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Abstract

Seasonal migrations (i.e. seasonal round-trips between disjunct areas) have been
rarely documented for large carnivores. The Dinaric-Pindos brown bear (Ursus arc-
tos) population is the third largest in Europe, but little information is currently
available on individual movement patterns. We studied movement patterns by 12
GPS-collared adult and subadult bears in Croatia and Bosnia Herzegovina during
2004–2017, including migratory movements by some instrumented bears. To inves-
tigate environmental correlates of migrations, we first used the canonical Outlying
Mean Index analysis, identifying habitat descriptors of summer and fall ranges, and
then applied mixed-effects logistic regression to quantify variation in habitat use
between them. Thirty-seven per cent 37% of the bears (7 bear-years) migrated dur-
ing hyperphagia (i.e. partial migration), and seasonal migration was also facultative,
as it occurred only during mast (i.e. beechnut) poor years. Migrating bears entered
migration during early fall (median = 25 Sept) and returned to their pre-migratory
ranges after about 7 weeks (median = 18 Nov). Net distances between pre-migra-
tory (summer) and post-migratory (fall) averaged (�SD) 26.5 � 9.7 km, with a
maximum distance of 38.8 km, corresponding to actual distances travelled of
61.1 � 21.5 km. Summer ranges from which bears migrated were best described
by proximity to supplemental feeding sites and mixed forests, whereas fall ranges
reached by migrants were differentiated by lower elevations, and a higher share of
deciduous forest, grasslands, forest edges and shrublands. Relative to pre-migratory
ranges, bears in post-migratory ones increased their distance to anthropogenic fea-
tures and showed higher use of cover types expectedly richer in berries and other
fleshy fruits. Although we lack any causative evidence, we speculate migration in
this bear population is triggered during poor beechnut years by increased social
despotic interference at supplemental feeding sites that elicits redistribution of sub-
ordinate bears.

Introduction

Seasonal round-trips between disjunct areas, hereafter ‘seasonal
migrations’, represent a strategy that many species evolved to
satisfy energetic needs (Teitelbaum et al., 2015), enhance
reproduction by favouring access to conspecifics while decreas-
ing risk of inbreeding (Greenwood, 1980), displace from areas
where environmental conditions become unsuitable (Cherry,
Derocher & Lunn, 2016; Rickbeil et al., 2019), and seek
refuge from predators or human-related interference (Bergerud,
Ferguson & Butler, 1990). However, seasonal migrations are
not always predictable in terms of timing and occurrence and
do not necessarily involve all individuals of a population (Din-
gle & Drake, 2007; Chapman et al., 2012; Table 1).

Facultative migrators, for example, do not migrate regularly
every year, but do so only in response to varying local cues
(Rickbeil et al., 2019), such as weather conditions (Fieberg,
Kuehn & DelGiudice, 2008; Cagnacci et al., 2011), resources
availability (Noyce & Garshelis, 2011) or predator density
(Hebblewhite & Merrill, 2007; Eggeman et al., 2016). Further-
more, in most migratory species, variation in individual
responses can lead to partial migration, namely the periodical
migration of only a fraction of the population (Cagnacci et al.,
2011; Chapman et al., 2011a, 2011b; Eggeman et al., 2016).
The occurrence of migratory behaviour has fundamental impli-
cations for population and species conservation, and it empha-
sizes the need for extending the scale at which management
strategies should be implemented.

Journal of Zoology �� (2021) ��–�� ª 2021 The Zoological Society of London 1

Journal of Zoology. Print ISSN 0952-8369

https://orcid.org/0000-0002-2529-6210
https://orcid.org/0000-0002-2529-6210
https://orcid.org/0000-0002-2529-6210
https://orcid.org/0000-0002-5544-6486
https://orcid.org/0000-0002-5544-6486
https://orcid.org/0000-0002-5544-6486
https://orcid.org/0000-0002-3912-3812
https://orcid.org/0000-0002-3912-3812
https://orcid.org/0000-0002-3912-3812
https://orcid.org/0000-0002-8110-384X
https://orcid.org/0000-0002-8110-384X
https://orcid.org/0000-0002-8110-384X
http://orcid.org/0000-0003-1504-0446
http://orcid.org/0000-0003-1504-0446
http://orcid.org/0000-0003-1504-0446
https://orcid.org/0000-0002-0994-3422
https://orcid.org/0000-0002-0994-3422
https://orcid.org/0000-0002-0994-3422
mailto:


Partial migration has been extensively studied on many ver-
tebrate taxa, including birds (Lundberg, 1988; Boyle, 2008),
fishes (Jonsson & Jonsson, 1993; Chapman et al., 2012), rep-
tiles (Yackulic, Blake & Bastille-Rousseau, 2017) and ungu-
lates (Ball, Nordengren & Wallin, 2001; Cagnacci et al., 2011;
Naidoo et al., 2012; Eggeman et al., 2016). Although large
carnivores are generally not considered migratory species (Din-
gle & Drake, 2007), wolves (Canis lupus) or mountain lions
(Puma concolor) can undertake periodical long-distance move-
ments to follow their migratory prey (Ballard et al., 1997;
Pierce et al., 1999). Similarly, partial migratory movements
have also been described for the American black bear (Ursus
americanus: Noyce & Garshelis, 2011), the polar bear (Ursus
maritimus: Cherry et al., 2016) and the brown bear (Ursus
arctos: Cozzi et al., 2016), even though this phenomenon
appears to be quite rare in Ursids.
In the human-dominated landscapes of Europe, long-distance

