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Introduction

Roads are one of the most ubiquitous human infrastructures
and have frequently been shown to have crucial effects on
wildlife (Zeller et al., 2021). Road networks can: (a) affect

Abstract

Roads are human infrastructure that heavily affect wildlife, often with marked
impacts on carnivores, including brown bears Ursus arctos. Here, we assessed the
potential impact of road networks on the distribution of brown bears in the small, iso-
lated and endangered Cantabrian population of north-western Spain. To ascertain
whether local road networks affect brown bear spatial distribution, we first assessed
potential influences on the distance of bear locations to roads using candidate models
which included topographic variables, landcover types, bear age and reproductive sta-
tus, traffic volume and road visibility. Then, we built two sets of habitat suitability
models, both with and without roads, to discern the possible loss of habitat suitability
caused by roads. The mean distance of bear locations to the nearest road was
968 + 804 m and the closest road was a low traffic road in 72.5% of cases. Candi-
date models showed little influence of our variables on bear distance to the nearest
road, with the exception of elevation. Habitat suitability models revealed that road
networks in our study area seem to have almost no effect on brown bear habitat suit-
ability, except for females with yearlings during the denning season. However, this
result may also be a consequence of the fact that only a small proportion (16.5%) of
the cells classified as suitable bear habitats were crossed by roads, that is, most of the
roads are primarily located in unsuitable bear habitats in the Cantabrian Mountains.
Compared to previous studies conducted in other populations, mainly North Ameri-
can ones, our findings might suggest a different response of Eurasian brown bears to
roads due to a longer bear-human coexistence in Europe versus North America. How-
ever, the indirect approach used in our study does not exclude other detrimental
effects, for example, road mortality, increased stress and movement pattern disrup-
tion, only detectable by more direct approaches such as telemetry.

surrounding ecosystems by increasing pollutants due to vehicle
traffic (Forman et al., 2003); (b) facilitate the arrival and
spread of non-native species (Schowalter, 1988; Watkins
et al., 2003); (c) allow human access to previously pristine
areas (Lamb et al., 2018; Steyaert et al., 2016); (d) modify
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ecological communities (Trombulak & Frissel, 2000); (e) frag-
ment and/or destroy habitats (Coffin, 2007; Forman
et al., 2003; Riitters et al., 2004); (f) increase wildlife mortality
(Morales-Gonzalez et al., 2020; Penteriani et al., 2018); and
(g) represent barriers to movement that may reduce population
viability and gene exchange (Epps & Keyghobadi, 2015;
Holderegger & Di Giulio, 2010; Shepard et al., 2008). More-
over, these effects vary depending on road type and conse-
quent traffic loads (Chen & Koprowski, 2019; Koren
et al.,, 2011; Northrup et al., 2012), which may modify animal
behaviour (Barber et al., 2010; Morales-Gonzalez et al., 2020),
habitat selection and parental investment (Frid & Dill, 2002),
as well as increase energetic costs and physiological stress of
animals (Houston et al., 2012; Jacobson et al., 2016; Wasser
et al., 2011). However, not all the effects of roads are deleteri-
ous per se, and it has been reported how roads can function as
attractants, providing advantages for communication, foraging,
movement, refuge or thermoregulation (Hill et al., 2021).

Wide-ranging mammals with low reproductive rates and low
densities (e.g. large carnivores) are particularly vulnerable to
the various effects of roads and vehicle traffic (Alexander
et al., 2005; Kautz et al., 2021; Rytwinski & Fahrig, 2015).
For example, roads can negatively impact tiger Panthera tigris
survival and reproductive rates (Kerley et al., 2002). They can
also influence, through road avoidance, the movement beha-
viour of jaguars Panthera onca (Colchero et al., 2011) and
wolves  Canis lupus (Ciucci et al, 2018; Dennehy
et al., 2021). Indeed, the fragmentation of carnivore popula-
tions caused by roads (Fahrig & Rytwinski, 2009) can affect
the functioning of entire ecosystems due to the ecological role
large carnivores play as apex predators (Ordiz et al., 2013,
2014).

Among large carnivores, the multiple, non-exclusive effects
of roads on brown bears Ursus arctos have been extensively
studied, mainly in North America. For example, avoidance pat-
terns (Proctor et al., 2020; Steen et al., 2020) and fast dis-
placement rates (Kite et al., 2016; Roever et al., 2010) have
been described in areas surrounding roads, with bears selecting
higher elevations and steeper slopes because they are further
away from roads and, consequently, less accessible to humans
(Goldstein et al., 2010; Nams et al., 2006). The impact of road
networks also seems to depend on landcover types surrounding
roads and periods of the bear life cycle, with higher probabili-
ties of road crossings where roads intersect areas with dense
vegetation cover offering shelter (Find’o et al., 2019; Lyons
et al., 2018; Roever et al., 2010) or during hyperphagia (Frack-
owiak et al., 2014; Stewart et al., 2013), due to the need to
consume a large amount of food before hibernation. Similarly,
roads have also been described as occasional attractants to
brown bears as they facilitate communication (Gonzalez-
Bernardo et al., 2021; Sato et al., 2014) or movement (Hill
et al., 2021; Roever et al., 2010). Along the same line, some
age classes such as females with cubs and subadults may use
roads to avoid risky encounters with adult males (Graham
et al., 2010; Penteriani et al., 2018), as also occurs in other
ursids (Gantchoff et al., 2019). Moreover, traffic volume asso-
ciated with the type of road has also been shown to determine
the severity of road impacts on bears (Elfstrom et al., 2008;
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Northrup et al., 2012). In fact, increasing traffic intensities are
often  associated with  stronger avoidance (Jacobson
et al., 2016; Mace et al., 1999) and decreasing permeability
(Find’o et al., 2019; Skuban et al., 2017), affecting movement
rates (Proctor et al., 2012; Roever et al., 2010) and altering
rhythms of activity (Steen et al., 2020; Waller &
Servheen, 2005). Finally, one aspect of roads that might affect
bears and has never been explored as a factor of disturbance
(but see the analyses of traffic kills sites in Huber et al., 1998)
is road visibility (i.e. a viewshed, the part of the environment
assumed to be visible to an animal in a given location,
Tandy, 1967). In recent years, it has been advocated that the
quantification of an animal’s potential visual space may
improve our understanding of animal use of an environment
(Aben et al., 2018), but still few examples exist on the link
between visibility and large carnivores (Davies et al., 2016;
Grant et al., 2005).

