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Abstract

Background Limited information exists on the active role of females during mate searching. Theory primarily focuses
on male reproductive behaviours, suggesting male distribution follows that of females, while female distribution

is influenced by food resources and habitat. This approach might underestimate the females'role in shaping mating
strategies. Incorporating a female perspective into mating studies can enhance our understanding of evolutionary
factors.

Methods Using GPS data from brown bears Ursus arctos across Finland, Romania and Slovakia, we explored female
movement behaviour during the mating period. First, we estimated movement speed, total distance and net distance
at a daily scale. Then, we quantitatively described when the movement peaks occur by estimating two critical points
of the functions described by each of the aforementioned movement parameters: (1) the point in time when the rate
of change in brown bear movement behaviour is the highest; and (2) the point in time when each aspect

of brown bear movement is most pronounced. We quantified temporal variations in male and female movements
throughout the year using generalized additive mixed models, while we used linear mixed models to assess the
relationship between peak movement parameters, bear sex and population.

Results Our findings identified two overlooked behaviours: (1) male and female movement parameters showed
the highest rate of change during the mating season, challenging the notion of male roaming as the primary mating
strategy; and (2) females travelled the longest distances during the mating season, potentially seeking high-quality
mates. This behaviour aligns with the strategy of engaging in copulations with multiple males to avoid infanticide.

Conclusions Our study reveals novel insights into the active role of female brown bears in mating strategies,
challenging traditional male-centric views. These results support the need for detailed investigations into female
behaviours across mammalian taxa, which offer potential to advance our understanding of mammalian social

and mating systems. Local differences also underscore the importance of social and ecological conditions to explain
variation in the female role in mating strategies.
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Introduction

In recent decades, there has been increasing interest in
understanding mating system dynamics and strategies
from the female perspective across various taxa,
including mammals, birds, fish and amphibians [1-6].
Although considerable attention has been dedicated
to female mate choice in mammals [1, 4, 6, 7], there is
still limited information available regarding the spatial
components of the active role of females during mate
searching. Despite potential explanations for female
mammal mating tactics being derived from direct
benefits resulting from female preferences [6, 7], studies
typically focus on male reproductive behaviours and
strategies, as males generally exhibit more variation
in reproductive success than females [4, 8]. As an
example, when spatial associations between the sexes
are recorded during the mating season, the common
male-focused perception and conclusions are often that
males are in the same location as females, and not vice
versa [6, 8, 9]. This aligns with the idea that males move
to areas where females occur, with no mention of what
the females do. A widespread viewpoint suggests that
male distribution largely follows that of females, whereas
female distribution during the mating season is primarily
determined by food resources and optimal habitat [10-
12]. However, this approach might underestimate the role
of females in shaping the mating system of a species [6].

Incorporating a female perspective in studies on mating
may enhance our understanding of factors that influence
the evolution of different mating strategies. For example,
recent developments in sexual selection research have
been driven by a more detailed exploration of female
influences on mate choice and increased emphasis on
interactions between the sexes [1, 3]. Specifically, it is
now recognised that females across diverse animal taxa
typically mate with more than one male per mating
season [13, 14], with potentially significant implications
for the evolution of both male and female reproductive
strategies [3].

Scramble competition, which involves competitive
searching for mates, has traditionally been viewed
as a complementary or alternative male mating
strategy to contest competition, particularly when
receptive females are spaced widely and dispersed
unpredictably [9, 15]. From the perspective of scramble
competition in solitary species, spatial associations
between males and females are often attributed to
males moving towards areas where females are located

[9]. This scenario seems to play a major role in those
animal societies where males do not offer paternal
assistance and females are both spatially dispersed and
reproductively synchronised, making them challenging
to monopolise [9]. However, despite being frequently
overlooked in the past, evidence exists for female
mammals competing for access to mates [3]. Mate
searching has thus been recognised as a powerful driver
of changes in animal behaviour during the reproductive
season. One such behavioural change is the alteration
of movement patterns of individuals during mate
searching, such as roaming to find receptive mates, as
documented in many species [16—19].

Brown bears Ursus arctos are typically considered as
a solitary, non-territorial species, with promiscuous
adult females exerting some control over mating acts
and partner choice [20-22]. During a breeding season,
which generally occurs between early spring and early
summer [21, 22], females typically mate with multiple
males [23] and have been observed initiating mating on
occasions [23, 24]. The apparent success of larger, older
or more aggressive male brown bears may partly be
explained by female choice for these traits as indicators
of genetic quality [25]. The spatiotemporal distribution
of receptive females is a critical factor shaping the
mating system of animal species [4, 26-29], which
explains why brown bear males range widely in search
of estrous females during the mating season [20, 23]. It
is frequently assumed that, whereas male reproductive
success is primarily limited by access to females
[23], female success is generally limited by access to
resources [30]. However, home ranges of brown bears
are larger for both males and estrous females during the
mating season than later on in the year [31, 32], likely
to increase mating opportunities. Furthermore, specific
female movement patterns during and after the mating
season, coupled with multi-male copulations, are
recognised as a strategy to reduce the risk of infanticide
of cubs the year after the mating season [30, 33]. Given
the necessity to mate with multiple males to exploit
male uncertainty of paternity and thus decrease the
risk of infanticide, actively searching for mates rather
than passively waiting for roaming males might be one
of the most effective female strategies. Additionally,
during the mating season, adult female brown bears
also exhibit an active role in chemically marking their
presence on rubbing trees [34]. These findings suggest
that females employ their own reproductive tactics to
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maximise fitness, both in terms of finding high-quality
males and reducing cub mortality, suggesting a more
active role in mate searching than previously assumed.

Utilising GPS data collected from brown bears of two
European populations (Karelian and Carpathian) in three
countries (Finland, Romania and Slovakia), we aim to
move a step forward in our understanding of adult female
mating behaviour by using the tools offered by movement
ecology. We explored two key questions: (1) when do
adult female and male brown bears experience their peak
in movement parameters, characterised by the highest
rate of change and maximum values in movement
parameters, within the year?; and (2) are adult male and
female movement peaks an intrinsic trait of the brown
bear or are they also influenced by local conditions
[31]? In the context of mammalian mating strategies,
particularly the encounter theory [35], which suggests
that increasing daily displacements improves the chance
of encountering receptive mates, we hypothesise that
adult females may exhibit active movement behaviours
during the mating season, potentially leading to increased
encounters with different mates.