movements of large carnivores have been mostly reported as
dispersal at the scale of the species range (Støen et al., 2006;
Zedrosser et al., 2007; Barton et al., 2019). Nevertheless, for
species relying on seasonal and patchily distributed resources,
seasonal shifts between disjunct ranges might be an efficient
strategy to cope with the heterogeneous dispersion and annual
fluctuations in food availability (e.g. beech masting; Hilton &
Packham, 2003; Edwards, Nagy & Derocher, 2009). For bears,
variation in dispersion and abundance of trophic resources can
be an issue especially during hyperphagia, when they need to
store fat to cope with hibernation costs, to the point that they
can perform long-distance movements towards areas where
they can maximize food intake (Servheen, 1983; Barnes, 1990;
Noyce & Garshelis, 2011; Cozzi et al., 2016; Pop et al.,
2018a).
With about 3000 individuals, the Dinaric-Pindos is the third

largest brown bear population in Europe, and its wide range
spans from the south-eastern Alps in Slovenia to northern
Greece (Chapron et al., 2014). In Croatia, bears have been tra-
ditionally managed as a game species, and currently hunters
provide up to 300 kg of corn or wet fodder per bear at supple-
mental feeding sites (hereafter: feeding sites), refilled up to
120 days a year to lure bears to shooting sites and to prevent
bears to wander close to human settlements (Huber et al.,
2008b). Space-use patterns of Dinaric bears have been poorly
known until recently. Nevertheless, we lately documented sea-
sonal home range behaviour in this bear population and
revealed that some individuals displayed disjunct summer and
fall home ranges (De Angelis, 2019), a behaviour that deserves
further investigation. In fact, shifts between disjunct seasonal

home ranges may imply that animals are seeking for conditions
that differ between the disjunct ranges, and a better under-
standing of this little-known phenomenon can improve our
ecological understanding of bear populations in Europe and
improve habitat management at the landscape scale.
We hereby document seasonal partial and facultative migra-

tory movements of Dinaric-Pindos bears, estimating frequency,
seasonality, duration and distances of such migrations. To
investigate which factors could potentially influence migrations,
we first studied main environmental and anthropogenic descrip-
tors within pre- and post-migratory ranges for both migrating
and non-migrating bears; then, we quantified changes in bear
responses to these descriptors contrasting habitat use in both
ranges. Because beechnuts represent the main staple food of
Dinaric bears during fall (Cicnjak et al., 1987; Kavčič et al.,
2015), we hypothesized that migrations, especially during
beechnuts mast years, are directed towards areas rich in decid-
uous forests, where bears maximize beechnut consumption
(Noyce & Garshelis, 2011; Cozzi et al., 2016). Although our
findings offer correlative and not direct evidence of causative
factors of facultative and partial migration in Dinaric bears,
they contribute to our knowledge on space-use patterns by
brown bears in Europe and emphasize the importance of land-
scape connectivity at the population scale.

Materials & methods

Study area

We defined our study area as a 10-km buffer around the 100%
minimum convex polygon (MCP) encompassing all GPS loca-
tions of instrumented bears. The area was mainly located in
Croatia and included portions of Slovenia and Bosnia and
Herzegovina. The landscape is characterized by the Dinaric
Mountains, featuring karst topography scattered with valleys
and sinkholes. At elevations below 800 m, forests are domi-
nated by deciduous forests of beech (Fagus sylvatica), maple
(Acer pseudoplatanus) and elm (Ulmus spp.), whereas spruce
(Picea abies) and fir (Abies alba) grow on cooler places. Pure
beech stands dominate at higher elevations (1100–1500 m;
Huber et al., 2008a). During beechnut mast years, beech pro-
vide the most important bear food in fall (Cicnjak et al.,
1987). Other important bear foods can be found in lowland
deciduous forests, dominated by oak (Quercus robur), and
transitional woodland-shrub areas (300–900 m), scattered with
small trees of crab apples (Malus sylvestris), common pear
(Pyrus communis), hazelnuts (Corylus uvellana), rose (Rosa
spp.), ash (Sorbus aucuparia), dogwood (Cornus mas), buck-
thorn (Rhamnus cathartica) and chestnuts (Castanea sativa;
Cicnjak et al., 1987; Antonić et al., 2000; Huber et al.,
2008a).
Human population density in the area is generally low

(about 27–42 inhabitants km−2; Kaczensky et al., 2006), and
road density (including highways) averages 1.76 km/km2. Sup-
plemental feeding sites are scattered throughout the study area,
with a concentration up to 5 stations per 100 km2. In Croatia,
bear hunting season is open twice a year, from February 16th
to May 15th and from September 16th to December 15th

Table 1 Varieties of migratory patterns as defined in Dingle & Drake

(2007)

Term Definition

Obligate Migrants perform migration every year

Facultative Migrants perform migration only in response

to deterioration in local conditions

Partial Only a fraction of the population perform migrations

Differential There is a difference in migratory patterns among

sexes or age classes
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(Bišćan et al., 2019), while in Bosnia Herzegovina only once
between October 1st until May 15th.

