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Abstract

Context Romania is currently one of the best-

connected landscapes, with high-quality habitats and

a high density of brown bears. However, regional

development measures are needed for the nation’s

economic growth, and without responsible govern-

ment actions, these measures pose a threat to brown

bear connectivity, a vital pillar of the entire Carpathian

region. Despite having important implications for the

species conservation, bears sex-specific behaviour has

been overlooked in connectivity assessments.

Objectives The study’s main goals were to (i) de-

velop sex-specific distribution and connectivity mod-

els, (ii) assess the movement patterns differences

between females and males, and (iii) identify high-

quality areas to be secured for species connectivity

conservation.

Methods We designed a methodological framework

based on interdisciplinary approaches and modelling

tools for landscape connectivity combined with novel

spatial analysis. Telemetry data of sixteen bears

(females and males) were utilized to predict habitat

selection (MaxEnt), and circuit-theoretic approaches

(Circuitscape) were applied to identify the potential
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movement corridors of both sexes and high-priority

areas.

Results The obtained results provided new evidence

on the uneven movement patterns and pathways used by

males and females in the study region. Males’ move-

ment preferences were related to river shores and dense

forest coverage areas, avoiding urban areas, while

females were predicted to move across forested and

open areas and were more tolerant to human-modified

areas. Three high-quality areas were delineated for both

sexes, and connectivity conservation efforts are needed

due to the vicinity of anthropic pressures.

Conclusions This study depicts the usefulness of

combining interdisciplinary approaches and provides

planners, managers, and decision-makers with practi-

cal solutions to address sustainable design and man-

agement within the intervened landscapes. Using

separate female and male spatial models for leading

management and conservation measures, setting con-

nectivity targets within environmental and impact

assessments while adopting conservation easements

could secure a safety network for biodiversity conser-

vation in the Carpathians.

Keywords Landscape connectivity � MaxEnt �
Circuit theory � Romania � Carpathian Mountains �
Brown bear

Introduction

The Carpathian range is known as Europe’s last

remaining refuge for large carnivore species (Webster

et al. 2001), such as the brown bear (Ursus arctos).

The population sizes of this ursid species have

experienced increasing trends in recent decades across

Europe and within Romania’s national boundaries,

primarily thanks to protection measures implemented

under EU laws (Chapron et al. 2014). Nevertheless,

the development of new infrastructures, urban sprawl

and land-use changes, especially those in emerging

economies in Eastern Europe, such as Romania, could

pose a risk to the species inhabiting the mountain

range ecosystems if no proper mitigation measures are

implemented. Moreover, the human footprint and the

high population density of the brown bear in this area

increase the conflict between the predator’s behaviour

and local economic activities, especially livestock

farming (LIFE FOR BEAR—Project LIFE 13 NAT/

RO/001154) (http://www.forbear.icaswildlife.ro/en/).

The abovementioned human-related factors threat-

ening biodiversity in the Carpathian region generate

both landscape fragmentation and habitat losses and

affect the species’ movement pathways. Furthermore,

rapid climate change effects threaten the home ranges

of wildlife, forcing species to shift their distribution

areas in search of quiet zones and suitable habitats

(Walther et al. 2002; Hermes et al. 2018; Williams

et al. 2020). Thus, species need suitable paths to move

towards new areas with appropriate conditions, ensur-

ing gene flow among populations (Hilty et al. 2020),

especially those with large area requirements such as

the brown bear (Maanen et al. 2006; Fernández et al.

2012). The deployment of a dense network of

movement corridors interconnecting species occur-

rence sites is the most efficient method to prevent

habitat fragmentation impacts derived from anthropic

activity and climate change (Naidoo et al. 2018).

Moreover, due to its vast spatial requirements, the

brown bear may serve as an umbrella species and,

therefore, as a tool for prioritizing areas with high

conservation value (Roberge and Angelstam 2004; Liu

et al. 2018; Fedorca et al. 2020; Williamson et al.

2020).

Generally, bears move across long distances to find

food or mates. Nevertheless, the home range sizes of

males and females can vary among different areas

depending on the food availability and population

density. Male brown bears are known to disperse over

considerable distances (Swenson et al. 2000; Dahle

and Swenson 2003), while females stay close to their

natal areas (Zedrosser et al. 2007; Fedorca et al. 2019).

Furthermore, bear movement rates differ across sea-

sons (Lewis and Rachlow 2011; Pop et al. 2018; Zeller

et al. 2019). However, among documented brown bear

patterns, males increase their movements when seek-

ing females in heat during spring and are attracted to

females’ home range areas (Garcı́a et al. 2007).

Notably, species movements and habitat selection

and the tolerance of each sex of the species to major

roads and urban areas have hardly been studied as yet.

Moreover, conservation planning has not considered

sex-specific modelling until now, although it is a

central issue in bears behaviour. We aimed to expand

upon previous connectivity analyses conducted for the

brown bear (Posillico et al. 2004; Mateo-Sánchez et al.