Here, we assessed the impact of the road network on the
spatial distribution of brown bears in the small, isolated and
endangered population inhabiting the human-modified land-
scape of the Cantabrian Mountains in north-western Spain. We
predicted that bear locations would be closer to roads when:
(1) individuals were in areas with dense vegetal cover com-
pared to open habitats; (2) roads were not visible; (3) traffic
level was low; (4) females had cubs during the mating season
to decrease the risk of infanticide from encounters with adult
males; and (5) during hyperphagia, as bears might use food
resources associated with road edges. Predictions (1), (2) and
(3) are related to a lower expected level of disturbance in these
cases and therefore to less avoidance of roads by bears, while
predictions (4) and (5) are related to specific seasonal circum-
stances. Furthermore, we tested the possibility that road net-
works may reduce habitat suitability for bears, an effect that
we expect might be different depending on bear classes and
seasonal cycles (Morales-Gonzalez et al., 2020; Penteriani
et al., 2018).

Materials and methods

Study area and bear population

The study area encompasses the distribution range of the Can-
tabrian brown bear population in the provinces of Ledn, Palen-
cia and Asturias, north-western Spain (Fig. 1), which occupies
an area of 4474 km” along the Cantabrian Mountains at an
average elevation of 1100 m a.s.l. (maximum 2650 m; Penteri-
ani et al., 2019). The climate of the region is oceanic, more
continental and drier along southern slopes and temperate and
more humid on northern slopes (Ortega & Morales, 2015). The
region is mainly covered by forests, shrublands and farmland.
The forests of the southern slopes are mainly composed of
semi-deciduous and evergreen oaks (Quercus sp.), whereas the
northern slopes host mostly deciduous forests (Fagus sylvatica;
Q. robur, Q. petraea; Betula sp.; Garcia de Celis et al., 2004;
Mateo-Sanchez et al., 2016). Non-forested areas are covered
with shrubs such as broom (Cyfisus sp.) and heather (Erica
sp., Calluna sp.), while above the tree line, berry shrubs such
as bilberries appear (Vaccinium myrtillus; Mateo-Sanchez
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PALENCIA

Figure 1 Bear locations and road sections included in the study area located in the Cantabrian Mountains (NW Spain). The provinces of Asturias,
Ledn and Palencia are shaded in light grey and the Cantabrian brown bear distribution range is shaded in dark grey. The 2722 bear locations are
represented as blue dots, and road sections are shown as red lines. Due to the short distance that separates roads, only road sections of Types
2 and 3 (those with more traffic intensity, see Methods section) are depicted. Inset shows the location of the mapped area within the

geographic limits of peninsular Spain.

et al., 2016; Pato & Obeso, 2012). In general, most suitable
bear habitat patches are embedded in a matrix of urbanized
and cultivated areas with a high density of transport routes and
human settlements, where the main economic activities are
livestock breeding, recreational activities, mining and timber
harvesting (Zarzo-Arias et al., 2019). Although the Cantabrian
brown bear population trend in recent years has been positive
(Gonzalez et al., 2016), its size is still small (c. 250 individu-
als 10 years ago [Pérez et al., 2014], and probably larger now
due to this trend), and it continues to be considered as threat-
ened (Boitani et al., 2010; MITECO, 2022). The road network
in the study area consists of a few high- and medium-capacity
roads that connect the main urban areas and a majority of
minor local roads that connect small mountain towns with each
other or with the main roads. This road network has hardly
changed in the last decades in the two regions studied, Astur-
ias and Castilla y Ledn (increases of 0.56% and 1.89%, respec-
tively, between 2005 and 2019; MITMA, https://www.mitma.
gob.es/recursos_mfom).

Bear dataset

Brown bear location data (n = 2722) were collected from 2000
to 2016 and were compiled from: (1) georeferenced visual
observations and footprints (n = 2012; 73.9%) taken by the
staff of the Junta de Castilla y Leén and the Principado de
Asturias, primarily by the teams of the Patrulla Oso, (i.e. Bear
Patrol), as well as by local NGO’s such as the Fund for the
Protection of Wild Animals (FAPAS), the Asturias Bear Foun-
dation (FOA) and the Brown Bear Foundation (FOP); (2) cam-
era traps randomly placed by the FAPAS and Bear Patrols
during the last 20 years, mainly in forested areas where bears
are less visible (n = 478; 17.6%) and (3) personal observations
(visual observations and footprints) by the authors (n = 232;
8.5%). Databases of raw observations were thoroughly filtered
(by deleting duplicates and cases with incomplete or inaccurate