Bear captures and GPS-telemetry

Between 2004 and 2017, twenty-one brown bears ≥2 years old
were captured in Croatia (n = 19) and Bosnia and Herzegovina
(n = 2). Bears were lured at trap-sites with corn or animal car-
casses, then captured with spring-activated Aldrich snares and
immobilized with mixtures of ketamine hydrochloride (11 mg/
kg, Ketalar®, Parke-Davis, Berlin, Germany) and xylazine
hydrochloride (6 mg/kg, Rompun®, Bayer, Leverkusen, Ger-
many) or tiletamine hydrochloride and zolazepam hydrochlo-
ride (2.5 mg/kg, Zoletil®, Virbac, Carros, France) and
medetomidine (0.05 mg/kg , Dormitor®, Pfizer). We defined
bear age through vestigial tooth analysis (Hensel & Sorensen,
1980), identifying subadults (≤3 years old) and adults
(>3 years old). Captured bears were equipped with Vectronic
(Vectronic Aerospace GmbH, Berlin, Germany) or Lotek
(Lotek Engineering, Newmarket, Ontario, Canada) GPS/GSM
collars, which were programmed to collect relocations at vari-
ous time intervals (range 12–96 fixes/day) and to automatically
drop-off at the end of deployment (range 2–3 years). Animal
capture and handling procedures were approved by the ethical
committee of the Veterinary Faculty of the University of
Zagreb, and the Croatian Ministries of Environment and of
Agriculture.
Mean annual success rate of GPS-collars (excluding bears’

inactive period in winter) was 87.8% (range 73.4–98.7%). For
the scope of the analysis, we selected 1 location every 2 h to
achieve a consistent fix rate across movement locations of all
bears. To remove inaccurate relocations while maximizing data
retention (Lewis et al., 2007), we discarded two-dimensional
(2-D) GPS fixes with Dilution of Precision >5. The overall
proportion of validated three-dimensional fixes in our screened
dataset was 86%.

Analysis of spatial patterns and migratory
movements

As most long-distance movements occurred during the hyper-
phagic season (De Angelis, 2019), we retained in the analysis
only 12 animals whose tracking period included fall (see
below). To investigate individual movement patterns, we used
the net squared displacement (NSD) metric which measures the
squared linear distances between the location of an individual
taken as a reference and each subsequent location (Turchin,
1998). Theoretically, plotted NSD curves of migrants start from
a first asymptote (i.e. pre-migratory range), increase constantly
until reaching a second asymptote (i.e. post-migratory range),
then decrease again until returning to the initial pre-migratory
range. Mixed-migratory curves represent a more flexible migra-
tory pattern, allowing returning movements to end in an area
different from the one of departure (Bunnefeld et al., 2011).
While NSD curves of resident animals simply settle around an
asymptote, those of nomadic movement patterns increase con-
stantly, whereas those indicating dispersal increase until reach-
ing an asymptote (Bunnefeld et al., 2011). To classify bear

movement patterns as represented in NSD curves, we used the
model-driven routine implemented in the ‘migrateR’ R-package
(Spitz, Hebblewhite & Stephenson, 2017) to fit each observed
curve with a family of five a priori non-linear models, each
representing one of the aforementioned theoretical movement
patterns. This method allows to avoid misclassifying move-
ments at smaller spatio-temporal scales as migrations, by
imposing a priori constrictions to model fit (Spitz et al., 2017).
As a priori criteria for migratory and mixed-migratory patterns,
we imposed (1) a minimum net distance between pre- and
post-migratory ranges of 11.5 km (i.e. the mean diameter of
bears’ summer home ranges plus one standard deviation; De
Angelis, 2019), and (2) three consecutive weeks as the mini-
mum residence time within post-migratory ranges (Spitz et al.,
2017). To ease model fitting, we resampled bear locations to
one location per day (Bunnefeld et al., 2011). We checked for
consistency in the classification of movement patterns across
1000 different trials (i.e. 1000 random subsamples of daily
locations), and then visually inspected bear NSD profiles and
bear trajectories to check for spurious classifications (Appendix
S1; Spitz et al., 2017). Bears classified as mixed migrants by
the model-driven routine were reclassified as migrants if they
returned within the area of their pre-migratory ranges (see
below) after migrations (Singh, Allen & Ericon, 2016). Further
details on NSD model fitting are provided in Appendix S1. For
migrating bears, we followed Spitz et al. (2017) to discern
between pre-migratory (summer) and post-migratory (fall) loca-
tions (Appendix S1), whereas for non-migrating bears, we dis-
tinguished summer and fall locations using September 15 as a
seasonal cut-off (summer: June 15–September 14; fall: Septem-
ber 15–November 14).
We delineated summer and fall ranges as the 90% bivariate

normal kernel with reference smoothing factor (Worton, 1989;
‘adehabitatHR’ R-package, Calenge, 2015). Visual inspection
of the delineated areas showed that this metric performed bet-
ter in encompassing seasonal clusters of bear locations com-
pared to 90% Brownian bridges (Horne, Garton & Lewis,
2007) or 100% MCP. Although for migrants and mixed
migrants summer and fall ranges did not overlap regardless to
the chosen metric, BBMMs encompassed bear locations too
closely, potentially underestimating available habitat, whereas
100% MCP expectedly encompassed large portions of the
landscape actually never visited by instrumented bears. For
migrants and mixed migrants, we measured the net (i.e. the
straight-line distance between first and last migratory locations)
and the total (sum of Euclidean distances between successive
steps of the trajectory) length of the migration from summer to
fall ranges, as well as its duration; we also computed a
straightness index as the ratio between the net and the total
migration distances (Benhamou, 2004).
To provide an approximation of annual beechnuts availabil-

ity, we referred to the national masting index presented by
Ascoli et al. (2017); this index, based on kilograms of beech
seeds produced over 1736 ha of beech stands in Croatia
(1993–2015), is expressed in classes from 1 (very poor beech-
nut year) to 5 (beechnut mast year). For years later than 2015,
we retrieved information on the occurrence of mast years from
the literature (Gavranović et al., 2018; Skrbinšek et al., 2018).
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Environmental variables

