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Abstract

The survival of large carnivores in a rapidly changing, human-modified world
depends largely on their movements; therefore, understanding how movement pat-
terns change within space and time and which factors affect them most is of para-
mount importance for their conservation. In a case study in Greece using brown
bears Ursus arctos, we evaluated the movement ecology of a recovering population
in a Mediterranean landscape, where human activity is high. We found that during
daytime bears moved less when ambient temperatures were high and when they
were far away from forests and close to settlements, where human activity is
expected to be high. During night-time, when human activity and mortality risk are
expected to be low, bear movement was higher farther from forested areas, close
to roads, and in less rough terrain. Although bear movement patterns in Greece
were generally similar to those of other bear populations in Europe, home ranges
were smaller than in northern populations. These findings indicate that increased
human activity and high ambient temperatures reduce bear movement and ulti-
mately contribute to the smaller home ranges in the warmer and human-dominated
Mediterranean landscapes. We suggest that management and conservation actions
in Mediterranean landscapes should aim on separating humans and bears in space
or time, so that bear movements are not constrained and, in turn, minimum home
ranges that cover their essential requirements are guaranteed.

Introduction

The ability of animals to survive in a changing environment or
areas impacted by humans is determined to a large extent by
the characteristics of their movements (Battin, 2004), which, in
turn, influence their demographics and population dynamics
(Allen & Singh, 2016). Movements are subject to inter-individ-
ual variation and are influenced by various intrinsic and extrin-
sic factors, such as age and gender (Minta, 1993; Gehrt &
Frttzell, 1997), mortality risk (Fortin et al., 2005), habitat
(B�elisle, Desrichers & Fortin, 2001), climate (McLoughlin &
Ferguson, 2000) and anthropogenic influences (Tucker et al.,
2018). These factors influence the decisions animals take in
order to satisfy their essential requirements and adapt to spa-
tio-temporal changes in the environment (Van Moorter et al.,
2016). In turn, these individual movements define how animals
use space throughout time, which affects the size and charac-
teristics of their home range (Burt, 1943).
Animal movements in human-dominated landscapes may be

highly affected by human activities and density (Cramer &

Portier, 2001; Moreira-Arce, Vergara & Boutin, 2015). Further-
more, fragmentation and degradation of habitats may result in
increases in home ranges, as animals strive to find the neces-
sary resources to survive in a patchy and impoverished envi-
ronment (�S�alek, Drahn�ıkov�a & Tkadlec, 2015). However,
human activity can also artificially concentrate food resources
at specific areas [(e.g. near human settlements (Prange, Gehrt
& Wiggers, 2004)], change the timing of animal movements
(Gaynor et al., 2018), or create movement barriers (e.g. road
networks) that may result in the reduction of home range size
(Fahrig, 2007; Tucker et al., 2018).
Brown bear (Ursus arctos) movements vary throughout time

(Ordiz et al., 2014) and are influenced by numerous factors,
including reproductive maturity, sex (Dahle & Swenson,
2003a) and daylight (Klinka & Reimchen, 2002; Klinka &
Reimchen, 2009). Bears are also sensitive to changes in envi-
ronmental conditions (Moln�ar et al., 2010; Zarzo-Arias et al.,
2018) and human activity (Martin et al., 2010; Ordiz et al.,
2017), often seeking refuge in areas with rough terrain, far
from human settlements [(Nellemann et al., 2007), but see also
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Elfstr€om et al., (2014)] and roads [(Reynolds-Hogland &
Mitchell, 2007; Skuban et al., 2017; Find’o et al., 2018), but
see also Roever, Boyce & Stenhouse, (2010)] and close to for-
ests and forest edges (May et al., 2008; Stewart et al., 2013).
The combined effects of all these factors often result in differ-
ences in basic movement parameters (e.g. daily speed, core
area size, seasonal home range) according to age, sex and
season.
At the same time, movement parameters are highly interrelated

(Van Moorter et al., 2016), and thus, the parameters affecting
bear movement (e.g. daylight, human activity, environmental con-
ditions) at a proximate level could ultimately affect how bears
use space in their attempt to make the utmost of the available
resources, while avoiding human disturbance (Ordiz et al., 2014)
and adapting to environmental changes (Zarzo-Arias et al., 2018).
Studying the causal relationship between these movement parame-
ters is therefore integral in understanding the strategies pursued
by bears to survive in human-dominated (or human-modified)
landscapes (Amstrup et al., 2001; Tuomainen & Candolin, 2011;
Ordiz et al., 2014).
Brown bears in Greece reach their southernmost European

distribution, are considered endangered (Mertzanis, Gian-
nakopoulos & Pylidis, 2009) and occur in a largely human-
dominated Mediterranean landscape with relatively high popu-
lation density (30–40 persons/km2). Thus, they provide an
interesting case for studying the movement ecology of the spe-
cies. Bear habitat in Greece has been undergoing during the
last decades a progressive rewilding as a consequence of rural
abandonment. In addition, since the early 2000s encouraging
signs of bear recovery have been recorded in the country,
including an increase in population size (Karamanlidis et al.,
2015b), a range expansion (Bonnet Lebrun et al., 2019) and a
genetic recovery (Karamanlidis et al., 2018). At the same time,
human–bear conflicts have also been increasing (Karamanlidis
et al., 2011), creating an urgent need for understanding this
recovery and developing new, effective management and con-
servation measures that will safeguard the future of this bear
population.
Bear movement in human-dominated Mediterranean land-

scapes is still poorly understood. However, this knowledge is
essential for effective animal conservation (Doherty & Driscoll,
2018). In order to understand the movement patterns of brown
bears in Greece during their recovery, we carried out a study
using GPS telemetry. The aims of the study were twofold: (1)
Calculate various movement parameters (e.g. Brownian motion
variance; daily activity rate, speed, tortuosity and core area;
and seasonal and annual home range) and use them to describe
the movement ecology. The description of brown bear move-
ment ecology in Greece was based on the circannual and circa-
dian assessment of movement patterns, the identification of the
factors affecting bear movement and the identification of age-,
sex- and season-specific differences in movement parameters.
We hypothesized that, in an attempt to avoid high levels of
human activity and high ambient temperatures, bears in Greece
would be mainly nocturnal, showing movement peaks during
the mating and hyperphagia season. We also expected age-,
sex- and season-related movement parameters of bears in
Greece to be similar to those of other bear populations in

southern Europe and smaller than those of bear populations in
northern Europe with lower levels of human activity and lower
ambient temperatures. (2) Study the causal relationship
between the movement parameters of bears in Greece by test-
ing the hypothesis that daily activity rates influence daily
speed, tortuosity, and core area size which, in turn, influence
the size of seasonal home ranges.