Methods

Radio-tracking procedures

Between 2002 to 2021, 66 adult brown bears (28 males
and 38 females) from three brown bear European
areas (i.e., Finnish and Russian Karelia, n=28 (11
males and 17 females); eastern and southern parts of
the Romanian Carpathians, n=19 (5 males and 14
females); north-central Slovakia, n=18 (13 males and
7 females), were captured and equipped with GPS
collars that monitored their movements from spring
until they entered the winter den (mean Day of the Year
(DOY) £SD =200+ 26,12; range=91-319; see also [33].
Brown bears data were therefore collected during the
mating and the hyperphagia periods. In cases where data
from both periods were unavailable for some individuals,
we sub-sample the dataset by selecting only the bears
for which data from both periods were available. After
re-running the analyses, the results remained consistent
(not shown here). Based on the general life cycle of this
species [21, 22], the mating season (i.e., when individuals
focus on reproductive activities) typically occurs from
late spring to early summer (around Day of Year 91-212),
whereas the hyperphagia period (i.e., when the primary
focus shifts to intensive feeding in preparation for
hibernation) occurs in late summer through autumn (Day
of the Year 213-318). Given that these periods can vary
across geographic regions and even among individuals
due to temporal changes in environmental conditions, we
did not pre-define these periods. Instead, we examined
intra-annual variation in movement behaviour to avoid
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categorising behaviours a priori. Upon capture, either
from blinds at temporary bait sites (Finland) or using
culvert traps (Romania and Slovakia), we determined
the sex of each bear, weighed them, and classified them
as adults if they were older than 5 years [36—38]. Due to
variations in bear physiology and body fat levels, sedative
doses were adjusted seasonally. The drug dosages
included a mixture of medetomidine (50 mg/kg) and
ketamine (2 mg/kg), tailored to the bear’s size [39]. In late
summer and early autumn, dosages were increased by 25
to 50%, and longer needles were used to accommodate
higher body fat levels [40].

Finnish bears were fitted with GPS collars (Televit,
Lindesberg, Sweden; Vectronic Aerospace, Berlin,
Germany; for more information, see [41]). Romanian
bears were equipped with GPS-GSM collars (Vectronic
Aerospace, Berlin, Germany), and Slovakian bears were
fitted with GPS-GSM collars (Vectronic Aerospace,
Berlin, Germany) [33]. The weight of the collars
represented from 0.2% to 2% of the body weight of adult
bears. No negative effects were observed during bear
captures and tracking procedures.

The GPS collars were calibrated to continuously track
brown bears, and for the purpose of this study, we used
locations collected every 2 h (see [42] for more details).
This allowed collecting a total of 69,476 locations,
distributed thusly among countries: 13,655 locations
for Finland (males=5,911 locations; females="7,744
locations), 13,382 for Romania (males=3,782 locations;
females=9,600 locations) and 42,439 for Slovakia
(males=25,380 locations; females=17,059 locations).
Signals from the satellite collars were recorded by the
ARGOS satellite system (http://www.cls.fr). We recorded
the positional dilution of precision (PDOP) value for
all 3-D fixes and the horizontal dilution of precision
for 2-D fixes. Following the method developed by [43],
we excluded all 2-D fixes (8% of the locations), thus
removing large location errors [44].

Movement path analyses and critical points

First, to study the dynamics of male and female brown
bear movement behaviour throughout the year, we
estimated the following three movement parameters
at a daily scale: (1) movement speed (v), dividing the
step distance by the time interval between successive
locations; (2) the total distance (tof), based on the gross
distance travelled by each individual each day; and (3) the
net distance (net) between the initial position and final
position each day. Total distance reflects the actual path
taken by an individual, offering a detailed understanding
of how much individuals move on a finer scale. In
contrast, net distance represents how far individuals
move away from a specific point. Together, these two
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metrics provide complementary information on animal
movement patterns.

Second, we quantitatively described when the peaks in
brown bear movement behaviours occur by estimating
two critical points in time of the functions described
by each of the aforementioned movement parameters,
ie. f(v), f(net), and f(total) (Fig. 1): (1) the day when
the maximum of the first derivative of each movement
parameter takes place (k; for a graphical representation,
see Fig. 1B), which indicates the point in time when
the rate of change in brown bear movement behaviour
is the highest; (2) the day when the maximum value of
each movement parameter occurs (max; for a graphical
representation, Fig. 1C), which indicates the point in
time when a certain aspect of brown bear movement
behaviours are most pronounced. Whereas k focuses
on the highest rate of change of brown bear movement
behaviour at a specific point in time, max refers to the
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maximum movement value at a specific point in time
attained by the function as a whole. These two critical
points thus provide diverse and valuable information for
understanding the dynamics of movement behaviour and
how they change according to different factors, like the
sex of individuals, for the specific purpose of our study.
We acknowledge that other studies have used other
movement metrics such as home range size [31],
tortuosity [10], or the mean/median of movement
parameters in different seasons [19]. While these metrics
are effective for specific study contexts, our selected
metrics provide complementary insights. For example,
range size captures space use over extended periods
but may overlook daily variations that are critical for
identifying periods associated with high rates of changes
in movement behavioural states. Similarly, tortuosity or
linear persistence offers a focused view on directional
tendencies but does not quantify the overall extent or
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Fig. 1 Effect of the smooth term DOY (s(Day of the Year)) for each level of sex (A: males; B: females), after accounting for the random effect of year,
on brown bear speed (m/s), net distance (m) and total distance (m). The solid lines represent the predicted variation of each response variable
with DOY, while the dashed lines indicate the confidence intervals. Since the response variables were modelled using a Gamma family with a log
link, the estimates on the Y-axis are on a log scale. Data were collected in three European areas (Finnish and Russian Karelia, eastern and southern
parts of the Romanian Carpathians, and north-central Slovakia) from 2002 to 2021. The transition date between the mating period, which typically
occurs from late spring to early summer (DOY 91-212), and the hyperphagia period, which occurs in late summer and autumn (DOY 213-318),

is based on the general life cycle of brown bears [21, 22]
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intensity of movement. By identifying the timing when
the highest rate of change, and the maximum movement
value, of brown bear movement behaviour occur, our
metrics adds a finer temporal resolution and focuses
on capturing potential episodic behaviours that may be
obscured in broader measures such as seasonal medians
or range sizes.