To investigate environmental and anthropogenic composition in
summer and fall ranges, we used a combination of topographi-
cal, land cover and anthropogenic variables, resampled to a
common origin and to a 100 x 100 m cell size. Topographic
raster layers included digital elevation model, vectoral rugged-
ness measure and terrain slope. We used the Corine Land
Cover database (Copernicus Programme, European Environ-
ment Agency, 2012) to create seven binary raster layers indi-
cating presence (1) or absence (0) of land cover variables
related to main bear food, cover or human presence. Specifi-
cally, we included three forest variables (deciduous, coniferous
and mixed forest), shrublands (including transitional wood-
lands-scrub, abandoned orchards and fruit trees and sclerophyll
vegetation), grasslands (including meadows, pastures, moors
and heathlands), cultivated lands (including vineyards and
lands principally occupied by agriculture), unvegetated areas
(including bare rocks, and sparsely vegetated areas) and
anthropogenic land-use (urban and industrial areas, garbage
dumps, etc.). As forest edge can represent productive habitat
for bears (May et al., 2008; Ziółkowska et al., 2016), we also
created a categorical variable indicating presence (1) or
absence (0) of forest edges in each cell. We converted all bin-
ary rasters to continuous values by using a moving window
that computed, for each cell, the mean frequency of a given
category within a 400 m radius (Falcucci et al., 2009). In addi-
tion, we included a layer representing the percentage of forest
canopy in each cell, and three additional human-related vari-
ables, including Euclidean distances to feeding sites, human
settlements and paved roads. Sources and original resolution of
the aforementioned variables are summarized in Appendix S2.
Manipulation of environmental data was conducted in QGIS
(QGIS Development Team, 2014) and R-software (R Core
Team, 2016).

Statistical analysis

Following a type II study design (Manly et al., 2002), we
used the canonical Outlying Mean Index analysis (canOMI;
Darmon et al., 2011) to determine major environmental
descriptors of individual summer and fall home ranges. The
canOMI is a variation of the classical OMI analysis (Doledec,
Chessel & Gimaret-Carpentier, 2000), a multivariate approach
developed to study species niches by estimating marginality,
that is, the distance between mean habitat conditions of a spe-
cies and mean habitat conditions of the study area (Doledec
et al., 2000). In particular, we used canOMI to contrast eco-
logical, topographic and anthropogenic conditions sampled
randomly within summer or fall home ranges at a density of
10 points per km2, with average conditions within the entire
study area. Unlike classical OMI analysis, canOMI allows to
correct for possible distortions caused by disproportionately
large variances in the data (Calenge, 2006; Darmon et al.,
2012).
As a complementary approach, for each bear, we then con-

trasted habitat use between summer and fall home ranges using
a latent selection difference analysis (LSD; Mueller, Herrero &

Gibeau, 2004; Latham, Latham & Boyce, 2011). Regression
coefficients of the LSD analysis measure the strength of the
difference in the use of a given variable between different sets
of selected resource units (e.g. between seasonal home ranges,
or groups of individuals), assuming constant availability (Fis-
cher & Gates, 2005; Latham et al., 2011; Erickson, Found-
Jackson & Boyce, 2014). Specifically, we contrasted GPS loca-
tions used by bears at their fall (1) vs. summer (0) home
ranges separately for migrating and non-migrating bears, as
well as for good and poor beechnuts years, using mixed-effects
logistic regression models (function glmer in ‘lme4’ R-pack-
age). We included bear-year as random effect in all tested
models to account for the hierarchical structure of our data and
variability in sample size (Hebblewhite & Merrill, 2008). We
compared a set of five candidate models we considered biolog-
ically realistic, in addition to the global and the null models
and used Akaike Information Criterion corrected for small
sample size (AICc) to rank models (Burnham & Anderson,
2002). We assessed the amount of variance explained by each
model by computing both marginal and conditional R2 (Naka-
gawa & Schielzeth, 2013). Prior to model fitting, we checked
all variables for pairwise correlation (r ≥ |0.6|) and multivariate
collinearity (Variance Inflation Factor, VIF ≥ 3; Zuur, Ieno &
Elphick, 2010). All variables were scaled by subtracting their
mean and dividing by 1 SD to ease interpretation of the relative
strength of parameter estimates.