Materials and methods

Study area and telemetry procedures

The study was carried out in the western part of the brown
bear range in Greece in 2003–2013. Intensity of human activ-
ity in the study area ranges from areas with low human pres-
ence (i.e. 16 persons/km2) to major cities with populations
>50 000; there is a relatively high density of small villages
(i.e. 6 human settlements/100 km2), connected through an
extensive road network (i.e. 1.24 km/km2). This intensity of
human activity has resulted in a mosaic landscape, where natu-
ral habitats are disrupted by agricultural patches (for details,
see Supporting Information Appendix S1, Figure S1.1).
We fitted 3-D GPS (global positioning system) collars

(Simplex, Televilt, Stockholm, Sweden; GPS Plus, Vectronic
Aerospace GmbH, Berlin, Germany) to 12 adult (6F, 6M)
and 6 sub-adult bears (1F, 5M) using a leather spacer des-
tined to disintegrate and release the collar in 1–2 years. Ani-
mal capture and handling followed standard procedures for
the species (Kreeger & Arnemo, 2007; Karamanlidis et al.,
2015a). We considered bears <4 years old to be sub-adults
and older bears to be adults, pooling all individuals in three
bear categories (i.e. adult females, adult males and sub-adult
males). The collared sub-adult female bear was still accompa-
nying her mother that was not collared and was therefore
included in the adult female group for all the analyses. The
GPS fix rate varied from 1 to 3 h (8–24 fixes/day). Seven
bears (4 adult females, 2 adult males and one sub-adult
male) were fitted also with a dual-axis motion sensor (Zi�ołk-
owska et al., 2016). Thus, the final dataset consisted of 7
adult female, 6 adult male and 5 sub-adult male bears, for
which a total of 37 499 GPS fixes over 3072 tracking days
were collected (for details, see Supporting Information,
Appendix S1, Table S1.1).

Patterns of movement

We calculated Brownian motion variances (hereafter, simply ‘mo-
tion variance’) for each time step (i.e. the spatio-temporal change
between consecutive GPS locations) by fitting dynamic Brownian
bridge movement models (dBBMMs) to the complete movement
path of each bear, using the package ‘move’ (Kranstauber &
Smolla, 2016) in the R statistical computing environment (R Core
Team, 2013) (for details, see Supporting Information,
Appendix S2). Motion variance provides a measure of an ani-
mal’s movements, with lower values associated with more regular
paths and/or shorter movements and higher values associated with
irregular paths and/or longer movements (Kranstauber et al.,
2012).
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To assess the circannual and circadian movement patterns of
adult female and male and sub-adult male brown bears in
Greece, we investigated motion variances through generalized
additive mixed models (GAMMs), applying a cyclic cubic
spline smoother to the two explanatory variables (i.e. date of
year and hour of day), and including the individual bear ID
and the year as random effects. We selected the number of
knots used for each explanatory variable based on generalized
cross-validation using the R package ‘mgcv’ (Wood, 2006).
Based on the beginning and end of the motion variance peaks
as predicted by the GAMMs, while considering seasonal cut-
off dates and the species’ ecology (e.g. average dates of repro-
ductive events and of the production of major food resources,
den entrance, etc.), we defined six ecologically sound seasons
(Basille et al., 2013) across the year: [‘Emergence’ (EM; 1
March–21 April), ‘Mating’ (MA; 22 April–21 June), ‘Post-
Mating’ (PM; 22 June–7 August), ‘Early hyperphagia’ (eHY; 8
August–7 October), ‘Late hyperphagia’ (lHY; 8 October–15
December), ‘Denning’ (DN; 16 December–29 February)]. Col-
lar performance with respect to the GPS schedule was consid-
erably lower (43%) during the denning season compared to the
rest of the year (80%), so these data were excluded from the
rest of the analyses to avoid sampling bias.
To identify the factors influencing movement patterns, we

converted motion variance into a binary variable and classified
each time step as passive or active (Gervasi, Brunberg &
Swenson, 2006) based on a previously defined separation point
(for details, see Supporting Information, Appendix S2). Then,
we fitted generalized linear mixed models (GLMMs) with a
binary response and a logistic link (using the R package
‘lme4’) during each season, including the individual bear ID
and the year as random factors. As potential explanatory vari-
ables, we considered sex (i.e. female = 0, male = 1) and age
of the individual (i.e. reclassified as ‘1’ for bears ≤ 3 years
old, ‘2’ for bears 4 - 6 years old, ‘3’ for bears 7–10 years old,
and ‘4’ for bears ≥11 years old), daylight (i.e. night = 0,
day = 1), local average temperature, local accumulated rainfall,
terrain roughness, proximity to forested areas (i.e. mature forest
and transitional shrublands), proximity to human settlements
and proximity to paved roads (for details, see Supporting
Information, Appendix S2, Table S2.1).
We expected that sex, age and daylight would be the vari-

ables conditioning the response of the other variables the most,
and therefore, in order to identify which interacting variable
predicts bear movements best for each season, we built three
different candidate model sets. Each candidate model set
included the 2-way interactions of all variables with sex, age
and daylight, respectively. Within each candidate model set,
we tested all possible combinations of variables and interac-
tions. We selected the model with the lowest Akaike informa-
tion criterion (AIC) value for each season as the best-fitting
model for each candidate set (Burnham & Anderson, 2002;
Hinton, van Manen & Chamberlain, 2015). The best-fitting
final model was obtained following the same procedure, but
testing all possible combinations of variables and their 2-way
interactions with age, sex and daylight.
To identify age-, sex- and season-specific differences in the

basic movement parameters, we calculated the daily activity

rate, speed, tortuosity and core area, and the seasonal and
annual home range. We calculated activity rate as the percent-
age of time steps classified as active for each day (i.e. 24-h
period) and averaged the results for each bear and season. We
calculated speed by measuring the straight line travelled
between consecutive fixes along the day. Tortuosity (i.e. the
opposite of linearity) was measured as the mean absolute value
of the turning angles obtained in consecutive time steps along
the day. These calculations were performed with the ‘R’ pack-
age ‘adehabitatLT’ (Calenge, 2006) using a standardized num-
ber of valid fixes per day; for bears with GPS fix frequency
<3 h, we removed alternate records in order to retain 8 valid
fixes, evenly distributed along the day. We also excluded from
the dataset all days with less than 8 valid fixes or more than
4 h between any pair of consecutive fixes. To obtain daily core
areas, we merged the dBBMM 50% UD time step contours at
daily intervals (for details, see Supporting Information,
Appendix S2, Figure S2.1). We estimated seasonal and annual
home ranges by calculating the 95% minimum convex polygon
(MCP 95%) using the package ‘adehabitatHR’ (Calenge, 2006)
(for details, see Supporting Information, Appendix S2, Fig-
ure S2.2). We compared movement parameters between bear
categories and across seasons through one-way analysis of
variance and post hoc Tukey tests.