Statistical analyses
First, for each movement parameter (i.e., speed, net and
total distances), we built a flexible function to describe
how adult male and female movement behaviours vary
throughout the year. For each movement parameter,
we fitted a separate generalised additive mixed model
(GAMM) and included the interaction between the day of
the year (DOY) and the sex as a smoothing variable using
the default thin-plate regression spline in the GAMM4
package in R [45, 46], to allow the relationship to be
nonlinear, i.e., the smoothing functions f(v), f(net), and
f(total) of male and female brown bears, throughout
the year, could potentially take any shape [45]. The goal
of these GAMMSs models was to test the seasonality of
male and female movement behaviours as a first step to
then identify our key response variables, i.e. the timing
of significant changes in movement dynamics. For doing
so, we used the smoothing functions f(v), f(net), and
f(total) of male and female brown bears, throughout
the year to determine the day of the year (DOY) when
brown bears exhibit the highest rate of change (k) in their
movement parameters, as well as the DOY when they
reach their maximum values (max). Because movement
parameters (i.e., speed, net and total distances) showed
skewed and leptokurtic distributions, they were modelled
as a Gamma-distributed response variable. When adding
the non-linear effects, we always checked the effective
degrees of freedom (EDF) of the variables. Those
variables showing an EDF<2 were otherwise included
as a linear effect [45, 46]. To account for any potential
bias due to differences in the number of observations
collected among years and areas, we included the year
ID as random factor. Although Slovakian and Romanian
bears belong to the same Carpathian population, we
treated them as two separate areas in the analyses due
to differences in conservation status, management,
hunting policies, landscape characteristics, and land
use [47]. Finally, we used a Kolmogorov—Smirnov test
to additionally compare whether the distribution of
the movement parameters (i.e., speed, net and total
distances) when these two critical points (i.e., kK and max)
occurred was actually different from the distribution of
movement values across all days with location fixes.
Second, to study whether, and to what extent, the day
when brown bears experience their peak in movement
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parameters, characterised by the highest rate of change
(k) and maximum values (max) in movement parameters,
within the year, depended on the bear sex and country,
and after confirming that normality assumptions were
met, we further built separate linear mixed models
(LMMs) using the lme4 package [48]. We treated k
and max of each movement parameter as normally
distributed response variables, with the sex, the country
and their interactions as the explanatory variables. As
the number of males and females was unbalanced in the
different areas, we also included the area and the sex as
a nested random factor. Initially, we also included year
as a random factor to account for any other potential
influential factor varying with year that could otherwise
be overlooked. However, due to problems with model
convergence, we removed last year as a random factor. All
models were evaluated by checking diagnostic plots, and
their performance was assessed by estimating R-square
values. All analyses were performed using R 4.0.4 [49].

Results

Both male and female brown bears showed a marked
seasonal pattern in movement behaviour, as revealed by
the GAMMs (Fig. 1A and Table 1). As visually discernible
(Fig. 1), whereas male brown bears typically showed

Table 1 GAMM coefficients for speed (m/s), net distance (m)
and total distance (m) against the smoother term Day of the Year
(DOY) for each sex of brown bears studied in in three European
areas (Finnish and Russian Karelia, eastern and southern parts of
the Romanian Carpathians, and north-central Slovakia) from 2002
t0 2021

Dependentvariable B SE t-value p-value
Speed (m/s) Intercept 1473 0.099 14.83 <2e-16
edf F p-value
s(DOY): adult 7.709 56.97 <2e-16
females
s(DOY): adult 8.368 73.39 <2e-16
males
Net distance (m) B SE t-value p-value
Intercept 7491 0.114 6587 <2e-16
edf F p-value
s(DOY):adult ~ 8.581 15.45 <2e-16
females
s(DOY): adult 5.851 12.23 <2e-16
males
Total distance (m) B SE t-value p-value
Intercept 8.214 0.186 44.16 <2e-16
edf F p-value
s(DOY):adult  8.034 25.29 <2e-16
females
s(DOY):adult  7.608 37.08 <2e-16
males
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a single peak corresponding to both the highest rate of
change and the maximum value of speed, net distance
and total distance (Fig. 1B), females generally showed
two different peaks (Fig. 1C). The differences in the
distribution of movement parameters at the day when the
highest rate of changes took place (statistically different
for speed: D=0.06, p-value=0.005 and total distance:
D=0.20, p-value=0.007; but not for mnet distance:
D=0.15, p-value=0.17), and at the day when the
maximum value of movements occurred (speed: D=0.32,
p-value <0.0005; total distance: D=0.53, p-value < 0.0005;
net distance: D=0.20, p-value=0.007), supported the
GAMMs results (Table 1) and the visual inspection
(Fig. 1) of brown bears showing distinct movement
patterns during these two critical points compared to
the distribution of movement values across all days with
location fixes.

The day when the highest rate of change in movements
took place was not significantly different for males and
females (Fig. 2A; Table 2). Both sexes similarly increased
their movement activities at the same time of the year
(Table 2), corresponding to the mating season. We found
a similar pattern for the day when the maximum value of
movements took place (Fig. 2B; Table 2, Table 3).

Additionally, although the day when the highest rate of
change in brown bear movement behaviour was similar
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across all three brown bear populations (Fig. 2A; Table 2),
it tended to correspond with the abiotic gradient among
the areas, with brown bears showing the highest rate of
change later at the southernmost sites. Moreover, the
maximum value for Finnish brown bears occurred earlier
in the year, generally aligning with the mating season
(Fig. 2B; Table 2). In contrast, Romanian and Slovakian
brown bear females travelled the maximum net and total
distances later in the year, during the hyperphagia period,
compared to males (Fig. 2B). Overall, these results
suggest that local conditions also influenced the day
when both the highest rate of change and the maximum
value of the movement parameters occurred.

