Thurber, J.M., Peterson, R.O., Drummer, T.D., Thomasma, S.A., 1994. Gray wolf
response to refuge boundaries and roads in Alaska. Wildl. Soc. Bull. 22 (1973-2006),
61-68.

Trombulak, S.C., Frissell, C.A., 2000. Review of ecological effects of roads on terrestrial
and aquatic communities. Conserv Biol. 14, 18-30. https://doi.org/10.1046/].1523-
1739.2000.99084.x.


https://doi.org/10.1139/z10-115
https://doi.org/10.1139/z10-115
https://doi.org/10.1890/11-0666.1
https://doi.org/10.1890/11-0666.1
https://doi.org/10.2193/2008-063
https://doi.org/10.1111/1365-2664.12658
https://doi.org/10.1007/s10980-011-8789647-6
https://doi.org/10.1016/j.foreco.2012.09.010
https://doi.org/10.1007/s00442-014-3012-9
https://doi.org/10.1016/j.foreco.2012.03.025
https://doi.org/10.1016/j.landurbplan.2012.12.011
https://doi.org/10.1016/j.landurbplan.2012.12.011
https://doi.org/10.1890/0012-9658(2002)083[2248:ESORWD]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[2248:ESORWD]2.0.CO;2
https://doi.org/10.1007/s10144-015-0525-y
https://doi.org/10.2193/2007-455
https://doi.org/10.1139/facets-2019-0019
https://doi.org/10.1139/facets-2019-0019
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref57
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref57
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref57
https://doi.org/10.1098/rsfs.2011.0086
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref59
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref59
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref60
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref60
https://doi.org/10.1046/j.1523-1739.1995.9020279.x
https://doi.org/10.1046/j.1523-1739.1995.9020279.x
https://doi.org/10.2980/15-4-3100
https://doi.org/10.1002/ece3.5600
https://doi.org/10.1371/journal.pone.0017050
https://doi.org/10.1371/journal.pone.0017050
https://doi.org/10.1016/j.biocon.2018.09.015
https://doi.org/10.1371/journal.pone.0186525
https://doi.org/10.1016/j.mambio.2017.05.005
https://doi.org/10.1016/j.mambio.2017.05.005
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref68
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref68
https://doi.org/10.1002/jwmg.217
https://doi.org/10.1139/z96-098
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref71
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref71
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref71
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref71
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref71
https://doi.org/10.2307/3802610
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref73
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref73
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref73
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref74
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref74
https://doi.org/10.1139/z92-206
https://doi.org/10.1016/j.biocon.2009.04.025
https://doi.org/10.1016/j.biocon.2009.04.025
https://doi.org/10.1016/j.foreco.2020.118846
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref78
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref78
http://refhub.elsevier.com/S0378-1127(24)00223-8/sbref78
https://doi.org/10.1046/j.1523-1739.2000.99084.x
https://doi.org/10.1046/j.1523-1739.2000.99084.x

A. Benoit-Pépin et al.

Walpole, A.A., Bowman, J., Murray, D.L., Wilson, P.J., 2012. Functional connectivity of
lynx at their southern range periphery in Ontario, Canada. Land. Ecol. 27, 761-773.
https://doi.org/10.1007/s10980-012-9728-1.

Whittington, J., Hebblewhite, M., DeCesare, N.J., Neufeld, L., Bradley, M.,

Wilmshurst, J., Musiani, M., 2011. Caribou encounters with wolves increase near
roads and trails: a time-to-event approach. J. Appl. Ecol. 48, 1535-1542. https://doi.
org/10.1111/j.1365-2664.2011.02043.x.

20

Forest Ecology and Management 561 (2024) 121911

Whittington, J., St. Clair, C.C., Mercer, G., 2005. Spatial responses of wolves to roads and
trails in mountain valleys. Ecol. Appl. 15, 543-553. https://doi.org/10.1890/03-
5317.

Zhou, T., Luo, X., Hou, Y., Xiang, Y., Peng, S., 2020. Quantifying the effects of road width
on roadside vegetation and soil conditions in forests. Land. Ecol. 35, 69-81. https://
doi.org/10.1007/5s10980-019-00930-8.


https://doi.org/10.1007/s10980-012-9728-1
https://doi.org/10.1111/j.1365-2664.2011.02043.x
https://doi.org/10.1111/j.1365-2664.2011.02043.x
https://doi.org/10.1890/03-5317
https://doi.org/10.1890/03-5317
https://doi.org/10.1007/s10980-019-00930-8
https://doi.org/10.1007/s10980-019-00930-8

	Use of linear features by mammal predators and prey in managed boreal forests
	Introduction
	Materials and methods
	Study area
	Linear feature selection
	Camera-trap installation
	Linear feature characteristics
	Local variables
	Landscape variables

	Statistical analyses
	Local and landscape characteristics of linear features
	Number of use models


	Results
	Characteristics of local and landscape variables of linear feature
	Local variables
	Landscape variables

	Number of uses

	Discussion
	Local and landscape explanatory variables
	Type of linear feature

	Conclusions
	Declaration of Competing Interest
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	Appendix
	References