2015a, b; Ziółkowska et al. 2016), specifically by
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modelling the most likely movement routes of this

species at the regional scale in the central Carpathian

territory in Romania. This approach integrates differ-

ent lines of action, scientific research based on

empirical data and validated features on bear popula-

tion ecology, and promotion of practical conservation

measures for the species focused on sex-specific

brown bear habitat selection. We hypothesized that

these sex-biased preferences would ultimately be

transferred to connectivity models and serve as an

essential tool for designing distinct and specific

management actions.

The main goals of this study were to (i) develop

sex-specific distribution models and derive landscape

resistance from the results; (ii) model and map

connectivity; (iii) assess sex-based movement patterns

for consideration in management and spatial planning,

and (iv) identify high-quality areas to be secured for

species connectivity conservation.

Materials and methods

The methodology applied to achieve the study goals

consisted of the following steps: (a) define the study

area, (b) filter the telemetry GPS data and select

species’ presences, linked to exploratory movements

and environmental covariates, (c) model habitat

suitability based on MaxEnt and derive sex-specific

resistance surfaces, (d) model connectivity using

Circuitscape and implement a ‘wall-to-wall’

approach, (e) quantify sex-specific similarities in the

obtained models, and finally (f) develop a novel

procedure for identifying high-priority areas in the

main movement pathways potentially used for disper-

sal by the species (Fig. 1).

Study area

The study area is located in the southern Carpathian

Mountains, encompassing Brasov, Prahova, Arges,

Covasna, Dambovita and Buzau counties. The spatial

extent of the study area covered 5.756,33 km2 and was

delimited by a 50-km buffer encompassing all bear

GPS datasets using ArcGIS (see Fig. 2). This area

harbours one of the highest densities among the brown

bear home range areas on the continent, locally

reaching over 20 bears/100 km2 (Jerina et al. 2013).

In particular, the species population trend is slightly

increasing in some studied regions, such as Covasna

and Brasov (Cazacu et al. 2014). The study area is

characterized by moderate elevations and moderate to

steep slopes in a continental temperate climate zone.

This climate is marked by large temperature shifts that

lead to different temperate ecosystem vegetation

coverages types. Large and continuous forest patches

cover 50% of the area and alternate with smaller

patches of transitional woodland shrubs, moors,

heathlands and natural grasslands. Bare rock surfaces

can be found in open spaces with little or no vegetation

at higher elevations. The rest of the area is covered by

intensive human uses, such as agricultural land uses

(25%) in flat landscapes and urban artificial surfaces

(5%). Most of the European and national road sections

crossing the study area are single roads with two or

three lanes, which are not very restrictive but are very

crowded (30,000 vehicles/24 h during summer in

Busteni). In addition, the study area presents key

relevant sites located on one of the major axes of the

Transcarpathian wildlife ecological network, which

are protected under European or national conservation

policies.

Brown bear presence data

Telemetry data from GPS radio collars were gathered

from different research projects carried out by the

Wildlife Department from INCDS Marin Dracea (Life

for Bear, Life Safe Crossing, BEAR around Brasov,

Nucleu Programme). The dataset included 63,124

records from 28 brown bear individuals collected over

nine years from 2006 to 2018. The records included

male and female bears and referred to a single bear

population (Fedorca et al. 2019). The tracking period

for a single bear varied from 1 to 19 months, and the

time intervals between records ranged from 30 min to

4 h, depending on each collar type. The heterogeneity

of the dataset was not sufficient to produce a reliable

analysis based on path or step selection functions

(Zeller et al. 2012). Thus, we filtered the whole dataset

and obtained point locations as presence data to apply

MaxEnt.

Using telemetry data in species distribution models

(SDMs), such as MaxEnt, can cause severe spatial

biases in the collected occurrence data due to the over-

representation of some regions within a study area

(Kramer-Schadt et al. 2013) (e.g., resting sites). Thus,

to avoid temporal and spatial autocorrelations, we
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reduced the number of radio-tracked GPS locations by

systematic sampling (Everitt 2006; Fourcade et al.

2014; Gantchoff et al. 2019). To ensure an equal

sampling density over the entire tracking period, we

filtered the initial dataset by keeping three random

location records per specimen and per monitored day;

then, we resampled to a 300-m grid distance (Mikoláš

et al. 2016). Consecutively, we kept one record within

a 500-m radius (Ziółkowska et al. 2016).

Additionally, this resampled dataset was further

filtered to select the point locations corresponding to

exploratory movements, discarding those from the

daily activities and focusing on long-range and

dispersal movements. The disparate time interval of

the GPS data impeded the use of a hidden Markov

model (HMM) to discriminate these movement types

with sufficient data, so we based our filtering proce-

dure on the inspection of the frequency distribution of

daily movement speeds (Shepard et al. 2013; Karelus

et al. 2017). Considering the original 63,124 records,

the mean speeds estimated for female and male daily

movements were 0.15 and 0.18 km/h, respectively.