Discussion

When exploring the movement patterns of adult female
brown bears within the year, we have identified that, as
it is the case for males, one of the highest rates of change
in the female movement patterns occurred during the
mating season, suggesting that adult females may play a
more active role in searching for males than previously
thought. This indicates that it may not necessarily be
true that brown bear males are the only (or prevailing)
roaming-to-mate sex. Indeed, the highlighted patterns
of bear movements, with males showing a peak in speed
and distance during the mating season while females
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Fig. 2 Plots showing the variation of: A k, the point in time when the rate of change in brown bear movement behaviour was the highest; and B
mayx, the day when the maximum value of each movement parameter occurred, of each movement parameter across the sex and the areas (light
blue =Finnish and Russian Karelia; yellow = eastern and southern parts of the Romanian Carpathians; pink=north-central Slovakia). There were

no differences between sexes or areas for k and max. DOY, day of the year
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Table 2 Model coefficients of linear mixed models (LMMs), treating k, i.e. the point in time when the rate of change in brown bear
movement behaviour was the highest; and mayx; i.e. the day when the maximum value of each movement parameter occurred of
each movement parameter as normally distributed response variables, and the sex, the area, and its interactions, as the explanatory

variables
Dependent variable B SE z-value Cl R-square
k (speed) Intercept 17242 32.38 524 [149.84,194.98] 0.55
Romania 5243 46.13 1.12 [18.81,86.08]
Slovakia 0.50 4643 0.01 [-34.69,35.70]
Adult males —-1649 4532 0.36 [-49.59,16.63]
Romania: adult males —48.71 66.19 0.72 [-105.24,7.82]
Slovakia: adult males -10.01 64.22 0.15 [-57.36,37.34]
k (net distance) Intercept 168.55 2947 5.66 [147.41,189.661 0.39
Romania 43.78 41.82 1.00 [13.45,74.13]
Slovakia 10.85 4141 0.26 [—17.41,39.14]
Adult males -556 33.53 0.16 [—36.72,25.64]
Romania: adult males -17.39 4931 035 [-68.61,33.82]
Slovakia: adult males —-2061 46.94 043 [-6255,21.32]
k (total distance) Intercept 170.84 4953 3.40 [148.84,192.83] 0.55
Romania 54.08 7032 0.76 [20.83,87.36]
Slovakia 1.83 70.52 0.03 [-33.01,36.681
Adult males —1544 44.66 034 [-48.17,17.30]
Romania: adult males —-50.30 65.34 0.76 [-106.71,6.08]
Slovakia: adult males —-10.04 63.33 0.16 [-57.18,37.091
Max (speed) Intercept 19242 3452 548 [166.08,218.74] 0.36
Romania 36.29 49.24 0.72 [-2.94,75.54]
Slovakia 49.16 49.64 097 [8.11,90.23]
Adult males -21.89 4573 047 [-60.51,16.75]
Romania: adult males -3067 6747 0.45 [-96.61,35.28]
Slovakia: adult males —46.75 64.83 0.71 [(—101.99,848]
Max (net distance) Intercept 182.35 28.30 6.38 [158.76,205.95] 0.21
Romania 36.15 40.18 0.89 [2.28,70.21]
Slovakia 2842 3967 0.71 [-3.13,60.00]
Adult males —-11.31 3352 033 [-46.11,2351]
Romania: adult males 6.99 49.70 0.14 [-50.18, 64.18]
Slovakia: adult males —22.71 46.76 048 [-69.56, 24.08]
Max (total distance) Intercept 183.28 18.82 9.79 [158.77,205.92] 0.21
Romania 35.36 2748 1.27 [2.28,70.20]
Slovakia 54.71 28.12 191 [-3.13,60.00]
Adult males -15.96 21.71 0.72 [-46.11,23.50]
Romania: adult males -30.70 35.86 0.84 [-50.18, 64.18]
Slovakia: adult males —-60.58 31 1.92 [-69.56, 24.08]

The reference categories for sex and area are females and the Finnish and Russian Karelia, respectively. Confidence intervals not overlapping zero represent a

significant effect of each explanatory variable

exhibit a peak in travelled distances, suggest that females
may actively seek out males over longer distances during
the mating season.

Our result is in with previous studies
demonstrating that estrous female brown bears show
larger home ranges during the mating season than in the
post-mating season [50], which might be partially due to

line

female roaming to enhance opportunities to encounter
prospective mates. In this regard, the use of multi-
country data, specifically data from radio-collared males
and females in three distinct areas (Finland, Slovakia,
and Romania), enhances the strength of our analyses by
enabling us to assess the potential generalisability of our
results across different populations.
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Table 3 Descriptive statistics (mean =+ SD; range) by: (a) sex for the day when the rate of change in brown bear movement behaviour
was the highest (k); and (b) for the day when the maximum value of each movement parameter occurred (max)

Speed (mean £ SD; range)

Net distance (mean £SD; range)

Total distance (mean +SD; range)

k Males 152+45 days; 95-258 days
Females 190+ 56 days; 106-310 days

Max Males 173+51 days; 105-305 days
Females 218+64 days; range =94-313 days

163+ 55 days; 96-313 days
186+ 59 days; 92-311 days
18162 days; 100-317 days
204+ 64 days; 92-310 days

152 +45 days; 94-257 days
193+57 days; 107-311 days
169 +49 days; 105-305 days
213161 days; 94-310 days

Our results challenge the common view that only
one sex tends to dominate the direction of evolution of
given reproductive strategies in particular taxa [6]. From
the perspective of mating competition, the influence of
female competition in the sexual selection of mammals
becomes apparent when females compete for the sperm
of favoured or competitively successful males [3]. Females
are mostly the more selective sex in mate selection, due
to their higher reproductive investment than males [8],
thus active mate searching for the best mates is also
expected. Because brown bear females seem to be choosy
during mating, i.e., preferably select for high-quality
males [37, 51, 52], longer displacement may increase
the likelihood of encountering best mates. Similarly to
female brown bears in our study, large herbivore females
tend to exhibit increased mobility during the breeding
season. For instance: (a) movements beyond their normal
range are commonly observed among roe deer Capreolus
capreolus females during the reproductive period
[53-55], potentially serving as an alternative strategy
to avoid mating with closely related males [53]; and (b)
female white-tailed deer Odocoileus virginianus appear
to maximize the quality of their mates by increasing their
movement rates near the peak of the breeding season
[56].

