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• Climate change affects brown bear habi-
tats at the southern limit of its global
range.

• Range shifts due to climate change can
cause bears to move out of protected
areas.

• Climate change could exacerbate human-
bear conflicts and bear mortalities.

• Conserving landscape connectivity is a
key strategy to protect brown bear popula-
tions.
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 Climate change is one of the major challenges to the current conservation of biodiversity. Here, by using the brown
bear,Ursus arctos, in the southernmost limit of its global distribution as a model species, we assessed the impact of cli-
mate change on the species distribution in western Iran. The mountainous forests of Iran are inhabited by small and
isolated populations of brown bears that are prone to extinction in the near future. We modeled the potential impact
of climate change on brown bear distribution and habitat connectivity by the years 2050 and 2070 under four repre-
sentative concentration pathways (RCPs) of two general circulation models (GCMs): BCC-CSM1–1 and MRI-CGCM3.
Our projections revealed that the current species' range, which encompasses 6749.8 km2 (40.8%) of the landscape,
will decline by 10% (2050: RCP2.6, MRI-CGCM3) to 45% (2070: RCP8.5, BCC-CSM1–1). About 1850 km2 (27.4%)
of the current range is covered by a network of conservation (CAs) and no-hunting (NHAs) areas which are predicted
to decline by 0.64% (2050: RCP2.6, MRI-CGCM3) to 15.56% (2070: RCP8.5, BCC-CSM1–1) due to climate change.
The loss of suitable habitats falling within the network of CAs and NHAs is a conservation challenge for brown
bears because it may lead to bears moving outside the CAs and NHAs and result in subsequent increases in the levels
of bear–human conflict. Thus, re-evaluation of the network of CAs andNHAs, establishingmore protected areas in suit-
able landscapes, and conserving vital linkages between habitat patches under future climate change scenarios are cru-
cial strategies to conserve and manage endangered populations of the brown bear.
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1. Introduction

Climate change is expected to alter landscapes and ecological processes
in ecosystems (Dar e al., 2021) and, consequently, affect species abundance
(Aryal et al., 2014), habitat availability (Dixo et al., 2009; Ashrafzadeh
et al., 2019b), individual movements (Van der Putten et al., 2010), popula-
tion connectivity (Khosravi et al., 2021; Bardeh et al., 2021), phenological
events, and pathogen and disease spread (Wu et al., 2016). In addition, hab-
itat destruction due to human-induced land use changes amplifies the neg-
ative impacts of climate change (Bellard et al., 2012; Dar et al., 2021).
Therefore, climate change has the potential to increase the risk of species
extinction, especially if combined with an alteration in the composition
and configuration of critical habitats due to the effects of habitat loss and
fragmentation (Kaszta et al., 2019; Dar et al., 2021; Mohammadi et al.,
2021).

Geographical range shift, adjustment through genetic adaptation and
phenotypic plasticity are the primary mechanisms that allow species to re-
duce the negative impacts of climate change (Hill et al., 2011; Bellard et al.,
2012; Hetem et al., 2014). A latitudinal or elevational range shift is a rela-
tively well-documented response to change in climatic conditions, espe-
cially in species showing climatic niche conservatism, i.e., the tendency
for climatic niches to remain similar over time (Williams and Blois,
2018). The direction, rate, and magnitude of species' range shift is depen-
dent on a variety of factors including the overall velocity of climate change,
the presence of new suitable habitats, habitat connectivity, and species' dis-
persal capability (Hetem et al., 2014; Williams and Blois, 2018). Predicting
the impacts of climate change on a species' range shift (Su et al., 2015), pop-
ulation fragmentation (Wasserman et al., 2013), and movement pattern of
individuals (van Beest and Milner, 2013) is critical for improving the effec-
tiveness of proactive efforts to alleviate the negative impacts of climate
change.

Vulnerability to changes in climate regimes increases with trophic level,
and it has been acknowledged that range-restricted species that strictly de-
pend on plant availability in mountainous landscapes are among the most
sensitive taxa (Voigt et al., 2003; Ripple et al., 2014; Fuller et al., 2016).
Mountainous areas are potentially vulnerable to the impacts of climate
change because of continuous changes in the extent of seasonal snow, tem-
perature, andmoisture (IPCC, 2013). Also, significant changes in plant phe-
nology and distribution, due to changes in temperature and precipitation
during the growing season, have been documented (Malanson and
Alftine, 2016). A number of studies have recorded the effects of climate
change on habitat extent, fragmentation, contraction (Luo et al., 2015;
Lamsal et al., 2018; Salas et al., 2018; Ashrafzadeh et al., 2019b;
Malakoutikhah et al., 2020), latitudinal shift (Khosravi et al., 2021), and de-
crease in forage resources for species in mountainous habitats (Penteriani
et al., 2019).