Results

After checking individual NSD patterns and bear trajectories,
we reclassified a bear initially classified as mixed migrant to
resident (B42.2015), and a disperser to migrant (B47.2015;
Table 2, Appendix S2). Out of 19 total bear-years, five (26%)
were classified as migrants, two (11%) as mixed migrants,
eight (42%) as residents, three (16%) as nomads and one as
disperser (Fig. 1, Table 2, Appendix S2). Migrants and mixed
migrants included three subadult males, two adult females and
two adult males. Nomadic bears included two adult females
and one adult male. Among five bears that were tracked for
2–3 consecutive years, those that migrated (n = 4 bears) did
so only in 1 year. All migrations took place in poor beechnut
years (masting index ≤2; Ascoli et al., 2017).
Migrants and mixed migrants departed from their summer

ranges between September 13 and October 18 (median:
September 25). After an average (�SD) of 37.8 � 11.1 days
spent in their fall ranges, migrating bears returned to their
departing home ranges between Oct 26 and Dec 3 (median:
November 18), whereas the two bears that engaged in mixed
migrations ended in another area, located approximately
between their summer and fall ranges (i.e. 11.5–28.0 km from
fall ranges; Table 2, Fig. 2). The actual distance travelled to
reach fall ranges by both migrants and mixed migrants was on
average 61.1 � 21.5 km, corresponding to an average net lin-
ear displacement of 26.5 � 9.7 km. Migratory travels followed
moderately straight trajectories (straightness index =
0.45 � 0.12) and lasted on average 9.7 � 4.1 days, during
which bears travelled at an average speed of 7.3 � 3.5 km/
day. On average, returning movements were shorter for both
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migrants (43.3 � 11.3 km) and mixed migrants
(42.4–49.9 km), as they generally followed straighter trajecto-
ries (straightness index = 0.57 � 0.19).
The first two axes of the canOMI analysis for summer and

fall ranges accounted for 69% and 68% of the marginality in
the data, respectively (Fig. 3a,b). At the landscape scale, envi-
ronmental variables within seasonal home ranges were not
clearly distinct between migrating and non-migrating bears
(Fig. 3). For most bear-years (n = 14), summer home ranges
were mainly associated with abundance of coniferous and
mixed forests, high tree cover density, closer distances to roads
and supplemental feeding sites (Fig. 3c). For two bears (B41,
B42), summer home ranges were further from both roads
(1 � 0.7 km) and feeding sites (9.1 � 4.1 km), with higher
cover of deciduous forest and grasslands relative to the study
area (Fig. 3c). During fall, home ranges were characterized by
further distances to human settlements, abundance of conifer-
ous and mixed forests, or by deciduous cover, or by grasslands
and forest edges (Fig. 3d).
During poor beechnut years, the top-ranked model differenti-

ating habitat use by migrating bears in pre- and post-migration
ranges was the global model (AICcw = 1, Table 3), whereas
the ‘feeding’ model was the top-ranked for non-migrating bears

(AICcw = 0.69, Table 3). The global model was the top-ranked
also for good beechnut years (AICcw = 0.72, Table 4).
Consistently across years and migratory behaviour, bears

within fall ranges were on average more likely to use decidu-
ous cover and less grasslands relative to summer, while keep-
ing further distances to settlements (Table 5).
During poor beechnut years, migrating bears at fall ranges

switched from higher (806.2 � 85.8 m) to lower altitudes
(711.3 � 166.3 m). Bears were more likely to use areas with
less cultivated lands, further from feeding sites and roads rela-
tive to summer. They also used less mixed forest, while
increasing use of areas with lower tree cover density, forest
edges and shrublands. Non-migrating bears were closer to sup-
plemental feeding sites and roads, and switched from lower
(765.4 � 119.4 m) to higher altitudes (796.6 � 118.4 m) rela-
tive to summer (Table 5).
In good beechnut years, when no bears migrated, bears in

the fall bears switched from higher (875.14 � 219.7 m) to
lower altitudes (864.8 � 264.6 m) relative to summer, increas-
ing their use of deciduous cover (mainly represented by beech
forests above 800 m). Bears were also more likely to use areas
that were steeper, closer to roads, with more forest edges, and
less shrublands as compared to summer (Table 5).

Table 2 Classification of individual movement modes indicated by best-fitting non-linear Net Squared Displacement models, chosen based on

the Akaike Information Criterion (AIC)

Bear.year Sex Age Moda MIb Startc Endd Net Dis (km)e Migr Dis (km)f Dur (days)g Roam (days)h Si

B46.2015 M 2 Migr 1 18-Oct 3-Dic 38.3 88.0 33 16 0.44

B42.2014 M 13 Migr 1 14-Sep 26-Nov 26.1 73.8 57 13 0.35

B48.2017 F 4 Mix Poor 30-Sep 11-Nov 30.9 44.6 32 6 0.69

B99.2010 F Adult Mix 2 19-Sep 26-Oct 24.2 69.9 26 6 0.35

B41.2014 M 5 Migr 1 13-Sep 31-Oct 38.8 82.1 35 7 0.47

B30.2004 M 3 Migr 2 25-Sep 26-Nov 12.7 25.9 44 14 0.49

B47.2015 M 2 Migr 1 09-Oct – 14.3 43.2 – 6 0.33

B44.2015 M 4 Disp 1 29-Nov – 13.5 – – – –
B42.2015 M 14 Res 1 – – – – – – –
B40.2012 F 4 Nom 2 – – – – – – –
B99.2011 F Adult Nom 3 – – – – – – –
B52.2016 M 8 Nom Good – – – – – – –
B40.2013 F 5 Res 5 – – – – – – –
B40.2014 F 6 Res 1 – – – – – – –
B48.2016 F 3 Res Good – – – – – – –
B41.2013 M 4 Res 5 – – – – – – –
B55.2017 F Subadult Res Poor – – – – – – –
B43.2015 M 5 Res 1 – – – – – – –
B54.2017 M Adult Res Poor – – – – – –