However, we set the speed threshold to select

exploratory movements at 0.4 km/h, which was more

than twice the mean speed and corresponded to the

80th percentile of the daily speed route distribution, to

ensure that we retained the longest and least-frequent

movement events (Falcucci et al. 2009; Maiorano et al.

2017). Finally, we kept 178 bear locations recorded by

GPS (78 records for nine females, mostly with cubs;

100 records for seven males, mostly young) (Supple-

mentary Material, Table S1, and Fig. 2).

Fig. 1 Scheme of the designed methodological framework:

(S) Sex-specific modelling applied by MaxEnt, species teleme-

try data and environmental covariates collection and processing;

transformation into resistance surfaces; connectivity modelling

applying Circuitscape; and measuring similarities among

models. (C) Spatial prioritisation and planning based on

common results (females and males)
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Environmental covariates

To develop our MaxEnt models, we initially selected

25 environmental covariates documented for brown

bears (Ziółkowska et al. 2016; Cristescu et al. 2019;

Fedorca et al. 2020) (Supplementary Material,

Table S2). Elevation, aspect and land cover are

strongly related to food availability and sheltering

areas, the main habitat selection factors in all seasons,

especially during hyperphagia (Pop et al. 2018). To

represent human-dominated landscapes, we consid-

ered major anthropogenic disturbances located close

to bear areas in terms of their distances to settlements

and linear infrastructures. It is worth noting that

dispersal may be less constrained by landscape

conditions than by habitat use in vital domains

(Mateo-Sánchez et al. 2015a, b). Hence, this previous

selection noted differences in individuals’ tolerances

to disturbances among female and male dispersal

activities. Additionally, for covariates suspected to be

correlated with landscape species perception (i.e.,

topography and vegetation heterogeneity), five related

variables were considered by their focal means within

circular moving windows with 1-km radii (Salvatori

2004; Mateo Sánchez et al. 2014; Ziółkowska et al.

2016; Ashrafzadeh et al. 2020).

All the covariates were prepared for a background

area of 30,255.46 km2, resulting from a 50-km buffer

surrounding the original study area (5756.33 km2), in

accordance with the Koen et al. (2014). In addition, all

the variables were resampled at 250-m cell size, the

best possible spatial resolution given the analysis

extent and original resolutions of the variables (see

Syfert et al. 2013). All analyses of spatial data were

performed using ArcGIS v.10.6 software.

Species distribution modelling

We used MaxEnt (Phillips et al. 2006; Elith et al.

2011; D’Elia et al. 2019) as an SDM approach to

predict and map bear movement preferences by means

of presence probabilities (generally known as habitat

suitability models) (Elith et al. 2006; Dudı́k et al.

2007; Phillips and Dudı́k 2008; Millar and Blouin-

Demers 2012; Romportl et al. 2013). The approach

applied by MaxEnt is known as a point selection

function (PSF), sensu Zeller et al. (2012), and seeks to

find the combination of environmental parameters that

best explains the distribution of the detected data

based on presence-only or presence-absence points.

The selected MaxEnt settings included a maximum of

90,000 random points as background data, a

Fig. 2 Study area and GPS locations for female and male brown bears
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convergence threshold of 0.00001, the default regu-

larization settings (1), a cross-validate replicate run

type (random seed checked) with a maximum number

of 2500 iterations, and linear, quadratic and hinge

features (Merow et al. 2013; Glover-Kapfer 2018). We

selected the logistic output to run the models since the

values can be interpreted as the presence probability to

provide clearer results (Elith et al. 2011; Merow et al.

2013).

We ran the first models with a total of 25 covariates

and 178 bear locations. Then, we identified variable

pairs with a Pearson correlation coefficient greater

than or equal to 0.7 (Dormann et al. 2007) and

excluded the least powerful variables from each pair,

according to the jack-knife test results given by

MaxEnt. Identical covariates were utilized to develop

male and female bear models. To discard the non-

significant features for modelling, we analysed

anomalies and low-variability rates from the response

curves and the jack-knife test results. Finally, only

nine non-correlated covariates were selected and

combined to build definite habitat suitability models

(Table 1).

The predictive power of the models was tested

using MaxEnt k-fold cross-validation based on 25

replicate random partitions of the presence and

pseudo-absence data (Millar and Blouin-Demers

2012). Then, we used the AUC given by MaxEnt

(Manel et al. 2001; Phillips et al. 2006, 2009; Kabir

et al. 2017) to assess each model’s ability to discrim-

inate where the species finds suitable habitat condi-

tions in the study area. We built five definite models

for both females and males, using nine to five

covariates with the highest predictive accuracy and

selected the best predictive fit performance (refer to

Supplementary Material, Table S3 to check the

contribution rates of the selected covariates for each

model performance).

Modelling resistance surfaces

We derived sex-specific resistance surfaces from the

SDMs. Resistance surfaces are the most common

method used to define permeability across landscapes

(Beier et al. 2008; Cushman and Lewis 2010; Zeller

et al. 2018). These maps represent landscape perme-

ability in terms of the local cost of movement for a

given species through a particular environment due to

behavioural and physiological factors such as

aversion, energy expenditure, or mortality risk (Zeller

et al. 2012). According to this study approach, our

modelling results reflect how the environment affects

bear movements outside their current home ranges.