information). The inclusion of records from camera trap loca-
tions represents an important part of this dataset as it also
allows including data from areas where cover density would
have prevented direct observations of individuals. The camera
trap monitoring started in 2000 with analogical TRAIMASTER
OLIMPUS DLX 20 camera traps, to which analogical CANON
BF-8 camera traps were added. During the period 2000-2009,
analogical TRAIMASTER and CANON PRIMA BF-8 camera
traps were used every year. Starting from 2010 all camera
traps (CUDDEBACK CAPTURE and RECONIX) were digital.
Then, starting from 2012, SCOUT GUARD SGS550V and
MINOX DTC600 camera traps replaced the CUDDEBACK
(Non Typical, Inc., Green Bay, Wisconsin, USA) and RECO-
NIX traps (Holmen, Wisconsin, USA), whereas from 2016 to
2022 BUSHNELL TROPY CAM and BROWNING DARK
OPS camera traps were only used. Camera traps were active
24 h a day and with a time lapse between each shot of: (a)
20 s for TRAIMASTER OLIMPUS DLX 20; (b) 30 s for
CANON PRIMA BF-8 and CUDDEBACK CAPTURE; (c) 8 s
for SCOUT GUARD SG550V and MINOX DTC600; and (d)
1 s for RECONIX HC600, BUSHNELL TROPY CAM and
BROWNING DARK OPS. Camera traps were mainly placed
along forest trails, one of the main elements of the landscape
that bears use for displacements (author’s unpublished teleme-
try data).

Viewing points used by rangers and ourselves, as well as
camera trap locations, were evenly distributed over: (a) the
entire bear range in the study area (Penteriani et al., 2019;
Zarzo-Arias et al., 2019); and (b) the whole year, winter
included, as bear hibernation is facultative in the Cantabrian
Mountains (Gonzalez-Bernardo, Bombieri, et al., 2020; Uzal
et al., 2022). Each observation was accompanied by information
on the date and the age class of the observed bear, that is, adult
or subadult solitary bear, female with cubs, female with year-
lings. We classified the bear locations into three seasons, accord-
ing to the annual cycle of this population: denning (January 1 to
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April 15), mating (April 16 to June 30) and hyperphagia (July 1
to December 31; Zarzo-Arias et al., 2021). Due to the mild win-
ters of the area, food is also available during the winter months
and not all bears in this population hibernate (Gonzalez-
Bernardo, Bombieri, et al., 2020; Gonzélez-Bernardo, Russo,
et al., 2020).

Model covariates

On the basis of the information obtained from previous studies
on this bear population (Lamamy et al., 2019; Zarzo-Arias
et al., 2019), we selected variables that may influence the dis-
tance of bear locations to the nearest road, including: topo-
graphic variables (elevation, slope, terrain ruggedness),
landcover type, season, bear class, traffic volume and road vis-
ibility (Tables 1 and 2). Landcover information was extracted
from the CNIG (Environmental Thematic Cartography of the
Principality of Asturias; Sheets of the Map of Vegetation,
Lithology, Rocks and Habitat of the Bear, 2011. Scale
1:25 000. © Principado de Asturias, Spain) and reclassified
into seven landcover types: (1) forests, (2) shrubs, (3) pastures,
(4) farmland, (5) rocky areas, (6) bare ground/water and (7)
urban areas. The first six landcover types were used in the
construction of the distance to road models (see 2.4.1 Road
network effects on brown bear spatial distribution), while for
the habitat suitability analyses we also included urban areas
(see 2.4.2 Potential impact of road networks on brown bear
habitat suitability).

The road layer of the study area was obtained from the
CNIG, and the closest road and the closest visible road were
selected for each bear location. These roads were classified
into three groups based on the average daily volume of traffic,
with data obtained from the public repositories of the Spanish
Ministry of Public Works and Transport (MITMA, https:/
www.mitma.es/carreteras), the Castilla y Ledn government
(Junta de Castilla and Ledn, https://carreterasytransportes.jcyl.
es/web/es/carreteras-transportes.html) and the Principado de
Asturias government (SADEI, https://sadei.es/inicio). The unit
of traffic volume was daily traffic intensity (IMD, i.e. vehi-
cles/day, hereafter, v/d), taking as the value for each road the
mean value of the average monthly IMD of the years 2012 to
2018, as these were the years with the most complete and
modern data. The types of roads based on the IMD were
established according to the ‘natural breaks’ method, which is
based on the nature of the data and identifies important jumps
in the sequence of values, optimizing the grouping of similar
values and maximizing the differences between classes
(Jenks, 1967). The road types for the roads considered

Brown bear road ecology

according to the ranges of IMD values established by the
method are the following: Type 1 = 0-337 v/d; Type 2 = 338—
1411 v/d and Type 3 = 1412-5129 v/d.

The topographic variables and viewsheds (to assess visibil-
ity) were calculated from a Digital Elevation Model and a Dig-
ital Surface Model respectively. Both models had a 30 m
resolution and were based on a LiDAR (Light Detection and
Ranging) data layer obtained from the CNIG (https:/
centrodedescargas.cnig.es/CentroDescargas/index.jsp), which
has a minimum density of one point every 2 m and an altime-
try precision of 15-20 cm. These data allow for the derivation
of more precise viewsheds (Aben et al., 2018; Lagner
et al., 2018), as they incorporate elements of the physical envi-
ronment that may interfere with the field of vision of the
observers (e.g. vegetation, topographic features or infrastruc-
tures).

To obtain visibility of the nearest road from each bear loca-
tion, a raster of visible cells of the surface from one or more
bear locations was calculated (i.e. the viewshed), with a range
of 1000 m (visible cells = 1, non-visible cells = 0). The sur-
face model takes into account the real height of vegetation and
topographic elements through point clouds with three-
dimensional coordinates obtained by airborne LiDAR sensors
(Lorite et al., 2015). As far as we know, there are no pub-
lished data on the visual range or acuity of brown bears. How-
ever, different thresholds of proximity to roads have been
described in which road avoidance can be detected, most of
them being at least 500 m (Mace et al., 1996; McLellan, 1989;
Torres et al., 2016; Waller & Servheen, 2005). As a result, we
decided to conservatively set our road visibility threshold to at
least twice the distance proposed for grizzly bears. Next, we
merged viewsheds and the road layer (along with road type
information), whereby road sections were assigned values rang-
ing from 1 to 3 depending on the traffic load, with a value of
0 for non-visible ones. Finally, we calculated the distance from
each bear location to the nearest road, which represented our
response variable. All spatial variables (topographic, landcover,
visibility and distance from bear location to the nearest road)
were calculated using ArcGIS 10.5 software (ESRI, Redlands,
USA).