Information on bear sex, age and year of GPS-tracking are reported. Start and end of migration movements were derived from selected non-lin-

ear models.
a

Movement mode: Migr, migrant; Mix, mixed migrant; Disp, disperser; Nom, nomadic; Res, resident.
b

Masting index from 1 (no beech mast crop) to 5 (rich beech mast crop; Ascoli et al., 2017); for years 2016 and 2017, an indication was retrieved

from literature (Gavranović et al., 2018; Skrbinšek et al., 2018).
c

Starting date of migration or dispersal movement.
d

Date of return to pre-migratory range (for migrants) or to an area located halfway between pre- and post-migration ranges (for mixed migrants).
e

Straight-line distance between the first and last location of migrating trajectories.
f

Total length of migrating trajectories.
g

Approximate permanence at post-migration ranges.
h

Approximate duration of migratory movements.
i

Trajectory straightness index.
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Discussion

We hereby described previously unreported migratory move-
ments of Dinaric-Pindos brown bears between disjunct seasonal
home ranges. Taken together, the seasonality of bear round-
trips, the distances at which they occurred, the straightness of
travel trajectories, the duration of consecutive permanence at
post-migratory ranges, and the relatively high proportion of
migrating bears, all provide evidence that the observed move-
ments were not occasional, extra home-range forays. Rather,
they represent strategic displacements to disjunct areas, argu-
ably linked to deteriorated conditions within summer ranges
that may correspond to a locally decreased accessibility and
profitability of key autumnal foods during hyperphagia. The
movements we observed have all characteristics of seasonal
migrations and can be ascribed to partial (i.e. carried on only
by a fraction of the population) and facultative (i.e. not occur-
ring every year) to-and-from migratory patterns (Dingle &
Drake, 2007).
Brown bears have high behavioural plasticity and are known

to adjust their space-use patterns on a seasonal basis, selecting
areas opportunistically based on local abundance of key food

(Leland & Miller, 1980; Nielsen, Boyce & Stenhouse, 2004;
Munro et al., 2006; Ciucci et al., 2014; Pop et al., 2018b).
For example, grizzlies in Canada can perform short-distance
drifts of annual and seasonal home ranges, showing low site
fidelity where quality habitats are spatiotemporally heteroge-
nous and productivity is low (Edwards et al., 2009). Brown
bears have been also reported to move seasonally across altitu-
dinal gradients, in Yellowstone (Servheen, 1983) and in the
Carpathians (Pop et al., 2018a). However, seasonal round-trips
between non-overlapping home ranges have been rarely
described in this species, with few exceptions (Barnes, 1990;
Cozzi et al., 2016).
Migrating behavioural types have been already observed

among brown bears in Turkey, where ‘wild’ bears travelled
long distances to areas richer in oak trees during late summer
in contrast to individuals feeding on a garbage dump that
remained resident throughout the year (Cozzi et al., 2016).
However, bears in our study did not migrate every year, sug-
gesting that seasonal migration represents a facultative beha-
viour alternative to residency, rather than being performed only
by one fixed behavioural type. Similar plasticity is common
also in other species (Chapman et al., 2011a). American black

Figure 1 Location of the study area in Europe (a) and individual migratory movement patterns of 7 brown bears (2 females and 5 males)

between disjunct summer and fall home ranges (90% kernel) (b)
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bears in Minnesota can migrate when more abundant resources
are available outside habitual home ranges (Noyce & Garshe-
lis, 2011), whereas elk (Cervus elaphus) in Scandinavia
switched between seasonal residency and migration in relation
to age and population density (Eggeman et al., 2016). Other
examples of partial and facultative migrations can be found
also in other taxa, from fishes (Skov et al., 2011) to amphib-
ians (Grayson, Bailey & Wilbur, 2011). Unfortunately, due to
small sample size and limited number of monitored years, we
could not investigate whether intrinsic factors, such as age
class or sex, influenced individual likelihood to migrate in a
given year. Nevertheless, we classified as migrants (or mixed
migrants) bears of both sexes and age classes, which is consis-
tent with what observed in other migrating bear populations
(Noyce & Garshelis, 2011; Cozzi et al., 2016). However, con-
trary to our hypothesis, bears in our study migrated exclusively
during years of poor beechnut crop. Abrupt long-distance dis-
placements are energetically expensive, and individuals might
opt to switch from residency to migration only in response to
local environmental or social cues, possibly indicating scarcity
of key seasonal food within normal ranges or abundance of
better foods elsewhere (Dingle & Drake, 2007; Noyce &
Garshelis, 2011, 2014). Similar to previous studies on bear
seasonal migrations (Noyce & Garshelis, 2011; Cozzi et al.,
2016), bears in our study area remained within disjunct fall
home ranges for more than one consecutive month, which may
be a period long enough to allow bears profiting of resources
that might be locally abundant. When available, beechnuts rep-
resent the main source of energetic intake for Dinaric-Pindos
bears during hyperphagia (Cicnjak et al., 1987; Kavčič et al.,