Additionally, selection pressures may also arise from
female intrasexual competition to acquire additional
advantages, resulting in diverse competitive strategies.
In the case of brown bears, females face the threat of
infanticide, a primary source of cub mortality, with males
typically unrelated to the cubs they kill [21-23, 30]. To
mitigate the likelihood of infanticide, females usually
copulate with multiple males during each mating season.
This behaviour increases the likelihood that, upon den
emergence with cubs the following year, females will
encounter potential male parents again. Such encounters
serve as a deterrent to infanticide, as males are less likely
to harm cubs that could be their offspring [21, 22]. It is
thus not surprising that one of the periods of the largest
adult female movements is the mating period. Actively
searching for males, rather than passively waiting for
them, is what we would expect from a species whose
primary strategy to avoid infanticide is to engage in

copulations with as many different males as possible
during each mating season.

The highlighted increase in female movements during
the mating season aligns well with the encounter theory
regarding potential mates [35], with bears increasing
their displacement to cover larger areas during the
mating period [19]. Considering that the females’ impulse
to reproduce, shared with males, is also accompanied
by the need to avoid the possibility that their cubs will
suffer infanticide, it might not be surprising that some
females will roam more actively than males during mate
searching. This is especially true under certain ecological
conditions, such as the density and movements of
adult males. This possibility is not only supported by
our results but also, at least indirectly, by evidence that
males can locally exhibit larger home ranges during the
hyperphagia period than during the mating season [21,
22, 57]. An additional, not mutually exclusive explanation
for movement patterns may be that increased adult
female movements during mate searching are influenced
by the proximity to the nearest neighbouring female [58].
This is due to the negative effect of distance to the nearest
neighbour on female reproductive success, known as
female-induced reproductive suppression [58—60].

Because animal reproductive strategies are shaped by
competing interests, with opportunities and constraints
dictated by the environment [6], movement patterns can
also reflect local influences. These influences are likely
determined by local conditions such as abiotic gradients
among the study sites [61-63], as well as local feeding
strategies and types of diet [64]. Thus, local differences
in female movement patterns represented in Fig. 2 may
be attributed to the context-dependent nature of female
choice [51]. For example, female movements could
be influenced by factors such as density, availability
and distribution of males, particularly of high-quality
mates [51], as well as food distribution and availability,
particularly during hyperphagia. This may help
explaining why Slovakian females travelled the greatest
net and total distances during the hyperphagia period. In
contrast, the less variable movement patterns observed
in Finnish bears might result from the abundance of
artificial feeding points in autumn [41]. The effect of local
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factors on movements during mate searching, which may
reflect local adaptation to given conditions, has also been
described for brown bears inhabiting a marginal Arctic
landscape. In such environments, it has been suggested
that finding quality habitats that help to facilitate greater

reproductive success takes precedence over mate
searching [19].
Serious  challenges to our understanding of

reproductive strategies and systems have been posed
since the nineties, including appreciation of an active
role played by females in many taxa, in which females
have control over mating opportunities and copulations,
and may have options for controlling paternity, e.g., by
manipulating the timing of mating or by ‘postcopulatory
choice’ [6]. Our results support this need for more
detailed investigation to determine the mechanisms and
evolutionary consequences of female behaviours across a
broad range of mammalian taxa [3]. A more active role
of females during mate searching, as well as competition
between them, may potentially be an important selection
pressure in the evolution of mammalian reproductive
strategies [3]. The local differences highlighted here
also underscore the importance of further studies to
determine how social and ecological conditions explain
variation in the form and intensity of the female role
in mate searching [3]. Future research in this field
offers stimulating potential to advance our current
understanding of mammalian social and mating systems.

Abbreviations

PDOP Positional dilution of precision

% Movement speed

tot Total distance

net Net distance

k The day when the maximum of the first derivative of each
movement parameter takes place

max The day when the maximum value of each movement parameter
occurs

GAMMs  Generalised additive mixed models

DOY Day of the year

LMMs Linear mixed models

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540462-025-00553-6.

[ Supplementary file 1. }

Acknowledgements

We thank Antero Hakala, Leo Korhonen, Reima Ovaskainen, Seppo Ronkainen
and Markus Suominen for assistance in capturing and collaring the Finnish
bears. We are thankful to the entire Wildlife team from the National Institute
for Research and Development in Forestry Marin Dracea, who assisted in
fieldwork and contributed collecting the telemetry data of the Romanian
bears. Evgeniy Meyke (EarthCape OY) helped us with data preparation, and
Rafa Benjumea assisted us with the figure design.

Page 9 of 11

Author contributions

V.P. conceived of the study; V.P. and M.M.D. designed the study; K, S.H. SF,
M.S., AF, M.F. administrated the study and collected the data; M.M.D. analysed
the data; V.P.and M.M.D. drafted the manuscript; V.P, 1K, SH., S.F, AF, AO.and
JES. provided funding. All authors contributed critically to the drafts and gave
final approval for publication.

Funding

Open Access funding provided thanks to the CRUE-CSIC agreement with
Springer Nature.V.P, JB, AZ-A, AO. and J.ES. were financially supported by
the I+ D+i Project PID2020-114181 GB-100 funded by MCIN/AEI/ https://
doi.org/10.13039/501100011033 and by the European Union. V.P. and M.M.D.
were also financially supported by Grants for Research Groups of Public
I+D+i Organizations in the Principality of Asturias (IDE/2024/000779; SEKUENS
and EU funds). A. Z-A. was also financially supported by a Margarita Salas
contract financed by the European Union-NextGenerationEU, Ministerio

de Universidades y Plan de Recuperacion, Transformacion y Resiliencia,
through the call of the Universidad de Oviedo (Asturias). The Finnish Ministry
of Agriculture and Forestry financially supported 1.K. S.F. was financially
supported by the project ITMS 26220120069 under the Operational
Programme Research and Development funded by the European Regional
Development Fund. Dr. Joachim and Hanna Schmidt Stiftung far Umwelt
und Verkehr, Germany, financially supported M.S. The financial support for
AF, MIF.and PG.S. was provided by the project LIFE17NAT/IT/464 SAFE-
CROSSING, by a grant (Nucleu Programme PN 23090304) of the Romanian
National Authority for Scientific Research and Innovation and “Cresterea
capacitdtii si performantei institutionale a INCDS ‘Marin Drdcea'in activitatea
de CDI—CresPerfinst” (Contract nr. 34PFE/30 December 2021) from the
Ministry of Research, Innovation and Digitalization, Programul 1—Dezvoltarea
sistemului national de cercetare—dezvoltare, Subprogram 1.2—Performanta
institutionald—Proiecte de finantare a excelentei in CDI.