Among large carnivores, a charismatic and frequently endangered spe-
cies, the brown bearUrsus arctos, has already shown vulnerability to the ef-
fects of global warming. Changes in thermal regimes, vegetation, and prey
abundance due to climate change have negative impacts on, for example,
bear denning phenology (Delgado et al., 2018) and spatial patterns or in-
tensity of human-bear conflicts (Zang et al., 2017; Cianfrani et al., 2018;
Su et al., 2018). A number of studies have indicated substantial impacts
of climate change on bears in central Asia (Su et al., 2018), the Western
Himalayas (Dar et al., 2021), the Cantabrian Mountains (Penteriani et al.,
2019), and the Canadian Rocky Mountains (Roberts et al., 2014). Given
the association of brown bears with plant availability in mountainous for-
ests, the negative impacts of climate change on shifts in suitable habitats
may significantly increase (Su et al., 2018; Dar et al., 2021). For example,
substantial reduction in the range and population size of natural prey spe-
cies due to habitat degradation and poaching (Butler, 2012; Roberts et al.,
Fig. 1. Location of the study area (upper map) in the central Zagros Mountains, southwe
tions (red dots, n=306) collected from 2015 to 2020 (lower map), which represent the
in the below map are Tang-e-Sayad National Park, Tang-e-Sayad, Sabzkuh, Helen, Ghe
Choghakhor no-hunting areas, respectively.
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2014) may increase the dependency of bears on foraging for plants, espe-
cially outside of conservation (CAs) and no-hunting (NHAs) areas. In addi-
tion, significant changes in the timing and intensity of fruiting, ripening of
fruit and mast, and availability of high-quality fruits due to climate change
might intensify the impacts of climate change on the species (Rodríguez
et al., 2007; Roberts et al., 2014). Therefore, taking into account the im-
pacts of climate change on brown bear range contractions and/or expan-
sions is a major challenge and a critical requirement in conservation
planning for this locally threatened species (Li et al., 2015; Shen et al.,
2015; Penteriani et al., 2019).

Brown bears in Iran live in the Alborz (northeast to northwest), Zagros
(northwest to southwest), Iranian Caucasus, and Azerbaijan (northwest)
Mountains (Ashrafzadeh et al., 2016) and their distribution is mostly lim-
ited to higher elevation areas where the effects of climate change are
more likely to occur (Aryal et al., 2014; Penteriani et al., 2019). Because
it is vital to maximize the effort for the long-term protection of these key
habitats, understanding the potential impacts of climate change on the ex-
tent and configuration of these areas is a current conservation priority. An
additional factor increasing the significance and conservation interest of
Iranian brown bears is the evidence that, according to mtDNA analysis,
these bears represent a new lineage, which includes three distinct geo-
graphic sub-clades (Ashrafzadeh et al., 2016). All bears in the ZagrosMoun-
tains (except a small region in the southeastern limit of its range) belong to
the Zagros clade. Pristine ecosystems in the central Zagros Mountains lo-
cated in the southwest of Iran provide relatively large expanses of critical
habitat for the species. To effectively conserve brown bears under changing
climatic conditions, high priority should be given to conservation plans
aimed at identifying climatically suitable habitats (i.e., habitat patches
with suitable climate conditions for long-term survival of the species) and
improving connectivity between critical habitats (Hannah et al., 2007).

In recent years, a growing improvement in bioclimatic envelope or eco-
logical niche-based models (ENMs) has resulted in increasing numbers of
studies on the impacts of climate change (Anderson, 2013). ENMs can eas-
ily be projected across landscapes according to changes in environmental
variables from the ancient and current ranges or variations in the distribu-
tion of species due to future climate change (Guisan and Thuiller, 2005).
The results of global meta-analyses by Root et al. (2003) and Thomas
(2010) revealed that about 80% of wild plant and animal range shifts
have been consistent with climate change predictions. In the present
study, we hypothesize that projected climate change will substantially
shift the spatial patterns of brown bear habitats by 2050 and 2070. To ad-
dress this hypothesis, we used ENMs based on a long-term field survey on
bear distribution and the latest climate projections to: (1) define the poten-
tial current distribution of brown bears in the central Zagros Mountains,
using both climatic and ecological predictors; (2) predict movement corri-
dors among brownbear habitats; (3) predict potential changes in the spatial
distribution and extent of suitable habitats under various climate projec-
tions for 2050 and 2070; and (4) evaluate how well the existing network
of CAs and NHAs could protect Iranian brown bear populations in the fu-
ture under the potential scenarios of climate change. Such datawill be help-
ful in managing one of the most endangered brown bear populations in the
world and designing pre-emptive conservation strategies across the
landscape.