2015). When beechnuts fail, bears in our study area may dis-
place through migration to areas featuring more productive for-
est (Clevenger, Purroy & Pelton, 1990), or where they could
possibly complement their diet with a richer and more diversi-
fied food base compared to pre-migration ranges. In fact, com-
pared to summer home ranges, most bears migrated to areas at
lower altitudes featuring either deciduous forests, or forest
edges and shrublands. Such characteristics are likely associated
with presence of forbs, fruits and berries, such as raspberry
(Rubus idaeus), bramble (R. fruticosus), common buckthorn
(Rhamnus cathartica) and blueberry (Vaccinium myrtillus),
which can ripen during late summer in the forest, in meadows,
in abandoned orchards and along fields and likely represent
important complementary food for bears during poor, when no
bears migrated, nut years (Cicnjak et al., 1987; Kusak &
Huber, 1998). However, fine-scale data on beech productivity
were not available and we failed to identify environmental
conditions distinguishing univocally summer and fall ranges
for migrating and non-migrating bears at the landscape scale.
Further studies should therefore gather detailed data on forest
productivity and finer-scale information on habitat composition
to unveil factors influencing the bear migrations we revealed
and their differential habitat use.
Within fall home ranges migrating bears on average

increased their distances to supplemental feeding sites relative
to the summer, which suggests that supplemental food was
unlikely the target of bear migrations, also because feeding
sites are largely present throughout the study area. On the
other hand, increased proximity to supplemental feeding sites
was the most important variable differentiating summer and
fall habitat use for non-migrating bears during poor mast years.
We speculate that supplemental feeding might have an indirect
effect on migrations, strictly subject to individual experiences,
for example, due to potential encounters with conspecifics
around these sites. Elfström et al. (2014) suggested that sup-
plemental feeding might exacerbate a despotic redistribution of
bears, with larger more dominant bears exploiting feeding sites
and less dominant individuals forced to move to other areas.
The distinction among migrating and non-migrating bears
linked to the use of a concentrated anthropogenic food source
during hyperphagia has been already described (Cozzi et al.,
2016). Thus, we can also speculate that increased bear densi-
ties around supplemental feeding sites might lead to intra-
specific competition, causing the exclusion of subordinate indi-
viduals from high-quality resources and, in turn, their seasonal
displacements (Smulders et al., 2012; Elfström et al., 2014;
Morehouse, 2016). This might occur especially during years of
poor mast yield, when the average number of bears seen at
feeding sites increases (Bišćan et al., 2019; Appendix S2).
Close inspection of bear GPS locations within 300 m from
feeding sites indicated that during years of poor beechnut crop
six over nine non-migrating bears used supplemental food, in
contrast to only three out of seven bears that eventually
migrated. If confirmed, this mechanism could have important
implications for bear management, as supplemental feeding is
also largely used to lure bears away from undesired places (i.e.
diversionary feeding), although its efficacy is still debated
(Kavčič et al., 2013; Garshelis et al., 2017). In this context,
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Figure 2 Net squared displacement (NSD) profiles of the 13 Dinaric-

Pindos bears (19 bear-years) captured in Croatia and Bosnia and

Herzegovina (2004–2017) and included in our study. Seven bear-years

were classified as migrants or mixed migrants (red), whereas twelve

were non-migrants (black). Dashed lines indicate local regression

(LOESS) of NSD values (and 0.95 CI) for migratory (red) and non-

migratory (black) bears.
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Summer Fall

(a) (b)

(c) (d)

Figure 3 The scores of the habitat variables along the two first factorial axes of the canonical Outlying Mean Index analysis, contrasting

environmental conditions within individual summer (a) and fall (b) home ranges and average environmental conditions in the study area. The

bottom row shows the recentred marginality vectors of migratory (red arrows) and non-migratory (black arrows) individuals on the first factorial

plane of the analysis for summer (c) and fall (d). Arrows length indicates how much the average conditions within each individual home range

differ in respect to average conditions in the study area. In the inlet histograms, black bars indicate the amount of marginality accounted for by

the two first factorial axes of the analysis. ‘elev’, elevation; ‘slope’, terrain slope; ‘vrm’, vectorial ruggedness index; ‘broad’, deciduous forest;

‘conif’, coniferous forest; ‘mixed’, mixed forests; ‘tcd’, tree canopy density; ‘settlm_d’, distance to settlements; ‘road_d’, distance to paved

roads; ‘feeds_d’, distance to supplemental feeding sites; ‘agric’, cultivated lands; ‘edgeF’, forest edge; ‘grass’, grasslands; ‘shrubs’, shrublands;

‘human’, anthropogenic land-use; ‘open’, unvegetated areas.
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our findings show that, through the mechanism described
above, bears could actually displace long distances from areas
where supplemental feeding is heavily practised. Thus, supple-
mentary feeding aimed at confining bear presence within cir-
cumscribed areas might have unpredicted effects on the
movement patterns of less dominant individuals.
The fact that partial migrations have never been reported for

other bear populations living in comparable relatively well-con-
nected and low human-dominated regions of Europe (e.g.
Scandinavia) might be linked to among-population differences
in food habits, as bears living in boreal forests and tundra
biomes feed extensively on green vegetation, vertebrates and
invertebrates (Bojarska & Selva, 2012), which are supposedly
subject to less extreme year-to-year variation. Moreover, differ-
ing levels of habitat heterogeneity may influence the distances
bears travel between seasonal quality habitats, as animals tend
to travel longer distances in poorer landscapes (Edwards et al.,
2009; Teitelbaum et al., 2015) or, during hyperphagia, where
unusually rich concentrations of food are found at longer dis-
tances from home (Noyce & Garshelis, 2011). Net distances
separating pre- and post-migratory home ranges were about a
third as long as those of migrating bears in Turkey (Cozzi
et al., 2016), possibly indicating that food-rich patches were
relatively more abundant across our study area, which is