Availability of data and materials
The dataset is available in the Supplementary Information.

Declarations

Ethics approval and consent to participate

Finland. Permission to capture and manipulate bears was issued by the County
Veterinarian of Oulu and the Regional State Administrative Agency of Lahti
(Finland). The capturing of bears met the guidelines issued by the Animal
Care and Use Committee at the University of Oulu (OYEKT-6€99), and permits
were provided by the provincial government of Oulu (OLH-01951/Ym-23).
Slovakia. The Ministry of Environment of the Slovak Republic issued the permit
(No. 10155/2010-2.2) for capturing and handling the bears. Because ethical
clearance for wildlife research is not required in Slovakia, we adhered to the
recommendations outlined in the Scandinavian biomedical protocols for
capturing, chemically immobilizing and radiotagging brown bears (Arnemo
et al, 2007). Romania. Permission to capture and manipulate bears was

issued by the Ministry of Environment, Waters and Forests of Romania (No.
1662/23.08.2016). These bears were collared for research purposes, specifically
either as individuals rescued from illegal traps and subsequently released

and relocated, or as bears captured and relocated due to their presence

and problematic activities in urban areas. The capturing of bears met the
guidelines issued by the National Institute for Research and Development in
Forestry Marin Dracea, INCDS (see technical reports of the project LIFE FOR
BEARdProject LIFE 13 NAT/RO/001154; http://www.forbear.icaswildlife.ro/
en/), and permits were provided by the hunting associations (state or private)
where the capture took place.

Consent for publication
All authors have provided consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Evolutionary Ecology, National Museum of Natural Sciences
(MNCN), Spanish National Research Council (CSIC), Madrid, Spain. “Biodiversity
Research Institute (IMIB, CSIC-Oviedo University-Principality of Asturias),


https://doi.org/10.1186/s40462-025-00553-6
https://doi.org/10.1186/s40462-025-00553-6
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
http://www.forbear.icaswildlife.ro/en/
http://www.forbear.icaswildlife.ro/en/

Penteriani et al. Movement Ecology (2025) 13:24

Mieres Campus, 33600 Mieres, Spain. *LUKE, Natural Resources Institute
Finland, Ounasjoentie 6, Rovaniemi, Finland. “Department of Wildlife, National
Institute for Research and Development in Forestry Marin Dracea, Closca
Street 13, 500040 Brasov, Romania. >Department of Silviculture, Transilvania
University of Brasov, Beethoven Line 1, Brasov, Romania. 5School of Animal,
Rural and Environmental Sciences, Nottingham Trent University, Brackenhurst
Campus, Southwell, Nottinghamshire NG25 0QF, UK. ’Carpathian Wildlife
Society, Nédmestie Slobody 18, 960 01 Zvolen, Slovakia. 8Departamento de
Zoologia, Facultad de Biologia, Universidad de Sevilla, Edificio Verde, Avda.

de Reina Mercedes s/n, 41012 Seville, Spain. “Departamento de Biologfa,
Facultad de Biologia, Universidad Auténoma de Madrid, 28049 Madrid,

Spain. '°Universidad de Oviedo, 33003 Oviedo, Asturias, Spain. ' Department
of Environmental Biology (DBA), Sapienza University of Rome, 5 Piazzale

Aldo Moro, 00185 Rome, Italy. '?Departamento de Biodiversidad y Gestion
Ambiental, Area de Zoologia, Universidad de Ledn, Ledn, Spain. *Faculty

of Environmental Sciences and Natural Resource Management, Norwegian
University of Life Sciences, As, Norway.

Received: 25 June 2024 Accepted: 12 March 2025
Published online: 03 April 2025

References

1. Aloise King ED, Banks PB, Brooks RC. Sexual conflict in mammals:
consequences for mating systems and life history. Mamm Rev.
2013;43:47-58.

2. Ringler E, Ringler M, Jehle R, HodI W. The female perspective of mating
in A. femoralis, a territorial frog with paternal care—a spatial and genetic
analysis. PLoS ONE. 2012;7(6):e40237. https://doi.org/10.1371/journal.
pone.0040237.

3. Stockley P, Bro-Jargensen J. Female competition and its evolutionary
conseguences in mammals. Biol Rev. 2011;86:341-66.

4. Clutton-Brock T, McAuliffe K. Female mate choice in mammals. Q Rev Biol.

2009;84:3-27.

5. Mays H, Albrecht T, Liu M, Hill G. Female choice for genetic
complementarity in birds: a review. Genetica. 2008;134:147-58.

6. Reynolds JD. Animal breeding systems. Trends Ecol Evol. 1996;11:68-72.

7. Charlton B. Female mate choice in nonhuman mammals. In: Weber E,
Krause L, editors. Anim Behav New Res. Nova Science Publishers; 2008. p.
227.

8. Clutton-Brock T. Review lecture: mammalian mating systems. Proc R Soc
B Biol Sci. 1989;236:339-72.

9. Radespiel U, Ehresmann P, Zimmermann E. Contest versus scramble
competition for mates: the composition and spatial structure of a
population of gray mouse lemurs (Microcebus murinus) in North-west
Madagascar. Primates. 2001;42:207-20.

10. Laidre KL, Born EW, Gurarie E, Wiig @, Dietz R, Stern H. Females roam
while males patrol: divergence in breeding season movements of
pack-ice polar bears (Ursus maritimus). Proc Royal Soc B: Biol Sci.
2013;280(1752):20122371. https://doi.org/10.1098/rspb.2012.2371.