2. Materials and methods

2.1. Study area

Our model projections took into account the brown bear distribution
in the central Zagros Mountains (semi-arid deciduous oak forests in
Chaharmahal va Bakhtiari province, Iran, 16,532 km2; Fig. 1). This
stern Iran, and the spatial distribution of brown bears based on their presence loca-
approximate range of brown bears in Iran (Ashrafzadeh et al., 2016). Numbers 1 to 9
isary and Sheida protected areas, Shirestan wildlife refuge, and Khoda-Afarin and
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area represents one of the most critical habitats of brown bear in Iran.
Maximum and average elevation is 4221 and 2153 m above sea level
(a.s.l), respectively, and there are more than 16 peaks with an altitude
greater than 3500 m. Precipitation across the landscape ranges from
250 to 1600 mm/year, with a mean of 560 mm/year. The mean annual
air temperature is around 10 °C. Seven CAs and two NHAs have been es-
tablished in this area to conserve and protect natural habitats (Fig. 1).
Overall, about 15% of the study area is covered by CAs (1944.45 km2)
and NHAs (547.02 km2).

2.2. Occurrence data

A total of 594 brown bear locations were recorded between 2015 and
2020 through direct field surveys, camera trap records, and indirect signs
of species presence, such as tracks and scats. Brown bear presence data
were collected by our research team and Chaharmahal va Bakhtiari provin-
cial Department of Environment (DoE). To reduce spatial autocorrelation in
the occurrence points, which can bias model predictions, we spatially fil-
tered points prior to analysis. Based on previous studies on brown bear oc-
currence (e.g., Mertzanis et al., 2005; Habibzadeh and Ashrafzadeh, 2018;
Su et al., 2018), we excluded duplicate andmultiple presence points within
a 2.5 km minimum distance, to exclude proximal points. After this spatial
filtering, we retained a total of 306 presence points in the final dataset
used for habitat modeling.

2.3. Environmental variables

A priori, we identified 29 environmental and anthropogenic variables
that are likely to affect the spatial range of brown bears (Ashrafzadeh
et al., 2018; Farashi, 2018; Habibzadeh and Ashrafzadeh, 2018; Su et al.,
2018; Almasieh et al., 2019; Penteriani et al., 2019; Zarzo-Arias et al.,
2019; Dar et al., 2021; Mohammadi et al., 2021). All gridded data for the
bioclimatic variables (Bio1-Bio19) for both current (1970–2000) and future
(2050 and 2070) climatic scenarios, with a 30-arc sec resolution (~1 km2),
were extracted from the WorldClim-Global Climate Database (https://
www.worldclim.org/). A Digital Elevation Model (DEM, http://www.
worldclim.org) was used to create a slope and terrain ruggedness index
(TRI; Riley et al., 1999). The TRI, which calculates the sum of differences
in elevation between a grid cell and its neighboring cells, provides a quan-
titative measure of topographic heterogeneity (Riley et al., 1999). Land
cover/land use classes including rangelands, farmlands, and forests were
extracted from a map released by the Iranian Forests, Ranges and Water-
shedManagement Organization (IFRWMO, 2014). River and human settle-
ment layers of the study areawere obtained from the National Cartographic
Center of Iran (https://www.ncc.gov.ir/). We converted feature maps, in-
cluding rangelands, farmlands, forests, settlements, and rivers, into raster
maps and then calculated distance metrics (such as distance to rangelands)
using the Euclidean distance analysis tool in ArcGIS 10.4.1 (ESRI Inc. USA).
We used the human footprint surface developed by Sanderson et al. (2002)
to account for anthropogenic effects, such as human population density,
human accessibility, land transformation, and electrical power infrastruc-
tures, in our modeling approach. We used a map of the network of CAs
and NHAs developed by the DoE (https://www.doe.ir/) to evaluate their
importance in providing suitable habitats for brown bears. All layers were
projected to the UTMzone 39N projection and resampled at a 1 km2 spatial
resolution. We used the Pearson correlation coefficient to estimate multi-
collinearity among predictors and then removed those thatwere highly cor-
related (>0.7). Next, we checked the Variance Inflation Factor (VIF) of all
predictors in R v. 3.1.2 (R Development Core Team, 2014) and excluded
the predictors with a VIF > 3 (Zuur et al., 2010). Finally, the remaining
14 variables were used in the model: mean diurnal range (Bio2), tempera-
ture seasonality (Bio4), minimum temperature of coldest month (Bio6),
mean temperature of wettest quarter (Bio8), annual precipitation (Bio12),
precipitation of warmest quarter (Bio18), terrain ruggedness index (TRI),
human footprint, distance to settlements, forests, rangelands, rivers, farm-
lands, and CAs and NHAs.
4