Assuming that higher occurrence probabilities infer

that the landscape features selected for movement

denote higher suitability values, following Keeley

et al. (2017), we applied a negative exponential

function to transform the suitability values into

resistance values (Duflot et al. 2018; Dai et al. 2019):

R ¼ e
ln 0:001ð Þ
threshold�HSI � 1000

where the HSI is related to the bears’ occurrence

probability obtained from MaxEnt modelling and the

threshold value, which is considered to transform

probability to presence and absence data (Liu et al.

2005), defines the minimum suitability for the species

occurrence.

According to the alternative approaches of Liu et al.

(2005) to set the cut-off value, we considered the

average predicted suitability on the occurrence data

locations, coinciding with the stricter criterion, to

simulate the worst-case scenario (Supplementary

Material, Table S4). The resulting resistance surface

values ranged from 0 to 1000, where 0 indicates the

most favourable areas for bears to move through and

1000 indicates zones with the most constrained

movement. Furthermore, the selected HSI values were

greater than 0.5, considering the minimum probability

of bear presence in the logistic models (Posillico et al.

2004; Peters et al. 2015).

Connectivity modelling using Circuitscape

Brown bear landscape connectivity was modelled by

applying circuit theory in Circuitscape 4.0 (McRae

et al. 2008, 2016). Circuitscape is a connectivity

analysis software that estimates the probability,

utilizing the current density, of a random walker

passing through each cell as it moves from a previ-

ously defined source point and to a destination point

(McRae et al. 2008; Diniz et al. 2020). This approach

considers all alternative pathways connecting these

points, representing an interesting characteristic when

generally analysing movement routes, as is our case.

In Circuitscape analyses, the source and destination

points usually correspond to known habitat areas of

the focal species, which can bias current density
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estimates (Koen et al. 2014). Much higher current

density values are generally obtained in the surround-

ings of these habitat areas, adding to the difficulty of

delineating the areas themselves. To avoid these

circumstances and to specifically focus on general

connectivity (i.e., regional movement routes), we

adopted a ‘wall-to-wall’ approach based on the

technique described in Koen et al. (2014). We used a

50-km-wide buffer ([ 20% of the study area) and

placed 60 focal nodes (same source–destination points

for male and female models) randomly around the

perimeter of the buffered area. The analyses were

conducted for the resistance layers derived from the

habitat models representing both males and females.

The ‘pairwise’ and ‘connections to the eight raster

cells neighbours’ options were selected within Cir-

cuitscape, and the focal node currents were set to zero.

After completion, the buffer area was removed

from the resulting cumulative current layers, so the

bias around the focal points was eliminated. Finally,

we used zonal statistics to analyse the landscape

features (elevation, slope, aspect, forest density,

proximity to landscape features, number of barriers,

and land cover types crossed) coinciding with the

highest current densities. Each current map was

reclassified into ten categories by natural breaks (the

Jenks method) to conduct this analysis, where 1

indicates the most movement-constrained category for

bear movement and 10 indicates the most favourable

category. This analysis provides information on land-

scape features and their effect on bear movements to

address conservation measures and management

actions. Specifically, these categories provide an

easily interpretable cartographic product that man-

agers may use as a general zonation, ranked by

connectivity provision.

Table 1 Non-correlated and selected covariates considered in the final brown bear habitat models

Variable

category

Environmental features description (scale

in km)

Code Unit Data source (raster resolution)

Topographic Mean slope (1) FM SLOPE % DEM25 (25 m)

Land cover Mean tree canopy coveragea (1) FM TCC % Global Forest Change Data—(30 m)

(Hansen et al. 2013)

Diversity of natural vegetation coversb (1) FM DIVVEG 0–1 CORINE Land Coverc

Distance to mountain top bare rocks

([ 1000 m altitude)

D BROCKS m

Distance to large rivers 500 m buffer

(Strahler nr[ 2)d
D RIVERBND m EU-hydro Danube (EEA)

Anthropogenic Distance to major roads (E, DN) D MJROAD m OpenStreetMap.org available by

MapCruzin.com

Barrier effect—2 km bande FM BARR EFF 0–3 EU-hydro Danube (EEA) and

MapCruzin.com

Distance to villages D VILLAGES m CORINE Land Cover

Distance to large settlements ([ 10,000

inhabitants)