Relationship between movement parameters

To study the relationship between the daily movement param-
eters and seasonal home ranges, we used several of the basic
movement parameters calculated in the previous analyses (i.e.
daily activity rate, speed, tortuosity and core areas, and sea-
sonal home range). To investigate the causal effects of activity
rates on the seasonal home range, we followed a piecewise
structural equation modelling (SEM) approach using the R
package ‘piecewiseSEM’ (Lefcheck, 2015). We fitted the com-
ponent models of the piecewise SEMs under the assumption
that: (1) seasonal home range is influenced by the size of
daily core areas of each respective season; (2) daily core areas
are influenced by speed and tortuosity; (3) speed and tortuos-
ity are influenced by activity rate. In all component models,
we used linear mixed-effects models (LMMs) with a Gaussian
distribution. For the first component model (i.e. effects of
daily core areas on seasonal home ranges), we included the
number of tracking days as a random term. For the other
component models, we included as random terms the individ-
ual bear ID and the year. Standardized path coefficients were
then calculated, and overall fits of the piecewise SEMs were
evaluated using Shipley’s test of direct separation (Shipley,
2000).

Results

Circannual and circadian movement patterns

Date of year and hour of day had a significant effect on the
motion variances of all bear categories (all P < 0.001). Circan-
nual movement was characterized by two peaks: one during
the mating season, which was especially pronounced in adult
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males, and one during early hyperphagia, which in the case of
sub-adult males was delayed until late hyperphagia (Fig. 1a).
Movement was higher during night-time throughout all sea-
sons. Diurnal movement increased in adult bears in Greece
during mating and early hyperphagia and in sub-adult bears
during late hyperphagia (Fig. 1b).

Factors influencing bear movement

Models including daylight interactions performed better than
the ones including age or sex interactions, with the exception
of late hyperphagia, when models including sex showed lower
AIC values (Table 1). Models including age as the main inter-
acting variable performed better than the ones including sex

during emergence, mating and post-mating (Table 1; for
details, see Supporting Information, Appendix S3, Table S3.1
and S3.2).
Overall, bear movement was higher during night-time, espe-

cially when bears were in less rough terrain, far from forests
and close to roads (Fig. 2). During daytime, bear movement
increased close to forests except during emergence, while ter-
rain roughness and proximity to roads had less influence on
bear movement during most of the seasons. Proximity to
human settlements had generally a negative effect on bear
movement during both day and night. Bear movement gener-
ally decreased with increasing average temperatures, with the
exception of late hyperphagia to mating, when bear movement
increased during night-time (Fig. 2).

Figure 1 Average Brownian motion variance (r2m ) predicted by GAMMs for adult female and male and sub-adult male brown bears in Greece

across the year (a) and across the day (x-axis) and year (y-axis) (b). Grey-shaded areas in (a) indicate the 95% confidence intervals, and the

horizontal dashed grey lines indicate the average (r2m ) throughout the year. Dashed light lines in (b) indicate times of sunset and sunrise

throughout the year. The cut-off dates for each biological season [i.e. denning (DN), emergence (EM), mating (MA), post-mating (PM), early

hyperphagia (eHY) and late hyperphagia (lHY)] are indicated by vertical dashed lines in (a) and by horizontal dashed lines in (b).
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Age-, sex- and season-specific differences in
movement parameters

Activity rates were higher for adult than for sub-adult males,
while sub-adults had higher activity rates than adult females
(F2, 1517 = 40.9, P < 0.001; Table 2). Adult females had lower
speed (F2, 1517 = 289.5, P < 0.001), more linear movements
(i.e. less tortuous; F2, 1517 = 141.5, P < 0.001), smaller core
areas (F2, 1517 = 125.8, P < 0.001) and smaller home ranges
(F2, 16 = 7.5, P < 0.01) than male adults and sub-adults; adult
males had the largest daily core areas, moved fastest, and their
movements were more linear than that of sub-adults (Table 2;
for details, see Supporting Information, Appendix S3,
Table S3.3).

Relationship between movement parameters

Piecewise SEMs fitted the dataset well (Fisher’s C = 0.97,
P = 0.615), and all component models were significant (for
details, see Supporting Information, Appendix S3, Table S3.4).
Standardized path coefficients indicated a positive effect of the
activity rate on speed (T = 0.49) and tortuosity (T = 0.15).
Speed had in turn a strong positive effect on the daily core
area (T = 0.88), which in turn had also a positive effect on the
seasonal home range (T = 0.28) (Fig. 3). Thus, through daily
speed and core area size, the activity rate had an overall posi-
tive effect on seasonal home range (T = 0.12).

Discussion

In the present study, we used telemetry data from brown bears
in Greece to study their movement patterns. We found that
bears moved less during daytime when ambient temperatures
were high and when they were far away from forests and close
to settlements, where human activity is expected to be high.
During night-time, when human activity and mortality risk are
expected to be low, bear movement was higher farther from
forested areas, close to roads and in less rough terrain.

Circannual and circadian movement patterns

Circannual bear movement in Greece showed similar patterns
to other populations in Europe (Kaczensky et al., 2006; Seryo-
dkin et al., 2013; Ordiz et al., 2017; Penteriani et al., 2017).
Bear movement in Greece increased after denning due to the
high energetic requirements in a temporarily resource-poor

environment (Clevenger, Purroy & Pelton, 1990) and reached
a first peak during the mating season, which was more pro-
nounced in males which roam to mate (Dahle & Swenson,
2003b). A second peak in movement occurred during the
hyperphagia season, when bears travelled great distances to
store enough fat for hibernation and reproduction (Fern�andez
et al., 2012). However, adult bear movement was reduced
towards the late hyperphagia, likely as a preparation to hiber-
nation (Karelus et al., 2017), while sub-adult bear movement
continued to increase, probably due to a combination of their
lack of experience in coping with the spatio-temporal stochas-
ticity in natural forage production (Baruch-Mordo et al., 2014)
and the disturbances caused by hunting activities (Maiorano
et al., 2015).
However, some notable differences in circannual bear move-