2.4. Current distribution modeling

We used an ensemble modeling approach (Thuiller et al., 2009) in the
BIOMOD2 package (Thuiller et al., 2020) in R v. 3.1.2 (R Development
Core Team, 2014) to map the current distribution of brown bears. This
modeling framework combines results obtained by different algorithms to
account for the uncertainty associated with each individual algorithm
(Thuiller et al., 2009; Thuiller et al., 2020). The ensemble model was pro-
duced using the weighted average of the resulting AUC values of the maxi-
mum entropy—MaxEnt (Phillips et al., 2006), random forest—RF
(Breiman, 2001), generalized boosted model—GBM (De'Ath, 2007), gener-
alized linear model—GLM (McCullagh and Nelder, 1983), flexible discrim-
inant analysis—FDA (Hastie et al., 1994), and multivariate adaptive
regression splines—MARS (Leathwick et al., 2005). Since an imbalance be-
tween the number of presence and absence points can lead to bias inmodel
performance (Barbet-Massin et al., 2012; Senay et al., 2013; Dar et al.,
2021), we generated a number of pseudo-absences (n = 343 points)
equal to the presence records (Senay et al., 2013; Hamid et al., 2019; Dar
et al., 2021), with ten replicates per model. The pseudo-absences were cre-
ated in a spatially random selection (Barbet-Massin et al., 2012) within the
study area, with a minimum distance of 2.5 km for each pseudo-absence lo-
cation from presence and other pseudo-absence points to minimize spatial
dependence (Dar et al., 2021).

The models were fitted using 80% of the presence records for training
and the remaining 20% for model evaluation. We evaluated model perfor-
mance using the area under the curve (AUC) of the receiver operator char-
acteristic (ROC) curve and the true skill statistic (TSS) because both criteria
are prevalence-independent in the species data (Allouche et al., 2006).
These two evaluation criteria, which are indicators of differentiation capac-
ity, determine how well the model can detect presences from absences (or
presences from pseudo-absences, when absences are unavailable) (Hao
et al., 2019). We used the weighted average approach method (Thuiller
et al., 2009) to compute a consensus (hereafter ‘ensemble model’) of the in-
dividual models by calculating the weighted average of all individual
models. This consensus approach yields significantly more robust predic-
tions than all the individual models and other consensus approaches
(Marmion et al., 2009). To estimate the contribution of each variable in
the distribution model performance, the associated scores were averaged
across all the distribution models, and a total value of importance for
each variable was measured.

To identify suitable areas allowing the maintenance of a viable popula-
tion of brown bears, we considered the approaches of minimum population
patch (n = 50 bears) size (300 km2) and minimum breeding patch size
(50 km2) (Favilli et al., 2013; Pacheco, 2015). A population patch is an
area large enough to maintain a breeding population for about 10 years,
even if it is isolated from other populations, whereas a breeding patch is
an area large enough to support a single successful breeding event (Beier
et al., 2007).

2.5. Projecting current models into future climatic conditions

For future projections, we used four greenhouse gas concentration sce-
narios, i.e., low (RCP2.6), moderate (RCP4.5), high (RCP6.0), and strong
(RCP8.5) radiative forcing values (IPCC, 2013). These scenarios describe
the severity of predicted climatic change based on representative concen-
tration pathways, using estimated values of radiative forcing for 2100 com-
pared to the preindustrial era (Harris et al., 2014). Formapping the suitable
climate envelope of brown bears under future change, we applied the bio-
climatic data from MRI-CGCM3 (Meteorological Research Institute,
Japan) and BCC-CSM1–1 (Beijing Climate Center, China Meteorological
Administration), respectively. These two global circulation models
(GCMs) are the most widely used models in Iran and the Zagros region
and they are also the models with the highest performance among those
evaluated in previous studies (Ashrafzadeh et al., 2019a; Abbasian et al.,
2019; Zamani and Berndtsson, 2019). The bioclimatic variables for all
RCPs, within the framework of both GCMs and periods (2050 and 2070),

https://www.worldclim.org/
https://www.worldclim.org/
http://www.worldclim.org
http://www.worldclim.org
https://www.ncc.gov.ir/
https://www.doe.ir/
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were downloaded from the WorldClim-Global Climate Database. The topo-
graphic attributes of landscape, land cover, and anthropogenic variables
were kept constant for all future projections. The predicted current niche
models were projected into future climate conditions to identify range
shift in the present spatial distribution of the species under four RCPs and
two GCMs for 2050 (average of the years 2041 to 2060) and 2070 (average
of the years 2061 to 2080). We estimated the potential effects of climate
change on the spatial distribution of brown bears using three indices includ-
ing stable, lost, and gained habitats. To predict whether climate change
would result in an elevational range shift, we calculated themean elevation
of current and future distributions for the species and obtained the differ-
ence between them (Malakoutikhah et al., 2020). We overlaid the existing
network of CAs and NHAs on the projected distribution maps to assess the
coverage of the current conservation network in providing suitable condi-
tions for the species' occurrence under climate change.