D

LGSETTLEM

m

aTree canopy cover for the year 2000 (treecover2000)—Tree cover in the year 2000, defined as canopy closure for all vegetation

taller than 5 m in height. Encoded as a percentage per output grid cell, in the range 0–100%
bIndex—Mean variety the natural vegetation covers in one cell: mixed forest, deciduous, conifers, shrubs and scattered vegetation

and natural grasslands (CLC2018)
cCorine Land Cover 2018 (CLC2018) report about the land use state in 2018, and it is a dataset based on the photo interpretation of

satellite images by the national teams of the participating countries. This dataset has a minimum mapping unit (MMU) for status

layers of 25 hectares—minimum width of linear elements of 100 m
dStrahler method assigns an order to river streams, this order is a method for identifying and classifying types of streams based on

their numbers of tributaries
eEstimated by adding the number of linear barriers, buffered 1 km: large rivers, railways and the European and National roads with a

significant traffic volume (AADT[ 3500 cars/day) according to Iuell et al. (2003) classification & others
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Quantifying the similarities among sex-specific

models

To complement and support the obtained results, we

assessed the model’s spatial discrepancies using

Cohen’s kappa statistic coefficient (j) and the Phi

coefficient (U) as quantitative metrics to test the

differences mentioned above between males and

females brown bear movement patterns in our models.

In particular, the Phi coefficient estimates an associ-

ation rate between binary variables (Everitt 2006; Frey

2018; Kalgotra et al. 2020), whereas the kappa statistic

allows measuring the agreement degree while consid-

ering multiple variables (McHugh 2012; Verma et al.

2020). The habitat, resistance and cumulative current

density models were classified into (i) 2 categories

(binary maps based on bear presence probability

thresholds) and (ii) 10 categories divided by natural

breaks thresholds (Jenks method) (Polfus et al. 2014;

Peters et al. 2015). Then, 10,000 random points were

generated, considering the same number of points

distributed within each category, and the female and

male models were intersected. Finally, to estimate the

selected metrics, we computed the confusion matrix

and created randomly sampled points for the post-

classification accuracy assessment using segmentation

and classification tools in ArcGIS.

Identifying priority areas for connectivity

As a further step in this study, we designed a new

operational method to identify priority areas regarding

connectivity across the main pathways obtained from

Circuitscape. Specifically, the following approach

consists of a classification of the high cumulative

current flows of female and male bears according to

their conservation concern. First, we applied the

‘‘Focal Statistics—Mean’’ tool in ArcGIS v.10.6,

using moving windows of 0.5 km and 2-km radius

(2- and 8-cell-wide radii), to create two different raster

maps based on the female and male bears’ cumulative

current densities. Then, we used the Raster Calculator

function in ArcGIS to obtain two maps by subtracting

(a) the focal means within a 2-cell radius from the

Circuitscape cumulative current values and (b) the

focal means estimated within an 8-cell radius from the

focal means within a 2-cell radius.

For further analysis, we only considered the

resulting areas with the highest current flow values

obtained from each Circuitscape model (5–10 classes

obtained previously by the Jenks method), and the

main pathways expected to be used when moving

across the study region by females and males. Cells

with high positive values in both subtractions depicted

higher probabilities of moving through adjacent cells

than through others located farther away. Hence, these

cells are expected to funnel bear movements through

smaller areas and, therefore, were defined as priority

areas for connectivity. In summary, cells were

considered priority areas if they met the following

criteria simultaneously: (i) within an area that matches

the cumulative current value greater than the 90th

percentile (Circuitscape outputs); (ii) with a cumula-

tive current value ([ 90th percentile) greater than the

focal mean within a 2-cell radius; (iii) the focal means

within a 2-cell radius were greater than the focal

means within an 8-cell radius.

This method allowed us to explore the aptitude

offered by the land next to the predicted main

pathways. Specifically, it allowed the identification

of high-quality areas for connectivity constrained by

remaining high resistances in the surroundings that

could limit the flow of individuals across the landscape

(Mateo-Sánchez et al. 2014; Ghoddousi et al. 2020;

Jalkanen et al. 2020). Once we defined the high-

priority areas across the main pathways for both

female and male bears, we combined them in a unique

spatial map to identify the priority zones to preserve

species connectivity. Moreover, we elaborated a

management configuration framework to encourage

evidence-based conservation.

Results

Brown bear sex-specific habitat models

and covariate contributions

All the models showed common patterns and several

discrepancies between male and female bears envi-

ronmental preferences. Overall, the distance to bare

rock areas on hilly sites and the proximity to large

settlements explained 85% of the re-evaluated model

predictions, followed by the tree canopy coverage,

slope and distance to large rivers. On the other hand,

the lowest contribution rates were assigned to the

barrier effect estimation considering rivers, major

roads and railways and the vegetation diversity index
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(Table 2). However, forest cover made meagre

contributions to the prediction models when consid-

ered with all the environmental features. Regarding

the accuracy of the models, all the species distribution

models had good predictive performances, inferred by

small variabilities among replicate models and good

discrimination abilities (AUC[ 0.9) (Swets 1988).

Resistance surfaces

Notable differences were identified between the

female and male resistance surfaces. Regarding the

estimated resistance graphic depictions, the female

bear models show large and isolated areas with lower

resistance values, while the male models depicted less

fragmented and irregular low-resistance areas. How-

ever, both maps depicted high-resistance areas cutting

across the mountain range (see Supplementary Mate-

rial, Fig. S1). Furthermore, similarities were found

between the cumulative resistance values and fre-

quencies matching the female and male bear locations.