Statistical analysis
Road network effects on brown bear spatial
distribution

We built a candidate set of linear mixed models with the dis-
tance of each bear observation to the nearest road as a

Table 1 List of the numerical variables included in the models, their description and mean, standard deviation (sp), minimum and maximum

values

Variable code Description Mean SD Min max
Dnear Distance to the nearest road 968.1 804.0 0.1 4594.3
Elevation Altitude above sea level 1176.0 351.16 107.6 2207.3
Slope Slope (%) 59.7 22.95 0.1 147.2
Ruggedness Ruggedness index 1272.8 1592.16 2.2 9962.2
Journal of Zoology 319 (2023) 76-90 © 2022 The Authors. Journal of Zoology published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 79

85U8017 SUOWIWIOD 8AII81D) 3|edldde aus Aq peusenob 8 e ssppiie YO ‘8sn Jo Sajni 1oy Ariqi8uljUO /8|1 UO (SUOTPUOD-pUe-SLLIB)ALI0D A8 | 1M Afe1q1BUI|UO//:SANY) SUOIIPUOD PUe SWie | 81 88S *[202/50/0T] U0 Akiqiauliu A3|IM B|1148S Q PepisRAIUN Aq £20ET 0ZI/TTTT 0T/I0p/ W00 A 1M AReiq 1 jpuluo suo eotjand z//:5dny woly papeo|umod ‘T ‘€202 ‘866.697T


https://www.mitma.es/carreteras
https://www.mitma.es/carreteras
https://carreterasytransportes.jcyl.es/web/es/carreteras-transportes.html
https://carreterasytransportes.jcyl.es/web/es/carreteras-transportes.html
https://sadei.es/inicio
https://centrodedescargas.cnig.es/CentroDescargas/index.jsp
https://centrodedescargas.cnig.es/CentroDescargas/index.jsp

Brown bear road ecology

E. Gonzélez-Bernardo et al.

Table 2 List of non-numerical variables included in the models, their description and count by level within each variable

Variable code Description Values N
Year Year of observation 2000-2016 2722
Class Class of bear 1 (Adult/subadult solitary bears) 1441
2 (Female with yearlings) 201
3 (Female with cubs) 1080
Season Period of the bear lifecycle 1 (Mating, 16th April-30th June) 1122
2 (Hyperphagia, 1st July—31st December) 1045
3 (Denning, 1st January—14th April) 555
Land Landcover 1: Forests 1420
2: Shrubs 788
3: Pastures 149
4: Farmland 155
5: Rocky areas 179
6: Bare ground/water 31
Vis_near Visibility of the nearest road 1 (visible) 1855
0 (no visible) 867
Type_near Type of the nearest road (by 1: IMD: 0-337 vehicles/day 1974
traffic intensity, IMD) 2: IMD: 338-1411 vehicles/day 426
3: IMD: 1412-5129 vehicles/day 322

response variable and the topographic, landcover, traffic level
and visibility variables as additive predictors. We log-
transformed the response variable to approximate normality in
the residuals and re-scaled the numeric predictor variables to
mean = 0 and standard deviation = 1, in order to standardize
their values. To account for spatial autocorrelation of bear
presence data, we included in our model the autocovariate (ac)
using the spdep R package (Bardos et al., 2015; Bivand
et al., 2019). To exclude collinearity among the predictors, we
calculated the wvariance inflation factor (VIF; Belsley
et al., 2005), but no variable exceeded a threshold of 2 (maxi-
mum VIF = 1.57). Models were built using the Ime4 R pack-
age (Bates et al., 2015) and once we generated the sets of
competing models, we employed the Akaike information crite-
rion (AIC), using the value of AAIC < 2 as the criterion for
selecting the most parsimonious model (Anderson & Burn-
ham, 2004; Richards et al., 2011). All analyses were performed
using R v. 3.5.1 statistical software (R Core Team, 2018).
Concerning our model, we assessed whether our visual
observations, which comprise most of the location data, were
biased towards open areas by comparing the same model built
with and without visual observations. As both models pro-
duced comparable results, we believe observational bias, if
any, has a negligible effect on model performance (see
Fig. S1). To detect such a bias deriving from our data (consist-
ing mainly of visual observations) we built a model with
visual observations and another with only locations based on
footprints, which are not biased by detectability since they are
not more easily detectable in open terrain. Although the second
model had few observations (n = 189), especially in some cat-
egorical variables due to the small number of cases, we
observed similar trends and responses of the variables, thus
discarding biases, and therefore we built the distance to road
models with all the observations (Fig. S1). According to the

AIC-driven model selection, a random year in the model was
not deemed necessary.