2.6. Habitat connectivity

We used circuit theory (McRae et al., 2008) in Circuitscape (v4.0.5,
www.circuitscape.org) to assess the potential linkages of brown bear habi-
tats under current and future conditions. In circuit theory, the landscape
layer is regarded as a conductive or resistant surface, habitat patches are
represented as nodes, and current density is characterized as a measure
for the probability of movement (McRae et al., 2008). Circuit theory incor-
porates multiple pathways connecting nodes (instead of detecting just the
most obvious route in least-cost modeling) which helps to identify several
available movement routes among nodes (Cisneros-Araujo et al., 2021).
Circuit theory provides calculations of current flows that are characterized
as net movement probabilities predicted from random walks between
nodes and resistance surfaces, where resistance values are defined by the
cells' resistance or conductance values (McRae et al., 2008). Circuit analysis
assesses contributions of multiple dispersal pathways with high current
flow representing high probability of species movements (Dickson et al.,
2019). Thus, corridors are defined as a set of cells having a high probability
of use by moving individuals (i.e., high current flows; McRae et al., 2008).
Thewidth thresholds of potential corridors modeled by circuit analysis rely
on the frequency distribution of the current values based on the overall
samples. However, it is generally difficult to detect the range of high cur-
rents (Peng et al., 2018). We used the predicted distribution map as a mea-
sure of conductance (Farhadinia et al., 2015; Ahmadi et al., 2017)
(i.e., permeability of each raster point for movement) and contiguous suit-
able habitats with an extent size of >50 km2 as nodes for the connectivity
analysis.

3. Results

3.1. Distribution of the brown bear under current conditions

The predictive performance of models projecting current suitable habi-
tats were good to excellent (AUC = 0.86–99, TSS = 0.59–0.98; Table 1).
The ensemble model revealed that about 6749.8 km2 (40.8%) of the land-
scape is currently suitable for brown bear occurrence (Fig. 2). The suitable
habitats are stretched along the central Zagros Mountains from the north-
west to the southeast of the study area. The findings predicted that
Table 1
Evaluation of six applied models predicting brown bear distribution in the central
Zagros Mountains (southwestern Iran) using area under curve (AUC) and the true
skill statistic (TSS). Maximum entropy (MaxEnt), random forest (RF), generalized
boosting method (GBM), generalized linear model (GLM), flexible discriminant
analysis (FDA), and multivariate adaptive regression splines (MARS) models are
reported here.

MaxEnt RF GBM GLM FDA MARS Ensemble

AUC 0.89 0.99 0.94 0.86 0.87 0.88 0.94
TSS 0.65 0.98 0.75 0.59 0.63 0.65 0.73
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57.8%, 36.9% and 3.6% of the predicted suitable habitats are covered by
forests, rangelands and croplands, respectively. Accordingly, semi-dense
forests are the most extensive feature (27.5%) in the landscape. Semi-
dense rangelands (18.6%), sparse forests (17.3%), dense rangelands
(17.1%), and dense forests (13.0%) are other widespread features of the
landscape, respectively.

Mean diurnal range (32.1%), terrain ruggedness (22.8%), human foot-
print (8.6%), annual precipitation (7.4%), distance to forest (5.6%), and
distance to CAs and NHAs (5.6%) made the highest contribution to model
performance, respectively (Table 2). Mean annual temperature of currently
suitable habitats for brown bears was 10.8 °C (range: 3.9–20.9 °C) and is es-
timated to increase to 13.9 °C (range: 3.9–23.8 °C) and 14.4 °C (range:
4.1–24.6 °C) by 2050 and 2070, respectively. Annual mean precipitation
of currently suitable habitats is estimated to decrease by about 1.6%
(range: 183–419 mm) by 2050 and then increase by 2.9% (range:
167–463mm) by 2070. Under the current climatic scenario, the average el-
evation of suitable habitats was estimated at 2430m a.s.l., and ranged from
880 to 3950 m a.s.l.

3.2. Projecting the current distribution into future climatic conditions

The suitable habitats for brown bears was predicted to decline by 10%
(RCP2.6, MRI-CGCM3) to 19% (RCP8.5, BCC-CSM1–1) by 2050 and 10%
(RCP6, MRI-CGCM3) to 45% (RCP8.5, BCC-CSM1–1) by 2070 (Table 3,
Tables S1-S6). Our models projected declines in suitable habitats under
all climate scenarios over time, the fragmentation of currently suitable
areas and the loss of some suitable habitat patches in the east and center
study area (Figs. 3 and 4). The ensemble model predicted a faster contrac-
tion of altitudinal range around higher elevation areas. All projections
showed a small increase in the extent of suitable habitats (i.e., previously
unsuitable areas), including a relatively small gain of about 0.1% (RCP6
and RCP8.5, BCC-CSM1–1, 2070) to 8.3% (RCP6, MRICGCM3, 2070)
(Table 3). The effect of climate change on the predicted distribution of
brown bears is particularly strong under RCP8.5 scenario, leaving small,
isolated patches of the current suitable habitats in different areas of the spe-
cies range, particularly for the 2051–2070 period.