Male bears, overall, moved through higher-resistance

areas than females (Supplementary Material, Fig. S2).

Connectivity and model similarities

The final cumulative current flow maps, obtained by

employing the Circuitscape outputs, also showed

significant disagreements between the spatial patterns

of female and male brown bear movements (Fig. 3).

Clearer and more continuous corridor areas were

found in the male bears’ connectivity model (Fig. 3a).

On the other hand, we noticed potential alternate paths

in the female bear model (Fig. 3b), shaping different

branching lines from south to north around the

mountain-top areas. It is worth noting that the

predicted movement routes mainly avoid the large

urban areas depicted in Fig. 3. However, both maps

show higher current density areas in the vicinity of the

Predeal urban area, especially the females’ map.

The zonal analysis of landscape features and

deciles’ classified current density models inferred

distinct and common bear movement behaviour pat-

terns. Specifically, we examined landscape feature

values coinciding with the highest current flow density

classes (5–10) (Supplementary Material, Table S6 and

Fig. S3).

For both sexes, the high-current–density areas

coincided with mid-elevation areas and low-grade

landscapes (\ 30%) covered by forests, with no linear

barriers. Nevertheless, according to the intersected

ranges, female bears tended to move through higher

elevations close to bare rock areas and across steeper

lands than males. Moreover, the analysis indicated that

males preferred to move through denser vegetation

covers than females and areas near large rivers. In

addition, regarding aspect, the results reflect that bears

like to move across areas facing the northwest. The

highest current flow values matched north-eastern

facing slopes most often for males and western

exposures for females. On the other hand, anthropic

factors (densely populated urban areas and linear

infrastructures) were generally avoided by bears when

moving across the landscape. In contrast, the bear’s

minimum distances to these intervening areas indi-

cated that anthropic pressures have a lesser effect on

female movements than males.

Table 2 Mean relative contribution over replicate runs (%) of the eight most influential covariates considered in the definite models

Variable category Environmental covariates description (scale in km) Female Male

Topography Mean slope (1) 2.5 2.9

Land cover Mean tree canopy coverage (1) 5.5 2.6

Distance to top hill bare rock surface ([ 1000 m) 60.6 83.1

Distance to large rivers, buffered 500 m (Strahler number[ 2) 1.7 2.7

Anthropogenic Distance to major roads (E, DN) 2.4 1.5

Barrier effect band of 2 km 0.3 2.1

Distance to villages 0.5 2.2

Distance to large settlements ([ 10,000 inhabitants) 26.5 3.1

100 100
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The metrics used to quantify similarities between

the resulting connectivity models reflect remarkable

disagreements that exist between the female and male

maps (with kappa and phi coefficient values close to

0). When reclassified into ten classes, the estimated

model coefficients showed lower metrics than those

obtained from the binary maps. Moreover, according

to the estimated metrics, the connectivity models

showed higher disagreement between females and

males than the other models of our study (i.e. habitat

Fig. 3 Cumulative current density maps from Circuitscape for male (a) and female (b) brown bears. Red directional bands depict the

most likely areas to be used by the species to move through the study landscape, and blue areas are related to low passage probabilities
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and resistance) (Supplementary Material, Table S7),

and the habitat models obtained the highest agreement

values.

High-quality areas for bear connectivity

conservation—a new operational method

Our new method allowed us to delimit the main

pathways taken by female and male bears, to obtain

the cells related to their highest movement probabil-

ities, and to identify the areas across these movement

routes that should be prioritised for conservation

planning (Fig. 4a, b). The overlapping priority areas

between female and male bears are depicted in Fig. 4c.

The main pathway cells that were not categorized as

priority areas were considered zones of least concern

and mainly were located in the main pathway borders

in the maps shown in panels (a) and (b) of Fig. 4.

Discussion

Our connectivity models indicated deviations between

female and male bear behaviours and confirmed our

methodological framework as an essential tool for

designing distinct and more specific management

actions. The statistical metrics reflected increased

disparities between the female and male bear models

when transferring the MaxEnt models to Circuitscape

connectivity models. The high bear population densi-

ties can explain spatial disagreements observed in

these connectivity models, different behaviour and

landscape preferences for females and males—e.g.

females avoidance of males dispersal paths to protect

their cubs (Mertzanis et al. 2005; Rode et al. 2006; Pop

et al. 2012). Moreover, the current rates and contin-

uous spatial patterns observed in our current density

maps imply that males are more related to the species

dispersal events than female brown bears. In contrast,

females’ current flows patterns could be linked to their

shorter movements within and among habitat areas

and bear feeding behaviours, which are mostly related

Fig. 4 Main pathways and high-priority areas for male (a), female (b) and both (c)
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to individuals keeping cubs (Støen 2006; Ziółkowska

et al. 2016; Maiorano et al. 2017; Bartoń et al. 2019;

Fedorca et al. 2019). We highlight the specific

discrepancies of bears regarding population dispersal

according to their sexes: female bear expansion is vital

to support stable and robust populations, while male

dispersals are linked to the pursuit of new habitats

contributing to preserving genetic connectivity (Wie-

gand et al. 2004).