ment in Greece were recorded compared to other northern pop-
ulations with less human presence and cooler climatic
conditions. Bears in Greece denned for approximately two and
a half months, equally long as in Spain (Clevenger, Purroy &
Pelton, 1990), but considerably shorter than conspecifics in
Scandinavia [i.e. they begin a month later and emerge a month
earlier (Manchi & Swenson, 2005)]. Although den entry is
generally influenced by reproductive status (Friebe, Swenson &
Sandegren, 2001), climatic variability (Delgado et al., 2018),
latitude and/or food availability (Manchi & Swenson, 2005),
and human activity in late autumn or early spring (such as
hunting or winter recreational activities) might cause bears to
abandon their denning sites (Linnell et al., 2000) and con-
tribute in the shortened denning duration in the human-domi-
nated landscapes of southern Europe. The mating period of
brown bears in Greece was similar to that recorded in bears in
similar latitudes (Fernandez-Gil, Naves & Delibes, 2006), but
earlier than that recorded for brown bears further north (Dahle
& Swenson, 2003a; Dahle & Swenson, 2003b), which could
be a consequence of the milder climate in these Mediterranean
populations; in fact, the period of oestrus and copulation is
partly regulated by climatic conditions (Spady, Lindburg &
Durrant, 2007). During post-mating, bear movement in Greece
decreased significantly, likely due to a combination of high
ambient temperatures, high food availability and high human
activity related to increased recreational and agricultural activi-
ties (Ordiz et al., 2014; Ordiz et al., 2017).
The predominantly nocturnal movement of adult bears in

Greece is considered to be a behavioural adaptation to avoid
human activity and has been observed in bears across Europe
(Kaczensky et al., 2006; Ordiz et al., 2014; Ordiz et al., 2017)

Table 1 AIC and ΔAIC values for the best models within each candidate model set and for the final model (i.e. best-fitting model) predicting

bear activity during each ecologically sound season in Greece

Model set

Emergence Mating Post-mating Early hyperphagia Late hyperphagia

d.f. AIC ΔAIC d.f. AIC ΔAIC d.f. AIC ΔAIC d.f. AIC ΔAIC d.f. AIC ΔAIC

Final model 20 3559 0 19 11 277 0 20 5479 0 21 5620 0 22 4917 0

Light 9 15 3606 47 15 11 346 68 16 5608 129 16 5731 111 14 5411 494

Age 9 11 3858 299 10 11 930 653 15 5612 133 16 5937 317 14 5572 655

Sex 9 14 3932 373 9 11 953 676 15 5659 180 15 5854 234 14 5277 360
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and in areas of North America with high human activity (Heb-
blewhite & Merrill, 2008). It was likely also a result of the
high ambient temperatures of this Mediterranean landscape,
especially in summer, a fact that has been suggested also for
other carnivores (Theuerkauf et al., 2007; Hayward & Hay-
ward, 2007). Nevertheless, this predominantly nocturnal move-
ment pattern is interrupted when specific biological functions,
such as mating (Fernandez-Gil, Naves & Delibes, 2006) or

denning preparation, need to be fulfilled. In contrast, the more
diurnal movement patterns of sub-adult bears could have been
associated with a higher tolerance towards humans
(MacHutchon et al., 1998; Zarzo-Arias et al., 2018) and/or
with the efforts to avoid intra-specific competition over food
sources (Kaczensky et al., 2006), which may be monopolized
by adults at night (Klinka & Reimchen, 2002), when human
activity is lower.

Figure 2 Responses of the most important spatio-temporal variables and their interactions with daylight according to the best-fitting GLMMs

predicting bear movement (y-axis) in each season for brown bears in Greece (2003 – 2013). Light grey indicates daytime, and dark grey indicates

night-time. X-axes represent km for proximity variables, roughness index for roughness and Celsius degrees for temperature [emergence (EM),

mating (MA), post-mating (PM), early hyperphagia (eHY) and late hyperphagia (lHY)].
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Factors influencing bear movement

In Greece, daylight appeared to be the most important factor
influencing bear movement: bears moved generally more dur-
ing night-time, although they moved more during daytime
when they were close to forests and in rough terrain, especially
from mating to early hyperphagia. This movement pattern sug-
gests that such areas were actively used as nutritional and
refuge areas (Posillico et al., 2004) during times when human
activity is expected to be higher, that is daytime and milder
weather seasons. Preference for areas with rough terrain during
daytime has been recorded elsewhere in Europe (Martin et al.,
2012) and may be associated with better availability of hetero-
geneous nutritional resources, better denning opportunities and
lower human activity (Nellemann et al., 2007). On the other
hand, bear movement near settlements and roads was higher
during the night than during the day, indicating an active
attempt by bears to avoid human activity and mortality risk
while using these areas. A similar behaviour has been recorded
in several bear populations (Rode, Farley & Robbins, 2006)
and various other terrestrial mammals (Tucker et al., 2018).
Daylight had also a different effect on bear movement depend-
ing on ambient temperatures; when these were high, bears
were more active during the night and less active during the

day, indicating an attempt to avoid high temperatures, which
has been also observed in other large carnivores (Theuerkauf
et al., 2003; Rabaiotti & Woodroffe, 2019).

Age-, sex and season-specific differences in
movement parameters

Females in Greece had the lowest activity rates, daily speed
and tortuosity, and the smallest daily core areas and home
ranges, which was likely a result of their effort to seek protec-
tion against infanticidal males (Dahle & Swenson, 2003b) and
avoid intra-specific competition (Kaczensky et al., 2006), while
avoiding at the same time areas with high human activity.
Adult males in contrast had the highest activity rates, highest
speeds, and largest daily core areas and home ranges, which
was likely a result of their need to roam for mating (Lewis &
Rachlow, 2011) and their less philopatric behaviour compared
to females. The intermediate activity rates of sub-adult males
and the high variation in their home ranges were likely a result
of their inexperience in utilizing in the best way the available
resources (Karelus et al., 2017), higher tolerance of humans
(MacHutchon et al., 1998) and an active attempt to avoid
intra-specific agonistic interactions (Reimchen, 1998). Large
home ranges for sub-adult males have also been recorded in

Table 2 Descriptive data of GPS-collared bears in Greece (2003–2013), indicating the sample size (i.e. individual bear-year), the average (x) and

standard deviation (SD) of the daily activity rates, daily speed, daily tortuosity, daily core area and annual home range (95% MCP) of each age–

sex group

Movement parameter

Adult female Adult male Sub-adult

N x SD N x SD N x SD

Daily activity rate (%) 10 42 25 C 7 59 29 A 5 54 32 B

Daily speed (km/day) 10 3.6 3.1 C 7 10.1 6.0 A 5 4.8 3.8 B

Daily tortuosity (absolute angles) 10 35.2 18.6 C 7 48.9 18.7 B 5 53.7 20.1 A

Daily core area (km2) 10 0.91 1.16 C 7 2.84 2.39 A 5 1.69 2.53 B

Annual home range (km2) 9 48.3 28.2 B 5 197.1 69.8 A 5 315.7 255.2 A

Sharing letters indicate no significant differences at P < 0.05 between the three bear categories for each movement parameter.