reported to have good availability and diversity of both sum-
mer and fall resources for bears (Kusak & Huber, 1998). In
Europe, increases in autumnal movements have been reported
for bears in the Carpathians (Pop et al., 2018a) and in Greece
(Mertzanis et al., 2005). In particular, Clevenger, Purroy &
Pelton (1990) reported fall long-distance movements of a
female bear in the Cantabrian mountains moving towards more
productive beech forests during a year of mast failure, which
corroborates our results. Indeed, we suspect that movement
patterns similar to those observed in our study might occur
also in other brown bear populations but have never been
addressed, perhaps because they involve fewer individuals,
occur on smaller scales or across altitudinal gradients (Servh-
een, 1983; Pop et al., 2018a).
To summarize, Dinaric brown bears show a complex, flexi-

ble behavioural trait such as partial and facultative migration,
involving seasonal movements between functional areas where
they are likely to increase their foraging opportunities in years
of poor beechnuts production (Edwards et al., 2009; Smulders
et al., 2012; Noyce & Garshelis, 2014; Cozzi et al., 2016).
Other factors may contribute to trigger the observed movement
patterns, including fine-scale variation in resource availability
and possibly disturbance linked to human activities (e.g. inten-
sity of supplemental feeding). Due to small sample size and

Table 3 Full set of competitive mixed-effect logistic regression models fitted to contrast habitat selected by migrant or non-migrant individual

bears at fall (1) versus summer (0) ranges, during years of poor beechnut production

Model Fitted Variables Ka AIC ΔAIC W R2
c R2

m

Migrating bears Full Elev + Broad + Mixed + Settlm_d +
Road_d + Slope + Feeds_d + Agric +
EdgeF + Grass + Shrubs + TCD

14 7566.2 0 1 0.72 0.53

Refuge Elev + Broad + Mixed + Settlm_d + Road_d + Slope

+ Feeds_d + Agric + TCD

11 7665.2 99.0 0 0.71 0.53

No Feeding

Sites

Elev + Broad + Mixed + Settlm_d + Road_d + Slope

+ Agric + EdgeF + Grass + Shrubs + TCD

13 7818.2 252.0 0 0.64 0.50

Feeding Elev + Broad + Mixed + Settlm_d +
Road_d + Feeds_d + EdgeF + Grass + Shrubs

11 8218.6 652.5 0 0.68 0.46

Expert Elev + Broad + Mixed + Settlm_d +
Road_d + Feeds_d + EdgeF + Shrubs

10 8274.9 708.7 0 0.67 0.45

Base Elev + Broad + Mixed + Settlm_d + Road_d 7 8656.8 1090.6 0 0.52 0.38

Null 1 2 10 957.8 3391.6 0 0.11 0

Non-migrating

bears

Feeding Elev + Broad + Settlm_d + Road_d +
Feeds_d + EdgeF + Grass + Shrubs

10 13 052.8 0.00 0.69 0.57 0.33

Full Elev + Broad + Settlm_d + Road_d +
Slope + Feeds_d + EdgeF + Grass + Shrubs

11 13 054.5 1.63 0.31 0.57 0.33

Expert Elev + Broad + Settlm_d + Road_d +
Slope + Feeds_d + TCD

9 13 065.0 12.2 0 0.54 0.32

Refuge Elev + Broad + Settlm_d + Road_d +
Feeds_d + EdgeF + Shrubs

9 13072.7 19.9 0 0.53 0.31

No Feeding

Sites

Elev + Broad + Settlm_d + Road_d + Slope + EdgeF

+ Grass + Shrubs

10 13 400.3 347.4 0 0.18 0.13

Base Elev + Broad + Settlm_d + Road_d 6 13 411.7 358.9 0 0.14 0.11

Null 1 2 14 103.7 1050.8 0 0.01 0.00

The top-ranked models based on the Akaike Information Criterion corrected for small sample size (AICc) are shown in bold. AICc weights (W),

and both conditional (R2
c) and marginal (R2

m) R
2 are reported.

All models were fitted with individual bear as a random effect.
a

K, Number of fitted parameters in the corresponding model.

Journal of Zoology �� (2021) ��–�� ª 2021 The Zoological Society of London 9

D. De Angelis et al. Dinaric-Pindos bear seasonal migrations



other inherent limitations of this study, further studies are
needed to further support our findings, as well as to better
understand the relationship between habitat productivity, sup-
plementary food, human activity, and bear social and spatial
dynamics, as these have important implications for the man-
agement of both brown bears and their landscape. Based on
our findings, we deduct that current levels of landscape con-
nectivity across the study area are functional and plays a fun-
damental role in supporting the observed long-distance
movement patterns (Kusak et al., 2009); these, on the other
hand, seem an important plastic behavioural response that
allow a significant portion of this bear population to track spa-
tio-temporal variation in resource distribution and accessibility.
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Ziółkowska, E., Ostapowicz, K., Radeloff, V.C., Kuemmerle, T.,
Sergiel, A., Zwijacz-Kozica, T., Zięba, F., Śmietana, W. &
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