Future projections suggest climate change could result in a reduction in
the range of suitable habitats within the network of CAs and NHAs
(Table 4) of 0.6% (RCP2.6, MRI-CGCM3) and 15.6% (RCP8.5, BCC-
CSM1–1) by 2050 and 2070, respectively.

3.3. Habitat connectivity

Within the predicted current distribution of brown bears (6749.8 km2),
we estimated that about 1850 km2 (27.4%) overlap the network of CAs and
NHAs (Fig. 2).

Seven patches with a total area of 5850.5 km2 were detected as suitable
habitats for the breeding population of brown bears (Fig. 5). Considering
the threshold of minimum population patch size, patches 1 and 2 (Fig. 5)
might sustain a minimum population size, whereas the other patches may
not be suitable for over a long period of time without connection with
other populations (Fig. 5). The widest habitat patch, with an area of
4627 km2 (patch 1, comprising 68.6% of the current suitable habitat of
brown bears) that covers several CAs (Gheisary, Sabzkuh, Helen, and
Shirestan) and NHAs (Khoda-Afarin, and Choghakhor), stretches from the
northwest to the southeast of the landscape. The circuit theory analysis es-
timated moderate to high connectivity between currently suitable habitat
patches (Fig. 5). Our analyses of the cumulative currents predicted that
the connectivity among suitable habitat patches may be decreased by
2050 and 2070 (Fig. 5).

4. Discussion

Predicting the future geographical range of large carnivores is essential
to understanding their ecological requirements and biological responses to
climatic change (Duan et al., 2014; Su et al., 2018). We applied the

http://www.circuitscape.org


Fig. 2. Habitat suitability map of brown bears in the central Zagros Mountains (southwestern Iran) derived from the current ensemble model.
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ensemble ENM to map current and future range for the endangered brown
bear population in the central Zagros Mountains, Iran. Ecological niche
modeling is recognized as themost important approach for assessing poten-
tial species distributions and can guide conservation actions (Farhadinia
et al., 2015; Spiers et al., 2018; Mohammadi et al., 2022; Rezaei et al.,
2022). The IUCN has recently considered applying ENMs in order to rank
threats in the IUCN red list assessment process (Cassini, 2011; Hamid
et al., 2019).
Table 2
Uncorrelated predictors and the mean of their contributions (%) in six distribution
models of brown bears in the central Zagros Mountains, southwestern Iran.

Environmental variables Unit Mean (%)

Mean diurnal range (Bio2) °C 32.09
Terrain ruggedness index (TRI) 22.79
Human footprint 8.60
Annual Precipitation (Bio12) mm 7.44
Distance to forest areas m 5.35
Distance to conservation and no-hunting areas m 5.35
Distance to farmlands m 4.19
Temperature seasonality (Bio4) / 2.56
Min temperature of coldest month (Bio6) °C 2.56
Distance to rivers m 2.32
Mean temperature of wettest quarter (Bio8) °C 2.09
Distance to settlements m 1.86
Distance to rangelands m 1.63
Precipitation of warmest quarter (Bio18) mm 1.16
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Our findings predict that climate change will have a strong impact on the
current range of brown bears across the landscape in western Iran. Although
we found a small increase in suitable habitats for brown bears (about
0.1–8.34%) under future climate conditions, our models projected the de-
cline of suitable habitats in the east and center of the landscape under all cli-
mate scenarios, and the fragmentation of currently suitable habitats.
Similarly worrying losses of potential brown bear habitat due to climate
change have been observed in other studies (Su et al., 2018; Penteriani
et al., 2019; Dar et al., 2021). For example, decline in the available range
Table 3
Change in current suitable habitat (loss/gain) of brown bears in the central Zagros
Mountains (southwestern Iran) by 2050 and 2070 under the four future climate sce-
narios within the two general circulation models (MRI-CGCM3 and BCC-CSM1–1).

Year/scenario MRI-CGCM3 BCC-CSM1–1

Habitat
loss (%)

Habitat
gain (%)

Net loss of
habitats (%)

Habitat
loss (%)

Habitat
gain (%)

Net loss of
habitats (%)

2050
RCP2.6 10.00 2.38 −7.62 15.01 3.23 −11.78
RCP4.5 10.17 2.00 −8.17 16.61 3.53 −13.08
RCP6 15.50 1.00 −14.50 16.04 2.75 −13.29
RCP8.5 16.49 1.22 −15.27 19.41 0.80 −18.61

2070
RCP2.6 15.41 5.48 −9.93 25.26 0.40 −24.86
RCP4.5 11.99 6.65 −5.34 14.48 1.00 −13.48
RCP6 9.69 8.34 −1.35 22.30 0.10 −22.20
RCP8.5 33.10 4.73 −28.37 45.00 0.10 −44.90



Fig. 3. Dynamic changes in the suitable habitat of brown bears in the central Zagros Mountains (southwestern Iran) by 2050 under four future climate scenarios based on
BCC-CSM1–1 model.
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of brown bear in the Cantabrian Mountains is expected due to the effect of
climate change on vegetation range shifts (Penteriani et al., 2019). Further-
more, the potential impact of climate change has also been documented in
other species in the Zagros Mountains (e.g., Ashrafzadeh et al., 2019a;
Ashrafzadeh et al., 2019b). For instance, Ashrafzadeh et al. (2019b) showed
that about 12 to 22% of the Persian leopard's suitable habitats in the central
Zagros Mountains (Chaharmahal va Bakhtiari province, Iran) may be lost by
2050. Also, their result showed that the current network of CAs and NHAs
cannot secure the existence of leopard under future climate change.