Figure 3 Representation of the causal network used in the piecewise SEM and standardized coefficients for the direct (thick lines) and indirect

effects (thin lines). Red line indicates negative effects and black line indicates positive effects. [Colour figure can be viewed at

zslpublications.onlinelibrary.wiley.com.]
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other human-dominated landscapes in Europe [e.g. Serbia
(�Cirovi�c et al., 2014), Austria (Kaczensky et al., 2011)]. It
should be noted that the high inter-individual variations in
average home ranges recorded in our study have been recorded
also elsewhere in Europe (Kaczensky et al., 2006), and most
likely reflect differences in habitat quality or differences in an
individual’s ecological condition and perception to risks.
The significant differences in activity rates and other move-

ment parameters between the three bear categories in Greece
should be considered a result of the varying effects of experi-
ence, reproductive status, energetic requirements, habitat selec-
tion, population density and tolerance to human disturbances
(McLellan & Hovey, 2001; Dahle & Swenson, 2003a; Ordiz
et al., 2014).

Relationship between movement parameters

The causal network linking activity rates and seasonal home
range provides an explanation for the smaller home range of
bears in southern latitudes with high ambient temperatures and
predominantly human-dominated landscapes (Kanellopoulos
et al., 2006; Krofel, Filacorda & Jerina, 2010) compared to
more northern, colder and wilder parts of their distribution
(Dahle & Swenson, 2003a; Dahle & Swenson, 2003b).
Although the effects of temperature and human activity in
human-dominated landscapes may be counteracted by the scat-
tered distribution of natural resources in space and time, which
in turn may force animals to move more frequently (e.g.
Morellet et al., 2013), in Greece, movement barriers or the
concentration of anthropogenic-related resources (i.e. increased
food provisioning) could have a stronger effect, impeding or
discouraging movements. This is not uncommon for wildlife in
areas with a strong human footprint, where movements may be
reduced to a half of their extent compared to wilder areas
(Tucker et al., 2018). Furthermore, the negative effects of high
temperatures on brown bear movement in Greece should be
considered in the actual context of climate change. The effects
of climate change are expected to be high in Greece (Gian-
nakopoulos et al., 2009), which could exacerbate the negative
effects of human activity and, ultimately, result in home ranges
that are too small to meet the biological requirements of the
species.
Brown bears in Greece have shown high levels of beha-

vioural plasticity, adapting their movements in space and time
to a rapidly changing and ecologically challenging environ-
ment. As in the case of brown bears in Scandinavia and Tur-
key (Kindberg et al., 2011; Cozzi et al., 2016), we suggest
that this behavioural trait has been one of the driving forces
behind the recent population recovery of the species in the
country.
In regard to the management and conservation efforts for

bear habitat in Greece, we suggest that these should focus on
the linkages between habitat patches, so that bear movement in
Greece is not hindered by barriers and bears can maintain
home ranges large enough to meet their biological require-
ments and avoid risks. Furthermore, human–bear coexistence
in anthropogenic landscapes often requires wise management

planning in space or time (Kaczensky et al., 2006) in order to
reduce human–bear conflicts. Bear management in Greece
should try to take this premise into account and keep human
disturbance at a minimum in refuge and foraging areas (i.e.
rough terrain and forested areas). Acknowledging that global
warming could push these refuge areas to higher elevations,
the increased accessibility of humans to mountain areas
(Godde, Price & Zimmermann, 2000), partly a consequence of
milder winters, needs to be managed in order to guarantee that
bears can cope with it. As it is almost impossible however to
restrict human access into bear habitat or closer to human set-
tlements (Penteriani et al., 2019), a separation of humans and
bears in time in Greece (i.e. regulating human activities during
the night and crepuscular hours) should reduce negative
human–bear interactions and increase survival chances.

Acknowledgements

We would like to thank all members of ARCTUROS who
helped in setting up the study and in the field work. Meteoro-
logical data were kindly provided by K. Lagouvardos and the
National Observatory of Athens, Greece. Financial support for
the study was provided by the NGO ARCTUROS, Egnatia
S.A., Vodafone Greece and the Vodafone Group Foundation.
All research activities were carried out under the research per-
mits 98924/4791/17-9-2007 and 119628/1442 of the Hellenic
Ministry of Environment, Energy and Climate Change. We
thank Μ. Hayward, V. Penteriani and three anonymous review-
ers for their valuable comments that greatly improved the qual-
ity of the paper.

References

Allen, A.M. & Singh, N.J. (2016). Linking movement ecology
with wildlife management and conservation. Front. Ecol. Evol.
3, 155.

Amstrup, S.C., Durner, G.M., McDonald, T.L., Mulcahy, D.M.
& Garner, G.W. (2001). Comparing movement patterns of
satellite-tagged male and female polar bears. Can. J. Zool. 79,
2147–2158.

Baruch-Mordo, S., Wilson, K.R., Lewis, D.L., Broderick, J.,
Mao, J.S. & Breck, S.W. (2014). Stochasticity in natural
forage production affects use of urban areas by black bears:
implications to management of human-bear conflicts. PLoS
ONE 9, e85122.

Basille, M., Fortin, D., Dussault, C., Ouellet, J.-P. & Courtois,
R. (2013). Ecologically based definition of seasons clarifies
predator–prey interactions. Ecography 36, 220–229.

Battin, J. (2004). When good animals love bad habitats:
Ecological traps and the conservation of animal populations.
Cons. Biol. 18, 1482–1491.

B�elisle, M., Desrichers, A. & Fortin, M.J. (2001). Influence of
forest cover on the movements of forest birds: a homing
experiment. Ecology 82, 1893–1904.

Bonnet Lebrun, A.-S., Karamanlidis, A.A., De Gabriel
Hernando, M., Renner, I. & Gimenez, O. (2019). Identifying

Journal of Zoology 311 (2020) 126–136 ª 2020 The Zoological Society of London 133

M. de Gabriel Hernando et al. Brown bear movements in human-modified landscape



priority conservation areas for a recovering brown bear
population in Greece using citizen science data. Anim. Cons.
https://doi.org/10.1111/acv.12522

Burnham, K.P. & Anderson, D.R. (2002). Model selection and
multimodel inference: a practical information theoretic
approach. New York: Springer.

Burt, W.H. (1943). Territoriality and home range concepts as
applied to mammals. J. Mamm. 24, 342–352.

Calenge, C. (2006). The package "adehabitat" for the R
software: a tool for the analysis of space and habitat use by
animals. Ecol. Modell. 197, 516–519.