Potential impact of road networks on brown bear
habitat suitability

To assess habitat suitability for brown bears in relation to the
study area road network, we used the software MaxEnt version
3.3.3 k called from the R environment with the packages
dismo (Hijmans et al., 2017) and ENMeval (Muscarella
et al., 2014) following the methodology applied in Zarzo-Arias
et al. (2019). To identify an optimal model structure for each
input bear dataset, we evaluated candidate models with all
types of feature combinations, each run over a set of regular-
ization multipliers ranging from 0 to 19 (for more detailed
information see Zarzo-Arias et al., 2019). We included the
same variables as in the previous model (landcover, elevation
and slope) and distance to the nearest road at a 500 m scale,
but removed ruggedness due to its high correlation with slope
to avoid any potential multicollinearity (VIF <5 for the
remaining variables; Zuur et al., 2010). Following the afore-
mentioned methodology, we also included urban area as an
additional landcover, not represented in the distance to road
models (see Table S1). We made a model for each bear class
in each season considering as a presence all 500 m grids with
at least one occurrence, except for females with yearlings in
hyperphagia as we only had four locations. In these models,
we used 5000 iterations, a convergence threshold of 1073, the
checkerboard]l method for data partitioning, 50 replicates and
centre coordinates from all cells in the study area as back-
ground to build the models.

We identified the best combination of feature types and reg-
ularization multiplier using AICc. We considered models
within 2 AICc units of each other to have equivalent empirical
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support and chose the simplest as the best model (the one with
the fewest parameters, and if equivalent, the one with the
smallest number of feature types; Zarzo-Arias et al., 2019;
Table S2). We obtained the output maps of the best model for
each group with the complementary log—log (cloglog) format,
which allows interpreting values given to each cell from 0 to 1
as a likelihood of bear occurrence.

We extracted all cells crossed by a road for each bear type
in each season and analysed their occurrence likelihood (Max-
Ent cloglog values). For selecting a threshold to identify the
most suitable bear range, we extracted the values predicted for
occurrence locations of each bear class used to build the mod-
els from their corresponding model and calculated the mean of
the values predicted by the model for all bear occurrence
points, rounded up to a 70% likelihood of bear occurrence
(cloglog value = 0.7, Table S3). We selected this value as the
threshold and identified those cells above this threshold tra-
versed by the different types of nearest road (see Model
covariates). Finally, we performed a niche comparison analysis
between models including and excluding the variable distance
to roads based on Warren’s-/ statistic (Warren et al., 2008),
which ranges from 0 (no overlap) to 1 (identical).

Results

More than half (52.9%) of bear locations were of solitary
bears, 39.7% to females with yearlings and 7.4% to females
with cubs. Observations were more frequent during the mating
and hyperphagia seasons (41.2% and 38.4% respectively), fol-
lowed by locations recorded during the denning season
(20.4%). Most of the bear locations occurred within forests
(52.2%) and shrublands (28.9%) and, to a lesser extent, rocky
areas (6.6%), farmland (5.7%) and pastures (5.5%). In relation
to bear distance to the nearest road, most locations (72.5%)
occurred next to low-traffic roads, followed by moderate-traffic
(15.7%) and high-traffic (11.8%) roads. The mean distance
(£sp) of bear locations to the nearest road was
968 m + 804 m (min. = 0 m, max. = 4595 m) and the med-
ian (IQR) was 773 m (IQR = 1051; see Tables 1 and 2).

Road network effects on brown bear spatial
distribution

The most parsimonious model showed that distance to the
nearest road depended on bear class, season, landcover type,
traffic level and visibility, as shown by the exclusion of zero
in the 95% CI of the estimated parameter for these predictor
terms (Table 3). Adjusted R-squared of the most parsimonious
model with AAICc <2 was 0.445. All these variables were
present in the five competing models except for bear class,
which was absent in one of them (Table 3). Specifically,
females with yearlings and females with cubs were found clo-
ser to roads than solitary bears, with females accompanied by
yearlings the closest to roads (Fig. 2a). Bears also were closer
to roads during the mating season and they were found further
away during hyperphagia and winter (Fig. 2b). Bears were clo-
ser to roads of intermediate traffic intensity (Fig. 2c) and closer

Brown bear road ecology

to visible roads compared to non-visible roads (Fig. 2d). Also,
distance to the nearest road was lower in farmland, pastures
and bare ground than in forests (Fig. 2e). These effects were
found while controlling for confounding variables known to
affect distance to roads, such as elevation (variable with more
weight in the models), slope or ruggedness (Fig. 2f-h).

Potential impact of road networks on brown
bear habitat suitability

Most models including and excluding the variable distance to
the nearest road presented very similar values in terms of vari-
able contribution (Table S4) and habitat suitability, as almost
all bear classes had a weak positive relationship with this vari-
able (Fig. S2) and its contribution to the models was generally
low (<1.5%), denoting a small impact of road proximity on
bear habitat suitability (Fig. S3). In turn, the most important
variables were slope, which showed the highest proportional
contribution to all models, followed by elevation and forests.
In contrast, the model for females with yearlings during the
denning season showed a higher contribution of the variable
distance to the nearest road (13.4%; Table S4).

The 500 m cells crossed by a road were not classified by
the models as highly suitable habitat for bears (less than
16.5% of those cells had more than 70% likelihood of bear
occurrence), with little difference between seasons (Table S5,
Fig. 3). Despite this, models including and excluding the dis-
tance to the nearest road variable presented similar habitat suit-
ability. Actually, the mean niche overlap (based on Warren’s-/
statistic) of cells crossed by a road between models was >0.99,
showing a very high similarity.

Discussion

Here, we used two approaches to explore the potential impacts
of road networks on the spatial distribution of brown bears
belonging to a population inhabiting a human-modified land-
scape. Both approaches suggest that roads seem to have a
rather small effect on bear spatial distribution and/or habitat
suitability.