The exploratory analysis of the habitat models

provided a better understanding of female and male

bear perceptions in terms of resistance to movement

determined across landscapes. Moreover, similar

studies have shown that predictions were primarily

influenced by the elevation factors inferred from the

models’ most powerful variables and confirmed by

bears behaviour (Apps et al. 2004; Pop et al. 2012).

Low contributions obtained for forest covers could be

determined by the high forest continuity on the studied

landscape, as was also inferred by Fedorca et al. 2019.

Northwest facing aspects coincides with bear move-

ment routes and is related to forest types that provide

seasonal foraging and relief needs of bears (Chmura

2008; Ciucci et al. 2014; Fedorca et al. 2019), with no

real preference for forest composition (Maanen et al.

2006). Moreover, areas near the large rivers are the

most productive areas for bear food, and our models

predicted that these areas are suitable for males and

avoided by females with cubs. Previous research

studies have stated that bears choose to move through

gently sloping areas due to energetic constraints

(Fedorca et al. 2019). Nevertheless, although both

sexes selected low to moderate slopes to move

through, we inferred that the female tolerance for

steep slopes is slightly increased compared to that of

males.

Additionally, we deduced females’ and males’

tolerances to the anthropic factors considered in our

models. We noticed a higher tolerance of female bears

than male bears to major roads on the cumulative

current maps. These outcomes could be influenced by

the aforementioned high degree of naturalness and

continuity of forest cover across a large part of the

studied region within the Romanian Carpathian range.

On the other hand, the high movement rates of females

close to large settlements could be due to the large

number of male bears in the territory pushing females

towards anthropic areas. Furthermore, while males

prefer to stay in farther areas, females with yearling

cubs frequent areas near villages, which are influenced

by livestock grazing from May to September, in

addition to dogs and shepherding activities (Rigg and

Adamec 2007; Rastrelli et al. 2015). Additionally, the

occurrence rates output by the male prediction models

seemed to correlate with the river courses near

infrastructures traversing the bottoms of valleys

(Fedorca et al. 2019). The discussed inferences from

each sex are helpful to address management actions

for maintaining or improving landscape permeability

to the brown bear movement (Ghoddousi et al. 2020)

and preventing human-bear conflicts or other unfor-

tunate incidents such as wildlife-vehicle collisions.

Furthermore, according to the high-quality connec-

tivity areas, we located three priority areas of high

conservation importance in the study area for both

female and male bears (Fig. 5). These areas are mainly

affected by two current and emerging linked factors:

urban sprawl and tourism impacts (Fig. 5b) and high-

traffic roads (Fig. 5a, c). The priority area delineated

in Fig. 5c was also remarked on in previous studies by

Fedorca et al. (2019, 2020) due to its high conservation

value. The loss of these identified high-quality areas

for connectivity could compromise the functionality

of the whole corridor (Dondina et al. 2020). Therefore,

the noted key areas should be acknowledged as

potential connectivity bridges linking sites of high

conservation value, especially in sections where the

main pathway progressively narrows (Romportl et al.

2013). Moreover, the continuity and high quality of

the remaining areas from broader pathways could

significantly uphold the species connectivity against

landscape degradation.

Combining the final results obtained for females

and males provided new knowledge on which areas

bears use for all dispersal, feeding and reproduction

activities (see Fig. 6). Moreover, as a well-known

approach to infer dispersal behaviours, our results are

in accordance with landscape genetics results (Fe-

dorca et al. 2019, 2020). Thus, the high-quality

connectivity conservation areas obtained herein are

considered solid, science-based evidence and are more

than approximate hints to go on regarding the priori-

tisation of mitigation locations.

Spatially optimized management strategies based

on the specific patterns found among models should

address female and male requirements, such as

promoting dispersal movements through male-specific

main pathways to ensure gene flow among populations
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and integrating mitigation and cost-effective measures

in future linear infrastructure constructions (Huck

et al. 2010; Daranova et al. 2012). European and

national laws and regulations provide legal bases for

protecting large carnivore populations and their eco-

logical corridors. Although the execution of the

current legislation is weak and cooperation in sectorial

policymaking is lacking, the maintenance of existing

forests, wildlife management and land use preserva-

tion, accompanied by the issuance of conservation

easements, could provide protection. The results

obtained herein may reinforce the demand to fulfil

protection law provisions by integrating ecological

corridors, as defined by Hilty et al. (2020). Ultimately,

the transferability of the obtained outputs to managers

and stakeholders is essential to implement integrated

practical conservation solutions and drive ‘smart’

development in rising regions such as the Carpathians.