11. Fromhage L, Jennions M, Kokko H. The evolution of sex roles in mate
searching. Evolution (N'Y). 2016;70:617-24.

12. Emlen S, Oring L. Ecology, sexual selection, and the evolution of mating
systems. Science. 1977;197:215-23.

13. Jennions MD, Petrie M. Why do females mate multiply? A review of the
genetic benefits. Biol Rev. 2000;75:21-64.

14. Hosken DJ, Stockley P. Benefits of polyandry: a life history perspective.
Evol Biol. 2003;33:173-94.

15. Strier K. Primate behavioral ecology. London: Routledge; 2000.

16. Wauters L, Dhondt A, DeVos R. Factors affecting male mating success in
red squirrels (Sciurus vulgaris). Ethol Ecol Evol. 1990;2:195-204.

17. Kraus C, Kunkele J, Trillmich F. Spacing behaviour and its implications for
the mating system of a precocial small mammal: an almost asocial cavy
Cavi magna? Anim Behav. 2003;66:225-38.

18. Begg C, Begg K, DuToit J, Mills M. Spatial organization of the honey
badger Melllivora capensis in the Southern Kalahari: home-range size and
movement patterns. J Zool. 2005;265:23-35.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

9.

Page 10 of 11

Edwards MA, Derocher AE. Mating-related behaviour of grizzly bears
inhabiting marginal habitat at the periphery of their North American
range. Behav Processes. 2015;111:75-83.

Steyaert S, Zedrosser A, Swaisgood R, Filipczykova E, Crudge B, Dutta T,
et al. Mating strategies. In: Penteriani V, Melletti M, editors., et al., Bears
World Ecol Conserv Manag. Cambridge: Cambridge University Press;
2021.p. 21-35.

. Swenson JE, Ciucci P, Huber B, Penteriani V, Zedrosser A. Brown Bear

Ursus arctos Linnaeus, 1758. In: Hackldnder K, Zachos FE, editors.
Handbook of the Mammials of Europe. Cham: Springer International
Publishing; 2020. p. 1-36. https://doi.org/10.1007/978-3-319-65038-8_
147-1.

Swenson J, Ambarlé H, Arnemo J, Baskin L, Danilov P, Delibes M, et al.
Brown bear (Ursus arctos Linnaeus, 1758). In: Penteriani V, Melletti

M, editors., et al., Bears World Ecol Conserv Manag. Cambridge:
Cambridge University Press; 2021. p. 139-61.

Steyaert S, Endrestol A, Hacklander K, Swenson J, Zedrosser A.

The mating system of the brown bear Ursus arctos. Mamm Rev.
2012,42:12-34.

Ferndndez-Gil A, Naves J, Delibes M. Courtship of brown bears Ursus
arctos in northern Spain: phenology, weather, habitat and durable
mating areas. Wildlife Biol. 2006;12:367-73.

McLellan BN. Sexually selected infanticide in grizzly bears: the effects of
hunting on cub survival. Ursus. 2005;16:141-56.

Schradin C, Lindholm AK. Relative fitness of alternative male reproductive
tactics in a mammal varies between years. J Anim Ecol. 2011;80:908-17.
Shuster S. Sexual selection and mating systems. Proc Natl Acad Sci USA.
2009;106:10009-16.

Shuster S, Wade M. Mating Systems and Strategies. New Jersey: Princeton
University Press; 2003.

Emlen ST, Oring LW. Ecology, sexual selection, and the evolution of
mating systems. Science. 1977,;197(4300):215-23. https://doi.org/10.
1126/science.327542.

Bellemain E, Swenson J, Taberlet P. Mating strategies in relation to sexually
selected infanticide in a non-social carnivore: the brown bear. Ethology.
2006;112:238-46.

Dahle B, Swenson J. Seasonal range size in relation to reproductive
strategies in brown bears Ursus arctos. J Anim Ecol. 2003;72:660-7.
Bogdanovi¢ N, Hertel AG, Zedrosser A, Paunovi¢ M, Ple¢as M, Cirovic¢ D.
Seasonal and diel movement patterns of brown bears in a population in
Southeastern Europe. Ecol Evol. 2021;11:15972-83.

Penteriani V, Kojola I, Heikkinen S, Find'o S, Skuban M, Fedorca A, Garcia-
Sanchez P, Fedorca M, Zarzo-Arias A, Balbontin J. Livin'on the edge:
reducing infanticide risk by maintaining proximity to potentially less
infanticidal males. Anim Behav. 2024;210:63-71. https://doi.org/10.1016/j.
anbehav.2024.01.021.

Penteriani V, Etchart L, Gonzélez-Bernardo E, Hartasadnchez A, Falcinelli
D. Sex-, age- and time-specific visual communication in brown bears. J
Mammal. 2023;104:279-91.

Gurarie E, Ovaskainen O. Towards a general formalization of encounter
rates in ecology. Theor Ecol. 2013;6:189-202.

Craighead JJ, Craighead FC, McCutchen HE. Age determination of grizzly
bears from fourth premolar tooth sections. J Wildl Manag. 1970;34:353.
Zedrosser A, Bellemain E, Taberlet P, Swenson JE. Genetic estimates of
annual reproductive success in male brown bears: the effects of body
size, age, internal relatedness and population density. J Anim Ecol.
2007,76:368-75.

Stgen O, Zedrosser A, Seebe S, Swenson J. Inversely density-dependent
dispersal in brown bears Ursus arctos. Oecologia. 2006;8:356-64.

Jalanka HH, Roeken BO. The use of medetomidine, medetomidine-
ketamine combinations, and atipamezole in nondomestic mammals:

a review. J Zoo Wildl Med American Association of Zoo Veterinarians.
1990;21:259-82.