Several studies have previously described roads as a factor
affecting brown bear behaviour (e g. Kite et al., 2016;
Morales-Gonzalez et al., 2020; Proctor et al., 2020; Skuban
et al., 2017), spatial distribution and habitat use, either by ana-
lysing bear distances to roads or by quantifying the density of
road networks. However, in our study, we found that a large
proportion of the variation in distance to the nearest road was
explained by elevation. Taking into account the characteristics
of the study area, where roads are generally located along val-
ley bottoms as in other similar areas (Carpathians, Papp
et al., 2022), this relationship seemed to be circumstantial since
brown bears tend to be more frequently located in higher areas
so as to avoid human settlements and infrastructure along val-
ley floors (Frackowiak et al., 2014; Goldstein et al., 2010).
This possible explanation is also supported by the fact that ele-
vation and distance to the nearest road presented a substantial
Pearson’s correlation (0.58) in our habitat suitability models.
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Table 3 (a) LMs built to investigate variables influencing distance to the nearest road in the Cantabrian brown bear population (n = 2722
locations). The table shows the 5 models with the lowest AlCc. Variable codes: elevation = altitude above the sea level, slope = slope (%),
class = class of bear, season = period of the bear lifecycle, land = landcover, type_near = type of the nearest road (by traffic intensity, IMD),
vis_near = visibility of the nearest road. (b) Effects of explanatory variables on the most parsimonious model. For each explanatory variable, we
report the estimate (B), standard error (se), significance (P), confidence intervals (Cl) and explained variance (R?) of the most parsimonious model

(a) Dependent variable Competing models

df. AlCc AAICc  Weight

Distance to the
nearest road
vis_near + ac

Elevation + slope + class + season + land + type_near + vis_near + ac 17
Elevation + slope + class + season + ruggedness + land + type_near + 18

5180.80 0.00 0.73
5182.80 2.03 0.27

Elevation + slope + class + season + land + type_near + vis_near 16 5193.00 12.22 0.00

Elevation + slope + class + season + ruggedness + land + type_near + 17 5194.90 1412 0.00
vis_near

Elevation + slope + season + land + type_near + vis_near + ac 15 5195.90 15.07 0.00

Model coefficients and relative importance values

(b) Dependent variable Explanatory variable p SE P Cl R
Distance to the Intercept 6.872 0.033 <0.001 (6.806; 6.937) -
nearest road Elevation 0.494 0.013 <0.001 (0.469; 0.520) 0.346
Bear Class #2: FWY -0.193 0.049 <0.001 (—=0.289; —0.097) 0.006
Bear Class #3: FCOY —-0.070 0.026 0.007 (-0.120; —0.019) 0.003
Landcover #2: Shrubs —0.066 0.029 0.022 (—0.123; —0.009) 0.002
Landcover #3: Pastures —-0.242 0.056 <0.001 (—0.351; —0.132) 0.007
Landcover #4: Farmland —0.331 0.054 <0.001 (—0.437; —0.225) 0.014
Landcover #5: Rocky areas 0.007 0.051 0.881 (—0.092; 0.107) 0.000
Landcover #6: Bare ground/water —0.525 0.115 <0.001 (—=0.750; —0.300) 0.008
Season #2: Hyperphagia 0.148 0.028 <0.001 (0.093; 0.203) 0.010
Season #3: Winter/denning 0.243 0.034 <0.001 (0.175; 0.310) 0.018
Slope 0.092 0.013 <0.001 (0.066; 0.117) 0.018
Type of the NR: Type #2 -0.238 0.035 <0.001 (—0.305; —0.170) 0.017
Type of the NR: Type #3 —0.038 0.038 0.321 (—=0.113; 0.037) 0.000
Visibility of the NR: Visible -0.270 0.028 <0.001 (—0.325; —0.216) 0.034

Baseline levels for categorical variables are: ‘forests’ for landcover, ‘solitary bears’ for class of bear, ‘mating’ for season, ‘Type 1’ for type of the

NR and ‘not visible’ for visibility of the NR.
The most important parameters are highlighted in bold.
FCQY, females with cubs of the year; FWY = females with yearlings.

Contrary to our expectations, habitat type, visibility of the
nearest road and season did not seem to meaningfully affect
brown bear distance to the nearest road. Moreover, our habitat
suitability models were not affected by the inclusion of roads,
except for the model that considered females with yearlings in
the denning season. Despite the small sample size of this
model (n = 93), we suggest that the impact of roads on the
habitat suitability of females with yearlings during this season
may be due to their higher activity level compared to other
bear cohorts that are usually hibernating. In the southernmost
populations and with mild winters, many bears do not hiber-
nate, with the exception of pregnant females, and females with
yearlings have been reported to hibernate less than all other
bear classes (Gonzéalez-Bernardo, Russo, et al., 2020). Addi-
tionally, as the habitat suitability models showed, road sur-
roundings are frequently characterized by low suitability,
probably because less favourable habitats (i.e. farmland) and
human settlements and activities surround roads. Finally, visi-
bility of the nearest road had a very small effect on the

models. To our knowledge, this parameter has not been taken
into account in other studies to determine avoidance from a
bear’s point of view, although it has been considered from a
human perspective in the analysis of traffic mortality sites
(Huber et al., 1998; Psaralexi et al., 2022). Also, visibility of
the nearest road is related to the type of habitat in which the
road is located. It has been reported that bears near roads pref-
erentially use mature and dense forests during the daytime,
which limits their visibility (Roever et al., 2010). Gibeau
et al. (2002) and Roever et al. (2008a) observed that Canadian
brown bears were closer to roads, or were more likely to cross
them, if there were high-quality habitats around them. It has
been suggested that closeness to roads may be related to the
presence of attractive food (Huber et al., 1998; Morales-
Gonzélez et al., 2020; Stewart et al., 2013), especially in
spring and early summer (Roever et al., 2008b), as well as
during hyperphagia (Graham et al., 2010; Zarzo-Arias
et al., 2018). Yet, as roads increase mortality rates (Bourbon-
nais et al., 2014; McLellan, 2015), vehicle networks represent
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Figure 2 Effect of the different variables included in the linear models on the distance of bear locations to the nearest road (a-h). The logarithm
of the distance to the nearest road is represented instead of the distance itself, in the same way that the models were built. Traffic intensity:
‘low traffic’ = 0-337 vehicles per day; ‘medium traffic’ = 338-1411 v/d; "high traffic’ = 1412-5129 v/d.