Therefore, we opt for well-known connectivity

approaches based on the latest research and

Fig. 5 Common high-priority areas for conservation of bear connectivity across the main pathways for female and male bears. Zoom to

main pathways’ locations constrained by major roads and urban areas
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international experience adapted and expanded to our

specific focal species needs; and enhanced with

particular innovations as those integrated into our

modelling approach. The most remarkable features we

incorporated into previous approaches consisted of

feeding the MaxEnt modelling only with presences

linked to movements, zoning the whole study area

regarding females and males connectivity, and design-

ing a simple pattern recognition procedure to identify

priority areas from Circuitscape results. We strongly

believe there is an interesting research line in this

regard, as managers ask for more objective and

reproducible results than just the visual interpretation

of the current density map. In order to improve this

approach, sex-specific connectivity models could be

implemented by other methods, including alternative

descriptive models and seasonality analyses, to

expand the analyses (Epps et al. 2007; Güthlin et al.

2011; van de Kerk et al. 2015; Keeley et al. 2017;

Fedorca et al. 2019; Zeller et al. 2019). Moreover, we

encourage the connectivity research community to

explore pattern recognition algorithms applied to

Circuitscape outputs, for example, the Morphological

Spatial Pattern Analysis (MSPA) (Soille and Vogt

2009) implemented in the GuidosToolbox software

(Vogt and Riitters 2017), but also others coming from

biometrics or other fields.

Conclusions

Sex-biased behavioural and ecological characteristics

have important implications for brown bear connec-

tivity conservation. Therefore, it is essential to inte-

grate these features in connectivity assessments. This

study identified specific habitat selection patterns of

female and male brown bears, transferred them to

connectivity models, and mapped potential mitigation

corridors by combining different modelling, statistical

and spatial analysis approaches. The high degrees of

discrepancy obtained among female and male models

demonstrated the importance of using sex-specific

models for males and females to study brown bear

movement patterns. Moreover, the interdisciplinary

methodological framework applied herein was con-

sidered suitable for defining bears’ potential move-

ment paths across the study area since we contrasted

our results with those of previous studies and found

plentiful concurrences.

Fig. 6 Management scheme based on sex-specific and common bear movement patterns for securing connectivity
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Our results allow conservation planners and man-

agers to set conservation goals and foster well-

informed decisions for practical problems based on

both sexes’ movement assessments and habitat needs,

with a high potential to cover many other species’

needs under the brown bear umbrella effect. More-

over, these results support landscape planners in

opting for mitigation solutions and ensuring connec-

tivity through ecological networks and corridors,

especially those focused on securing the continuity

and high quality of the priority areas identified across

the main pathways. We advocate for establishing an

ecological network, based on interdisciplinary

approaches results as ours, in conjunction with local

communities, supporting traditional forest practices,

wildlife management, and land use preservation and

promoting smart and sustainable development. Addi-

tionally, we raise new research directions on further

landscape connectivity assessments to implement

complementary conservation measures, such as

human-wildlife conflict mitigations.

To conclude, the results of this study are intended to

support previous research work to provide suitable so-

lutions to practical problems by contributing to the

decision-making processes. We suggest including

connectivity targets within environmental and impact

assessments, urgently adopting conservation ease-

ments, and creating synergies between researchers,

local communities, conservation managers, planners,

and decision-makers to ensure a coherent ecological

network for brown bears and many other species in the

Carpathian region.
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denborn J, Reinfelder V, Stillfried M, Heckmann I, Scharf

AK, Augeri DM, Cheyne SM., Hearn AJ, Ross J, Mac-

donald DW, Mathai J, Eaton J, Marshall AJ, Semiadi G,

Rustam R, Wilting A (2013) The importance of correcting

for sampling bias in MaxEnt species distribution models.

Divers Distrib 19(11):1366–1379. https://doi.org/10.1111/

ddi.12096

Lewis JS, Rachlow JL (2011) Activity patterns of black bears in

relation to sex, season, and daily movement rates. West N

Am Nat 71(3):388–395

Liu C, Berry PM, Dawson TP, Pearson RG (2005) Selecting

thresholds of occurrence in the prediction of species dis-

tributions. Ecography 28(3):385–393

Liu C, Newell G, White M, Bennett AF (2018) Identifying

wildlife corridors for the restoration of regional habitat

connectivity: a multispecies approach and comparison of

resistance surfaces. PLoS ONE 13(11):1–14

Maanen E van, Predoiu G, Klaver R, Soulé M, Popa M, Ionescu
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Roberge JM, Angelstam P (2004) Usefulness of the umbrella

species concept as a conservation tool. Conserv Biol

18(1):76–85

Rode KD, Farley SD, Robbins CT (2006) Sexual dimorphism,

reproductive strategy, and human activities determine

resource use by brown bears. Ecology 87(10):2636–2646

Romportl D, Andreas M, Anděl P, Bláhová A, Bufka L, Gor-
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Ziółkowska E, Ostapowicz K, Radeloff VC, Kuemmerle T,

Sergiel A, Zwijacz-Kozica T, Zięba F, Śmietana W, Selva
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