Based on the findings, the current suitable habitats of brown bear are
mostly (72.6%) predicted outside of CAs and NHAs. The current network
of conservation and no-hunting areas in the study area are mostly covered
by highmountainous areas. As a result, the suitable habitats of brown bears
within these areas will probably be less affected by climate change. Any loss
of suitable habitat, especially within the network of CAs and NHAs, is a big
challenge for brown bear conservation because it may result in bears mov-
ing out of the these regions due to a climate-induced range shift. Future
changes induced by the climate have the potential to modify the distribu-
tion, availability and phenology of plants used as critical food resources
by bears (Penteriani et al., 2019). Such an alteration of food resources
may induce bears to search for food closer to human settlements
(Laufenberg et al., 2018; Zahoor et al., 2021). Suchmovementmay increase
7

sudden encounters with humans and result in an increase in human-bear
conflicts and bear mortalities. Therefore, it is necessary to consider the po-
tential for brown bear-human conflicts when designing corridors to facili-
tate individuals' movement under climate change, especially when range
shifts of brown bears are expected to occur in areas where people are not
accustomed to coexisting with this large carnivore for decades.

Ourmodel indicates that habitat patch sizes are predicted to decline due
to climate change by 2050 and 2070 under different scenarios,whichmight
reduce connectivity between populations. We predicted that habitat con-
nectivity is likely to decline in the face of changing climate and our findings
could provide valuable information to conservation planning and adaptive
management for both the current and future. To the date, specific knowl-
edge on brown bears showed that (Støen et al., 2006; Penteriani and
Melletti, 2021): (1) the maximum dispersal distances reported for brown
bear were 90 km for a female and 467 km for a male in Norway; (2) the av-
erage dispersal distances were 28 km (SE=6) and 119 km (SE=27) for 4-
year-old females and males, respectively, from the center of their natal
areas; and (3) the estimated dispersal distances for brown bear are longer
than our predicted corridor length (about 22 km) between adjacent habitat
patches in this area. Regardless of the exact maximum ability of dispersal,
bears may not use these corridors due to the concentration of human activ-
ities (Mohammadi et al., 2021). Small isolated structures of suitable



Fig. 4. Dynamic changes in the suitable habitat of brown bears in the central Zagros Mountains (southwestern Iran) by 2070 under four future climate scenarios based on
BCC-CSM1–1 model.
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habitats, as “stepping stones”, would provide temporary strongholds be-
tween habitat patches for moving brown bears (Ahmadi et al., 2017;
Almasieh et al., 2022).
Table 4
Changes in current suitable habitat (stable/loss/gain) of brown bears within the
network of CAs and NHAs in the central Zagros Mountains (southwestern Iran) by
2050 and 2070 under the four future climate scenarios and the two general circula-
tion models (MRI-CGCM3 and BCC-CSM1–1).

Year/scenario MRI-CGCM3 BCC-CSM1–1

Stable (%) Loss (%) Gain (%) Stable (%) Loss (%) Gain (%)

2050
RCP2.6 99.36 0.64 0.79 98.80 1.20 1.25
RCP4.5 99.12 0.88 0.79 98.92 1.08 1.18
RCP6 97.62 2.38 0.39 98.81 1.19 1.34
RCP8.5 96.31 3.69 0.94 97.22 2.78 0.71

2070
RCP2.6 98.17 1.83 1.84 92.95 7.05 0.07
RCP4.5 98.92 1.08 1.53 98.01 1.99 0.39
RCP6 98.02 1.98 30.00 95.56 4.44 0.08
RCP8.5 91.25 8.75 2.13 84.44 15.56 0.00
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Our predictions indicate that climate change could shift the brown bear
range to higher elevations. Several studies have highlighted the impacts of
climate change on species range and elevational shift to suitable climatic
conditions (e.g., Wasserman et al., 2013; Kafash et al., 2018; Ashrafzadeh
et al., 2019b; Khosravi et al., 2021; Zahoor et al., 2021). For instance,
Zahoor et al. (2021) showed that climate change is predicted to shift the
existing suitable habitat range of Asiatic black bears towards higher eleva-
tions. This range shift may lead to increased scarcity of natural resource
availability (water and food) and increase the dependency of bears on an-
thropogenic food, which may potentially increase human-bear conflicts.