sink-like areas (Braid & Nielsen, 2015; Falcucci et al., 2009)
or ecological/evolutionary traps (Ciarniello et al., 2007; Pente-
riani et al., 2018). This is particularly relevant since collision
mortality is greater in near-road habitats with low visibility,

such as those with high vegetation cover, or in areas with
greater animal mobility and poor light (Psaralexi et al., 2022).
The different bear classes express little dependence in rela-

tion to distance from the nearest road,

contrary to our
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Habitat suitability

=== Roads crossing high suitability habitats

Figure 3 Maps showing continuous habitat suitability values predicted by Maxent (first column) and the average likelihood value predicted by
MaxEnt of all bear classes in each season showing cells above the cloglog MaxEnt value of 0.7 (70% likelihood of bear occurrence) which
intersect with a road (sections in red), and thus representing roads crossing high suitability habitats for brown bears in the Cantabrian Mountains

(second column).

expectations. Brown bear sex and age classes have previously
been described as showing different patterns of road avoidance
and crossing, but they appear to be dependent on local features
as described patterns are not consistent between studies (e.g.
Chruszcz et al., 2003; Gibeau et al., 2002; Graham
et al., 2010; Proctor et al., 2018; Roever et al., 2008b; Steyaert
et al., 2016; Waller & Servheen, 2005). Actually, the lack of
uniformity in sex and age responses to road networks may be
due to local features of the habitats surrounding roads, which
would offer different trophic resources and/or shelter through-
out the year (Morales-Gonzalez et al., 2020). For example,
females with cubs can select areas close to roads as a mecha-
nism of adult male avoidance to prevent infanticide, which
means that the relationship between certain bear classes and
roads may be dependent on the local context of individual
interactions (Graham et al., 2010; Penteriani et al., 2018, but
see Waller & Servheen, 2005). However, although we expected
this pattern to be repeated in the Cantabrian population, it was
not the case. We suggest that females in the Cantabrian moun-
tain range use steep and inaccessible areas as refuge from
dominant males, especially in the first few weeks after exiting
the winter den with cubs (Penteriani et al., 2020). In these
areas, it is to be expected that there are no or very few roads,
so their effect would not be very noticeable. In this study, in
the solitary bear class, no distinction was made between

females and males, so that some sex-related features might
have been overlooked.

Considering previous studies on the effects of road networks
in other brown bear populations in Europe and North America,
the observed different response of the species between these two
continents stands out. Roads showed a more marked negative
effect in North American populations (Morales-Gonzélez
et al., 2020; but see Giithlin et al. (2011) and Frackowiak
et al. (2014)). The historical coexistence of humans and brown
bears in Europe, contrasts with the shorter and more intense
interaction experienced by North American populations, where
widespread human presence and activities are much more recent
(Fortin et al., 2016; Steen et al., 2020). In Europe, human den-
sity and encroachment are also higher than in North America
(Fortin et al., 2016; Swenson et al., 2000). Thus, different levels
of exposure to human activity and persecution may have driven
the observed different behavioural responses (Morales-Gonzélez
et al., 2020; Ordiz et al., 2014). Actually, in a previous study on
this Cantabrian population, it was recorded that bears do not
seem to modify their surveillance behaviour with respect to the
distance to roads (Zarzo-Arias et al., 2018). In other European
populations: (a) bear occurrence was positively related to dis-
tance to roads in the Italian Central Apennines (Maiorano
et al.,, 2019); (b) lack of habitat avoidance/attraction was
recorded near roads in Slovenia (Kaczensky, 2000; Kaczensky
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et al., 2003); (c) habitat selection in the reintroduced population
of brown bears in the Pyrenees was not affected by road density
(Martin et al., 2012) and (d) the proximity of roads in Romania
appeared not to affect bear activity (Roellig et al., 2014). Thus,
our approach seems to suggest that traffic intensity does not
explain distance to the nearest road in the Cantabrian Mountains,
despite the expected avoidance based on traffic level that has
been recorded elsewhere in Europe (Find’o et al., 2019; Huber
et al., 1998; Kaczensky et al., 2003; Skuban et al., 2017). We
suggest that in our study area, which is primarily mountainous
and lacks large urban areas, levels of vehicle traffic might not
reach the avoidance threshold that makes bears sensitive to road
presence.

In contrast, in North America (mainly British Columbia and
Alberta in Canada and Alaska and Montana in the United
States), greater avoidance of the area adjacent to roads has
been reported (Ciarniello et al., 2007; McLellan, 1989; Waller
& Servheen, 2005). This negative selection of habitats near
roads has been described as occurring irrespective of traffic
(Jacobson et al., 2016; McLellan & Shackleton, 1988) or as a
traffic-dependent phenomenon (Chruszcz et al., 2003; Gibeau
et al., 2002; Mace et al., 1996, 1999; Northrup et al., 2012;
Proctor et al., 2012), with low frequencies of road crossing
when traffic level increases (Chruszcz et al., 2003; Waller &
Servheen, 2005). Faster movements and lower activity rates
have also been described (Proctor et al., 2012; Roever
et al., 2010), as well as more nocturnal behaviour (Northrup
et al., 2012; Waller & Servheen, 2005). These apparent differ-
ences between Europe and North America, therefore, suggest
that projecting management or mitigation measures at the same
spatial scales for Europe and North America might not be
appropriate due to both the different sensitivity that bears on
the two continents seem to exhibit to roads and the different
degree of human landscape modification and encroachment.