�Cirovi�c, D., De Gabriel Hernando, M., Paunovic, M. &
Karamanlidis, A.A. (2014). Home range, movements, and
activity patterns of a brown bear in Serbia. Ursus 26, 79–85.

Clevenger, A.P., Purroy, F.J. & Pelton, M.R. (1990). Movement
and activity patterns of a European brown bear in the
Cantabrian mountains, Spain. Int. Conf. Bear. Res. & Manag.
8, 205–211.

Cozzi, G., Chynoweth, M., Kusak, J., C�oban, E., C�oban, A.,
Ozgul, A., S�ekercio�glu, C� .H. (2016). Anthropogenic food
resources foster the coexistence of distinct life history
strategies: year-round sedentary and migratory brown bears. J.
Zool. 300, 142–150.

Cramer, P.C. & Portier, K.M. (2001). Modeling Florida panther
movements in response to human attributes of the landscape
and ecological settings. Ecol. Modell. 140, 51–80.

Dahle, B. & Swenson, J.E. (2003a). Home ranges in adult
Scandinavian brown bears (Ursus arctos): effect of mass, sex,
reproductive category, population density and habitat type. J.
Zool. 260, 329–335.

Dahle, B. & Swenson, J.E. (2003b). Seasonal range size in
relation to reproductive strategies in brown bears Ursus
arctos. J. Anim. Ecol. 72, 660–667.

Delgado, M.M., Tikhonov, G., Meyke, E., Babushkin, M.,
Bespalova, T., Bondarchuk, S., Esengeldenova, A.,
Fedchenko, I., Kalinkin, Y., Knorre, A., Kosenkov, G.,
Kozsheechkin, V., Kuznetsov, A., Larin, E., Mirsaitov, D.,
Prokosheva, I., Rozhkov, Y., Rykov, A., Seryodkin, I.V.,
Shubin, S., Sibgatullin, R., Sikkila, N., Sitnikova, E.,
Sultangareeva, L., Vasin, A., Yarushina, L., Kurhinen, J. &
Penteriani, V. (2018). The seasonal sensitivity of brown bear
denning phenology in response to climatic variability. Front.
Zool. 15, 41.

Doherty, T.S. & Driscoll, D.A. (2018). Coupling movement and
landscape ecology for animal conservation in production
landscapes. Proc. R. Soc. Lond. B 285, 20172272.

Elfstr€om, M., Zedrosser, A., Stoen, O.G. & Swenson, J.E.
(2014). Ultimate and proximate mechanisms underlying the
occurrence of bears close to human settlements: review and
management implications. Mammal Rev. 44, 5–18.

Fahrig, L. (2007). Non-optimal animal movement in human-
altered landscapes. Funct. Ecol. 21, 1003–1015.

Fern�andez, N., Selva, N., Yuste, C., Okarma, H., Jakubiec, Z.
(2012). Brown bears at the edge: modeling habitat constrains

at the periphery of the Carpathian population. Biol. Cons. 153,
134–142.

Fernandez-Gil, A., Naves, J., Delibes, M. (2006). Courtship of
brown bears Ursus arctos in northern Spain: Phenology,
weather, habitat and durable mating areas. Wildl. Biol. 12,
367–373.

Find’o, S., Skuban, M., Kajba, M., Chalmers, J., Kala�s, M.
(2018). Identifying attributes associated with brown bear
(Ursus arctos) road-crossing and road kill sites. Can. J. Zool.
97, 156–164.

Fortin, D., Beyer, H.L., Boyce, M.S., Smith, D.W., Duchesne,
T. & Mao, J.S. (2005). Wolves influence elk movements:
behavior shapes a trophic cascade in Yellowstone National
Park. Ecology 86, 1320–1330.

Friebe, A., Swenson, J.E. & Sandegren, F. (2001). Denning
chronology of female brown bears in central Sweden. Ursus
12, 37–46.

Gaynor, K.M., Hojnowski, C.E., Carter, N.H. & Brashares, J.S.
(2018). The influence of human disturbance on wildlife
nocturnality. Science 360, 1232–1235.

Gehrt, S.D. & Frttzell, E.K. (1997). Sexual differences in home
ranges of raccoons. J. Mamm. 78, 921–931.

Gervasi, V., Brunberg, S. & Swenson, J.E. (2006). An
individual-based method to measure animal activity levels: a
test on brown bears. Wildl. Soc. Bull. 34, 1314–1319.

Giannakopoulos, C., Le Sager, P., Bindi, M., Moriondo, M.,
Kostopoulou, E., Goodess, C.M. (2009). Climatic changes and
associated impacts in the Mediterranean resulting from a 2 C
global warming. Glob. Planet. Change 68, 209–224.

Godde, P., Price, M.F. & Zimmermann, F.M. (2000). Tourism
and development in mountain regions. Wallingford: CABI
Publishing.

Hayward, M.W. & Hayward, G.J. (2007). Activity patterns of
reintroduced lion Panthera leo and spotted hyaena Crocuta
crocuta in the Addo Elephant National Park, South Africa.
Afr. J. Ecol. 45, 135–141.

Hebblewhite, M. & Merrill, E. (2008). Modelling wildlife–
human relationships for social species with mixed-effects
resource selection models. J. Appl. Ecol. 45,
834–844.

Hinton, J.W., van Manen, F.T. & Chamberlain, M.J. (2015).
Space use and habitat selection by resident and transient
coyotes (Canis latrans). PLoS ONE 10, e0132203.

Kaczensky, P., Huber, ��D., Knauer, F., Roth, H., Wagner, A. &
Kusak, J. (2006). Activity patterns of brown bears (Ursus
arctos) in Slovenia and Croatia. J. Zool. 269, 474–485.

Kaczensky, P., Jerina, K., Jonozovi�c, M., Krofel, M., Skrbin�sek,
T., Rauer, G., Kos, I. & Gutleb, B. (2011). Illegal killings
may hamper brown bear recovery in the Eastern Alps. Ursus
22, 37–46.

Kanellopoulos, N., Mertzanis, G., Korakis, G. &
Panagiotopoulou, M. (2006). Selective habitat use by brown
bear (Ursus arctos L.) in northern Pindos, Greece. J. Biol.
Res. 5, 23–33.

134 Journal of Zoology 311 (2020) 126–136 ª 2020 The Zoological Society of London

Brown bear movements in human-modified landscape M. de Gabriel Hernando et al.

https://doi.org/10.1111/acv.12522


Karamanlidis, A.A., Sanopoulos, A., Georgiadis, L. & Zedrosser,
A. (2011). Structural and economic aspects of human-bear
conflicts in Greece. Ursus 22, 141–151.