Arnemo J, Fahlman A, Ahlqvist P, Brunberg S, Segerstrém P, Swenson

J. Biomedical Protocol for Free-ranging Brown Bears (Ursus arctos) in
Scandinavia. 2007;113-24.

PenterianiV, Lamamy C, Kojola I, Heikkinen S, Bombieri G. Does artificial
feeding affect large carnivore behaviours? The case study of brown
bears in a hunted and tourist exploited subpopulation. Biol Conserv.
2021;254:108949. https://doi.org/10.1016/j.biocon.2021.108949.


https://doi.org/10.1371/journal.pone.0040237
https://doi.org/10.1371/journal.pone.0040237
https://doi.org/10.1098/rspb.2012.2371
https://doi.org/10.1007/978-3-319-65038-8_147-1
https://doi.org/10.1007/978-3-319-65038-8_147-1
https://doi.org/10.1126/science.327542
https://doi.org/10.1126/science.327542
https://doi.org/10.1016/j.anbehav.2024.01.021
https://doi.org/10.1016/j.anbehav.2024.01.021
https://doi.org/10.1016/j.biocon.2021.108949

Penteriani et al. Movement Ecology (2025) 13:24

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Falcinelli D, del Mar Delgado M, Kojola I, Heikkinen S, Lamamy C,
Penteriani V. The use of anthropogenic areas helps explain male brown
bear movement rates and distance travelled during the mating season. J
Zool. 2024;324(1):83-96. https://doi.org/10.1111/jz0.13199.

D’Eon RG, Serrouya R, Smith G, Kochanny CO. GPS radiotelemetry error
and bias in mountainous terrain. Wildl Soc Bull. 2002;30:430-9.
Bjerneraas K, Van Moorter B, Rolandsen CM, Herfindal I. Screening global
positioning system location data for errors using animal movement
characteristics. J Wildl Manag. 2010;74:1361-6.

Zuur A, Saveliev A, leno E. A beginner’s guide to generalised additive
mixed models with R. Newburgh: Highland Statistics Ltd.; 2014.

Wood S, Scheipl F. gamm4: Generalized additive mixed models using
mgcv and Ime4. R Packag. version 0.2-3. 2014.

PenterianiV, Huber D, Jerina K, Krofel M, Lépez-Bao J-V, Ordiz A, et al.
Trans-boundary and trans-regional management of a large carnivore:
Managing brown bears across national and regional borders in Europe.
In: Hovardas T, editor, et al, Large Carniv Conserv Manag Hum Dimens
Gov. Oxford: Routledge; 2018. p. 291-313.

Bates D, Maechler M, Bolker B, Walker S. Fitting linear mixed-effects
models using Ime4. J Stat Softw. 2015;67:1-48.

R Core Team. R: A language and environment for statistical computing
[Internet]. R Foundation for Statistical Computing, Vienna, Austria; 2021.
Available from: https://www.r-project.org/

Dahle B, Swenson J. Home ranges in adult Scandinavian brown bears
(Ursus arctos): effect of mass, sex, reproductive category, population
density and habitat type. J Zool. 2003;260:329-35.

Bellemain E, Zedrosser A, Manel S, Waits L, Taberlet P, Swenson J. The
dilemma of female mate selection in the brown bear, a species with
sexually selected infanticide. Proc R Soc B Biol Sci. 2006;273:283-91.
[to T, Katsushima H, Tomita KM, Matsumoto T. Infanticide or

predation? Cannibalism by a brown bear in Hokkaido, Japan. Ursus.
2022;2022(33e13):1-5. https://doi.org/10.2192/URSUS-D-22-00006.1.
Debeffe L, Focardi S, Bonenfant C, Hewison AJM, Morellet N, Vanpé C,
et al. A one night stand? Reproductive excursions of female roe deer as a
breeding dispersal tactic. Oecologia. 2014;176:431-43.

Stopher KV, Nussey DH, Clutton-Brock TH, Guinness F, Morris A,
Pemberton JM. The red deer rut revisited: female excursions but no
evidence females move to mate with preferred males. Behav Ecol.
2011,22:808-18.

Bocci A, Aiello V, Lovari S. Excursion behaviour of female roe deer may
depend on density. Behav Processes [Internet]. 2013;97:18-20. https://
doi.org/10.1016/j.beproc.2013.03.004.

Sullivan JD, Ditchkoff SS, Collier BA, Ruth CR, Raglin JB. Breeding behavior
of female white-tailed deer relative to conception: evidence for female
mate choice. Ecol Evol. 2017;7:2395-402.

Pop M, losif R, Miu IV, Rozylowicz L. Combining resource selection
functions and home-range data to identify habitat conservation priorities
for brown bears. Anim Conserv. 2018;21:352-62.

Ordiz A, Steen OG, Swenson JE, Kojola |, Bischof R. Distance-dependent
effect of the nearest neighbor: spatiotemporal patterns in brown bear
reproduction. Ecology. 2008;89:3327-35.

Digby L. Infant care, infanticide, and female reproductive strategies in
polygynous groups of common marmosets (Callithrix jacchus). Behav
Ecol Sociobiol. 1995;37:51-61.

Wolff J, Edge W, Wang G. Effects of adult sex ratios on recruitment

of juvenile gray-tailed voles. Microtus canicaudus J Mammal.
2002;83:947-56.

Martin J, van Moorter B, Revilla E, Blanchard P, Dray S, Quenette PY,

et al. Reciprocal modulation of internal and external factors determines
individual movements. J Anim Ecol. 2013;82:290-300.

Delgado MM, PenterianiV, Revilla E, Nams VO. The effect of phenotypic
traits and external cues on natal dispersal movements. J Anim Ecol.
2010;79:620.

Nathan R, Getz WM, Revilla E, Holyoak M, Kadmon R, Saltz D, et al. A
movement ecology paradigm for unifying organismal movement
research. Proc Natl Acad Sci U S A. 2008;105:19052-9.

Bojarska K, Selva N. Spatial patterns in brown bear Ursus arctos diet:
The role of geographical and environmental factors. Mamm Rev.
2012;42:120-43.

Page 11 of 11

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1111/jzo.13199
https://www.r-project.org/
https://doi.org/10.2192/URSUS-D-22-00006.1
https://doi.org/10.1016/j.beproc.2013.03.004
https://doi.org/10.1016/j.beproc.2013.03.004

	Mating from a female perspective: Do brown bear females play an active role in mate searching?
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Radio-tracking procedures
	Movement path analyses and critical points
	Statistical analyses

	Results
	Discussion
	Acknowledgements
	References