In addition to climate change, other factors may act as driving forces for
the elevational range shift of brown bears. For example, people in western
Iran typically prefer to occupy higher elevations to improve their access to
water supplies, thus pushing bears into even higher elevations
(Ashrafzadeh et al., 2019b). Such changes may lead to the scarcity of natu-
ral resources for bears and increase the dependency of bears on human-
related food, which will likely result in increased human-bear conflicts
and bear mortalities (Penteriani et al., 2019; Laufenberg et al., 2018;
Zahoor et al., 2021).

Our results also highlighted the influence of predicted temperature in-
crease from 10.8 °C to 13.9 °C and 14.4 °C by 2050 and 2070, respectively.
Changes in temperature will inevitably lead to remarkable impacts on
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brown bear distribution, behavior, and patterns of activities (Su et al.,
2018). Generally, mammals can deal with increasing thermal stress by
adopting some thermoregulatory behavioral responses (Sawaya et al.,
2016), including shifting tomore nocturnal activities as a least-cost thermo-
regulation strategy for reducing the costs associated with autonomic tem-
perature regulation (Maloney et al., 2005). Bears are largely diurnal
(MacHutchon, 2001; Penteriani and Melletti, 2021) but become less active
during the daytime and more nocturnal when temperature increases. For
instance, increased temperatures have been strongly linked to shorter pe-
riods of denning in bears (Inouye et al., 2000; González-Bernardo et al.,
2020). Moreover, increasing temperatures under climate change can indi-
rectly affect brown bears by altering the vegetation (i.e., food resources
and availability) on the landscape (Penteriani et al., 2019). Consequently,
the expected decline of many plant species and their shift in spatial ranges
have the potential to affect both food and shelter for the brown bear
(Penteriani et al., 2019; Dar et al., 2021).

5. Conclusions

One of the most important consequences of our simulations is the ex-
pected reduction of suitable habitat and shift of brown bears to higher alti-
tudes, which will profoundly impact the effectiveness of the current
network of conservation and no-hunting areas. As an end result, climate
changewill likely reduce the distribution of brownbears in the existing net-
work of CAs and NHAs and, in the near future, they may lack the ability to
sustain bear populations when animal distributions shift in response to cli-
mate change and other environmental drivers (Monzón et al., 2011;
Thomas and Gillingham, 2015). Indeed, different studies have shown that
species are likely to move out of individual reserves in response to continu-
ing changes in climate, potentially requiring additional reserves to achieve
a given level of conservation success in the future (Thomas and Gillingham,
2015; Penteriani et al., 2019). For this reason, it is necessary to enhance the
spatial composition and configuration of conservation and no-hunting
areas to improve protection in the face of climate change. Therefore, the ex-
tension of CAs and NHAs should be increased in areas highlighted as poten-
tially suitable for brown bears in the future tomaintain the viability of local
populations. Choosing appropriate areas to establish habitat corridors be-
tween isolated habitat patches would be one of the most effective ap-
proaches for facilitating movement between brown bear populations
(Mohammadi et al., 2021; Mohammadi et al., 2022). These corridors
would allow the flux of individuals inside and outside of CAs and NHAs
and assist bear populations in adapting to new conditions engendered by
climate change (Aryal, 2012). In fact, the relatively high mobility of
brown bears enables them to shift their ranges and inhabit new climatically
suitable habitats at higher latitudes. However, the high degree of human-
induced habitat changes may pose barriers to long distance movements of
bears and prevent them from accessing suitable habitats.

Arid and semi-arid environments, such as the ones in our study area, are
among the most sensitive ecosystems to global warming (Yousefi et al.,
2019), and species living in these ecosystems are especially vulnerable
due to desertification that is projected to accelerate with climate change
(Yusefi et al., 2021). As a result, biodiversity and habitat loss will likely
be conspicuous in these systems. Thus, it is also necessary to incorporate
strategies to reduce the climate change effects, such as increasing the extent
of current network of conservation and no-hunting areas, improving con-
nectivity among highly suitable habitats, and preventing anthropogenic
pressure (e.g., illegal hunting, wildlife disease, fire risk) (Zahoor et al.,
2021; Dar et al., 2021; Khosravi et al., 2022) in the action plan for the con-
servation of brown bear populations in Iran. Also, defining strategies to re-
duce greenhouse gas emissions could help effectively protect brown bears
in the future. Actually, cooperation between national policymakers and
other decision makers to reduce greenhouse gas emissions is a serious mat-
ter that should urgently be considered. Amstrup et al. (2010) already
showed that mitigating greenhouse gas emissions along with habitat pro-
tection could improve conservation status of another Ursid species, the
polar bear (U. maritimus) (Derocher, 2010). However, due to the amount
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of greenhouse gas that have accumulated in the atmosphere there will be a
lag (10–20 years for sea ice) between the time that mitigation occurs and
loss of habitat stops/stabilizes.
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