Karamanlidis, A.A., Beecham, J.J., Chatziioannou, C., de
Gabriel Hernando, M., Grivas, K., Krambokoukis, L., &
Papakostas, G. (2015a). Intraspecific predation on a subadult
brown bear in Greece. Ursus 26, 7–10.

Karamanlidis, A.A., de Gabriel Hernando, M., Krambokoukis, L.
& Gimenez, O. (2015b). Evidence of a large carnivore
population recovery: counting bears in Greece. J. Nat. Cons.
27, 10–17.

Karamanlidis, A.A., Skrbin�sek, T., de Gabriel Hernando, M.,
Krambokoukis, L., Munoz-Fuentes, V., Bailey, Z., Nowak, C.
& Stronen, A.V. (2018). History-driven population structure
and assymetric gene flow in a recovering large carnivore at
the rear-edge of its European range. Heredity 120, 168–182.

Karelus, D.L., McCown, J.W., Scheick, B.K., van de Kerk, M.,
Bolker, B.M. & Oli, M.K. (2017). Effects of environmental
factors and landscape features on movement patterns of
Florida black bears. J. Mamm. 98, 1463–1478.

Kindberg, J., Swenson, J.E., Ericsson, G. & Bellemain, E.
(2011). Estimating population size and trends of the Swedish
brown bear Ursus arctos population. Wildl. Biol. 17, 114–123.

Klinka, D.R. & Reimchen, T.E. (2002). Nocturnal and diurnal
foraging behaviour of brown bears (Ursus arctos) on a
salmon stream in coastal British Columbia. Can. J. Zool. 80,
1317–1322.

Klinka, D.R. & Reimchen, T.E. (2009). Darkness, twilight, and
daylight foraging success of bears (Ursus americanus) on
salmon in coastal British Columbia. J. Mamm. 90, 144–149.

Kranstauber, B. & Smolla, M. (2016). Move: Visualizing and
analyzing animal track data. R package version 1(6), 541.

Kranstauber, B., Kays, R., LaPoint, S.D., Wikelski, M. & Safi,
K. (2012). A dynamic Brownian bridge movement model to
estimate utilization distributions for heterogeneous animal
movement. J. Anim. Ecol. 81, 738–746.

Kreeger, T.J. & Arnemo, J.M. (2007). Handbook of Wildlife
Chemical Immobilization. Wyoming, MI: Sunquest.

Krofel, M., Filacorda, S. & Jerina, K. (2010). Mating-related
movements of male brown bears on the periphery of an
expanding population. Ursus 21, 23–29.

Lefcheck, J.S. (2015). piecewiseSEM: Piecewise structural
equation modeling in R for ecology, evolution, and
systematics. Meth. Ecol. & Evol. 7, 573–579.

Lewis, J.S. & Rachlow, J.L. (2011). Activity patterns of black
bears in relation to sex, season, and daily movement rates.
West. N. Amer. Naturalist 71, 388–395.

Linnell, J.D.C., Swenson, J.E., Andersen, R. & Barnes, B.
(2000). How vulnerable are denning bears to disturbance?
Wildl. Soc. Bull. 28, 400–413.

MacHutchon, A.G., Himmer, S., Davis, H. & Gallagher, M.
(1998). Temporal and spatial activity patterns among coastal
bear populations. Ursus 10, 539–546.

Maiorano, L., Boitani, L., Monaco, A., Tosoni, E. & Ciucci, P.
(2015). Modeling the distribution of Apennine brown bears

during hyperphagia to reduce the impact of wild boar hunting.
Eur. J. Wildl. Res. 61, 241–253.

Manchi, S. & Swenson, J.E. (2005). Denning behaviour of
Scandinavian brown bears Ursus arctos. Wildl. Biol. 11, 123–
132.

Martin, J., Basille, M., Van Moorter, B., Kindberg, J., Allain�e,
D. & Swenson, J.E. (2010). Coping with human disturbance:
spatial and temporal tactics of the brown bear (Ursus arctos).
Can. J. Zool. 88, 875–883.

Martin, J., Revilla, E., Quenette, P.Y., Naves, J., Allaine, D. &
Swenson, J.E. (2012). Brown bear habitat suitability in the
Pyrenees: transferability across sites and linking scales to
make the most of scarce data. J. Appl. Ecol. 49,
621–631.

May, R., Van Dijk, J., Wabakken, P., Swenson, J.E., Linnell,
J.D. & Zimmermann, B. (2008). Habitat differentiation within
the large-carnivore community of Norway's multiple-use
landscapes. J. Appl. Ecol. 45, 1382–1391.

McLellan, B.N. & Hovey, F.W. (2001). Natal dispersal of
grizzly bears. Can. J. Zool. 79, 838–844.

McLoughlin, P.D. & Ferguson, S.H. (2000). A hierarchical
pattern of limiting factors helps explain variation in home
range size. Ecoscience 7, 123–130.

Mertzanis, G., Giannakopoulos, A. & Pylidis, C. (2009). Ursus
arctos (Linnaeus, 1758). In Red data book of the threatened
animal species of Greece: 387–389. Legakis, A. & Maragou,
P. (Eds.). Athens: Hellenic Zoological Society.

Minta, S.C. (1993). Sexual differences in spatio-temporal
interaction among badgers. Oecologia 96, 402–409.

Moln�ar, P.K., Derocher, A.E., Thiemann, G.W. & Lewis, M.A.
(2010). Predicting survival, reproduction and abundance of
polar bears under climate change. Biol. Cons. 143, 1612–
1622.

Moreira-Arce, D., Vergara, P.M. & Boutin, S. (2015). Diurnal
human activity and introduced species affect occurrence of
carnivores in a human-dominated landscape. PLoS ONE 10,
e0137854.

Morellet, N., Bonenfant, C., B€orger, L., Ossi, F., Cagnacci, F.,
Heurich, M., Kjellander, P., Linnell, J.D.C., Nicoloso, S.,
Sustr, P., Urbano, F. & Mysterud, A. (2013). Seasonality,
weather and climate affect home range size in roe deer across
a wide latitudinal gradient within Europe. J. Anim. Ecol. 82,
1326–1339.

Nellemann, C., Stoen, O.-G., Kindberg, J., Swenson, J.E.,
Vistnes, I., Ericsson, G., Katajisto, J., Kaltenborn, B.P.,
Martin, J. & Ordiz, A. (2007). Terrain use by an expanding
brown bear population in relation to age, recreational resorts
and human settlements. Biol. Cons. 138, 157–165.

Ordiz, A., Kindberg, J., Saebo, S., Swenson, J.E. & Stoen, O.G.
(2014). Brown bear circadian behavior reveals human
environmental encroachment. Biol. Cons. 173, 1–9.