Because discerning the role of road networks in large carni-
vore ecology is crucial, and particularly relevant for isolated
and small populations like the Cantabrian one, we consider it
important to stress here a potential limitation of our approach.
This work is based on opportunistic observations and indirect
evidence, which do not provide as accurate information about
movement patterns and rhythms of activity around roads or
potential road avoidance strategies as does telemetry. However,
(a) the initial filtering of the data for reliability minimizes pos-
sible biases due to the opportunistic or non-professional collec-
tion of the data (Gantchoff et al., 2022), and (b) the year-
round monitoring of bears in most of their distribution range
within the Cantabrian Mountains should prevent spatial and
temporal biases. As an end consequence, the information pre-
sented here has the potential to (a) have crucial implications in
the management of this isolated and endangered bear popula-
tion, for example, mitigation measures of human infrastructure;
and (b) represent a first step towards detecting potential habitat
loss in bear distributions and locations where road networks
may have a greater impact at a spatial level. In animal popula-
tions inhabiting territories that have been highly humanized for
centuries, such as the one studied here, the scale and entangle-
ment level of human activities in bear habitat should always
be taken into account.

Brown bear road ecology
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Comparison of the estimates for each of the pre-
dictors in the different models to analyse the effects of the
road network on the spatial distribution of brown bears (red—
visual observations, blue—tracks, purple—total model). Base-
line levels for categorical variables are: ‘forests’ for landcover,
‘solitary bears’ for class of bear, ‘mating’ for season, ‘Type 1’
for type of the NR and ‘not visible’ for visibility of the NR.
The most important parameters are highlighted in bold. FCOY,
females with cubs of the year; FWY, females with yearlings.

Figure S2. Response curves of the relationship between bear
occurrence likelihood and the variable distance to the nearest
road of the models for: (a) females with cubs during the den-
ning season, (b) females with cubs during the mating season,
(c) females with cubs during the hyperphagia season, (d)
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females with yearlings during the denning season, (e) females
with yearlings during the mating season, (f) solitary adults/su-
badults during the denning season, (g) solitary adults/subadults
during the mating season and (h) solitary adults/subadults dur-
ing the hyperphagia season. The curves show that the predicted
likelihood of presence changes as each environmental variable
is varied, keeping all other environmental variables at their
average sample value.

Figure S3. Jackknife tests of variable importance for regu-
larized training gain of the models for: (a) females with cubs
during the denning season, (b) females with cubs during the
mating season, (c) females with cubs during the hyperphagia
season, (d) females with yearlings during the denning season,
(e) females with yearlings during the mating season, (f) soli-
tary adults/subadults during the denning season, (g) solitary
adults/subadults during the mating season and (h) solitary
adults/subadults during the hyperphagia season. Light blue bars
represent the regularized training gain for each model without
the variable, while dark blue bars represent the regularized
training gain for each model with only this variable. The lower
red bars represent the regularized training with all the vari-
ables. The environmental variable with the highest gain (big-
gest dark blue bar) when used in isolation contains the most
useful information by itself. The environmental variable that
decreases the gain the most when it is omitted (smallest light
blue bar) possesses the most information that is not present in
the other variables.

Table S1. Mean values of each environmental variable
included in the MaxEnt models in the cells crossed by the differ-
ent types of roads. Elevation values are indicated in metres, while
the values of the different landcovers represent percentages.

Table S2. Description of the best model for each bear class
in each season. *Indicates that there was more than one model
within 2 units of AAIC from the best one and thus the selected
model was the simplest one (fewer parameters, and if the
same, a smaller number of features and regularization

E. Gonzélez-Bernardo et al.

multiplier). fcden, female with cubs during denning; fchyp,
females with cubs during hyperphagia; Fcmat, females with
cubs during mating; fyden, females with yearlings during den-
ning; fymat, females with yearlings during mating; oden, other
bears during denning; ohyp, other bears during hyperphagia;
omat, other bears during mating; rm, regularization multiplier.
Model features: linear (L), hinge (H), quadratic (Q), threshold
(T) and product (P).

Table S3. Mean habitat suitability values predicted by the
models of each bear class in each season and for all bear
occurrence points. fcden, female with cubs during denning;
fchyp, females with cubs during hyperphagia; Fcmat, females
with cubs during mating; fyden, females with yearlings during
denning; fymat, females with yearlings during mating; oden,
other bears during denning; ohyp, other bears during hyperpha-
gia; omat, other bears during mating.

Table S4. Percent contribution of each of the variables to
the MaxEnt models (r: including distance to the nearest road,
nr: not including this distance) for each bear class in each sea-
son. The variable distance to the nearest road is highlighted,
and the model in which it contributed the most (females with
yearlings in denning) is in bold type. fcden, female with cubs
during denning; fchyp, females with cubs during hyperphagia;
Fcmat, females with cubs during mating; fyden, females with
yearlings during denning; fymat, females with yearlings during
mating; oden, other bears during denning; ohyp, other bears
during hyperphagia; omat, other bears during mating.

Table S5. Percentage of the number of cells crossed by a
road with more than a 70% likelihood of bear occurrence (clo-
glog value > 0.7), and thus high habitat suitability, for each
bear class in each season. fcden, female with cubs during den-
ning; fchyp, females with cubs during hyperphagia; Fcmat,
females with cubs during mating; fyden, females with yearlings
during denning; fymat, females with yearlings during mating;
oden, other bears during denning; ohyp, other bears during
hyperphagia; omat, other bears during mating.
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