Ordiz, A., Sæbø, S., Kindberg, J., Swenson, J.E. & Støen, O.G.
(2017). Seasonality and human disturbance alter brown bear
activity patterns: implications for circumpolar carnivore
conservation? Anim. Cons. 20, 51–60.

Journal of Zoology 311 (2020) 126–136 ª 2020 The Zoological Society of London 135

M. de Gabriel Hernando et al. Brown bear movements in human-modified landscape



Penteriani, V., del Mar Delgado, M., L�opez-Bao, J.V., Garc�ıa,
P.V., Monr�os, J.S., Vig�on �Alvarez, E., Corominas, T.S. &
V�azquez, V.M. (2017). Patterns of movement of released
female brown bears in the Cantabrian Mountains, northwestern
Spain. Ursus 28, 165–171.

Penteriani, V., Zarzo-Arias, A., Novo-Fern�andez, A., Bombieri,
G. & Lopez-Sanchez, C.A. (2019). Responses of an
endangered brown bear population to climate change based on
predictable food resource and shelter alterations. Glob. Change
Biol. 25, 1133–1151.

Posillico, M., Alberto, M.I.B., Pagnin, E., Lovari, S. & Russo,
L. (2004). A habitat model for brown bear conservation and
land use planning in the central Apennines. Biol. Cons. 118,
141–150.

Prange, S., Gehrt, S.D. & Wiggers, E.P. (2004). Influences of
anthropogenic resources on raccoon (Procyon lotor)
movements and spatial distribution. J. Mamm. 85, 483–490.

R Core Team (2013). R: A language and environment for
statistical computing. Vienna: R Foundation for Statistical
Computing.

Rabaiotti, D. & Woodroffe, R. (2019). Coping with climate
change: limited behavioral responses to hot weather in a
tropical carnivore. Oecologia 189, 587–599.

Reimchen, T.E. (1998). Nocturnal foraging behaviour of Black
Bears, Ursus americanus, on Moresby Island, British
Columbia. Can. Field Natur. 112, 446–450.

Reynolds-Hogland, M.J. & Mitchell, M.S. (2007). Effects of
roads on habitat quality for bears in the southern
Appalachians: a long-term study. J. Mamm. 88, 1050–1061.

Rode, K.D., Farley, S.D. & Robbins, C.T. (2006). Sexual
dimorphism, reproductive strategy, and human activities
determine resource use by brown bears. Ecology 87, 2636–2646.

Roever, C.L., Boyce, M.S. & Stenhouse, G.B. (2010). Grizzly
bear movements relative to roads: application of step selection
functions. Ecography 33, 1113–1122.

�S�alek, M., Drahn�ıkov�a, L. & Tkadlec, E. (2015). Changes in
home range sizes and population densities of carnivore species
along the natural to urban habitat gradient. Mammal Rev. 45,
1–14.

Seryodkin, I.V., Kostyria, A.V., Goodrich, J.M. & Miquelle,
D.G. (2013). Daily activity patterns of brown bears (Ursus
arctos) of the Silkhote-Alin Mountain Range (Primorskiy
Krai, Russia). Russ. J. Ecol. 44, 50–55.

Shipley, B. (2000). A new inferential test for path models based
on directed acyclic graphs. Struct. Equat. Modell. 7, 206–218.

Skuban, M., Find’o, S., Kajba, M., Kore�n, M., Chamers, J. &
Antal, V. (2017). Effects of roads on brown bear movements
and mortality in Slovakia. Eur. J. Wildl. Res. 63, 82.

Spady, T.J., Lindburg, D.G. & Durrant, B.S. (2007). Evolution
of reproductive seasonality in bears. Mammal Rev. 37, 21–53.

Stewart, B.P., Nelson, T.A., Laberee, K., Nielsen, S.E., Wulder,
M.A. & Stenhouse, G. (2013). Quantifying grizzly bear
selection of natural and anthropogenic edges. J. Wildl. Manag.
77, 957–964.

Theuerkauf, J., Jȩdrzejewski, W., Schmidt, K., Okarma, H.,
Ruczy�nski, I., �Sniezko, S., Gula, R. (2003). Daily patterns and
duration of wolf activity in the Białowieza Forest. Poland. J.
Mamm. 84, 243–253.

Theuerkauf, J., Gula, R., Pirga, B., Tsunoda, H., Eggermann, J.,
Brzezowska, B., Rouys, S. & Radler, S. (2007). Human
impact on wolf activity in the Bieszczady Mountains, SE
Poland. Ann. Zool. Fenn. 44, 225–231.

Tucker, M.A., B€ohning-Gaese, K., Fagan, W.F., Fryxell, J.M.,
Moorter, B.V., Alberts, S.C., Ali, A.H., et al. (2018). Moving
in the Anthropocene: global reductions in terrestrial
mammalian movements. Science 359, 466–469.

Tuomainen, U. & Candolin, U. (2011). Behavioural responses to
human-induced environmental change. Biol. Rev. 86, 640–657.

Van Moorter, B., Rolandsen, C.M., Basille, M. & Gaillard, J.M.
(2016). Movement is the glue connecting home ranges and
habitat selection. J. Anim. Ecol. 85, 21–31.

Wood, S.N. (2006). Generalized Additive Models: An
Introduction with R. Boca Raton, FL: Chapman and Hall/
CRC.

Zarzo-Arias, A., del Mar Delgado, M., Ordiz, A., Garc�ıa, J.D.,
Ca~nedo, D., Gonz�alez, M.A., Romo, Carlos, Garc�ıa, V�azquez,
Pablo, Bombieri, Giulia, Bettega, Chiara, Russo, Francesco,
Luca, Cabral, Pedro, Gonz�alez, Garc�ıa, Ricardo, Mart�ınez-
Padilla, Mart�ınez-Padilla, Jes�us & Penteriani, Vincenzo (2018).
Brown bear behaviour in human-modified landscapes: The
case of the endangered Cantabrian population, NW Spain.
Global Ecol. Conserv. 16, e00499.

Zi�ołkowska, E., Ostapowicz, K., Radeloff, V.C., Kuemmerle, T.,
Sergiel, A., Zwijacz-Kozica, T., Ziezba, F., �Smietana, W. &
Selva, N.. (2016). Assessing differences in connectivity based
on habitat versus movement models for brown bears in the
Carpathians. Land. Ecol. 31, 1863–1882.

Supporting Information

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

Appendix S1. Information about the study area and animals.
Appendix S2. Details on data treatment and analyses.
Appendix S3. Details on results.

Brown bear movements in human-modified landscape M. de Gabriel Hernando et al.

136 Journal of Zoology 311 (2020) 126–136 ª 2020 The Zoological Society of London


