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Successful conservation hinges on the reliable prediction and prioritisation of
population core habitats and dispersal corridors. However, reliance on single-
species connectivity has produced mixed results and, in most cases, failed to
protect other species under the appealing but often unfulfilled guise of umbrella
protection. The main objectives of this study were: (1) to identify core habitats
and dispersal corridors for population connectivity of 15 terrestrial mammal
species across Bhutan, (2) to identify indicator species of wildlife connectivity, (3)
to prioritise core areas and dispersal corridors for the focal umbrella and indicator
species, (4) to develop composite multispecies connectivity maps and evaluate
the effectiveness of the existing protected area network. We used kernel density
(KD) to identify core habitat areas and factorial least-cost path (LCP) to map
dispersal corridors. We used correlation and cluster analyses to identify umbrella
and indicator species, and quantitative ranking to prioritise core areas and
corridors for these focal species. Finally, we produced maps of multispecies
core areas and corridors, and identified gaps in the existing protected area
network (PAN). We found that ungulates were generally more effective than
carnivores in serving as umbrella species for core habitat protection, with Asian
elephant (Elephas maximus) emerging as the most effective umbrella for core
habitats and muntjac (Muntiacus muntjac) for dispersal corridors. We identified
six focal connectivity indicator species in Bhutan: tiger (Panthera tigris), dhole
(Cuon alpinus), clouded leopard (Neofelis nebulosa), Asiatic black bear (Ursus
thibetanus), Asian elephant, and sambar deer (Rusa unicolor). Most indicator
species’ core areas and dispersal corridors outside the PAN were in southern
Bhutan, indicating opportunities for increased multispecies connectivity through
expanding protected area network in this region. A total of 40% of multispecies
core areas and 24% of dispersal corridors were under PAN, with large parts of
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Bhutan offering suitable core areas and corridors for multispecies
conservation. Core areas and corridors of the 15 considered species only
partially overlapped, stressing the importance of multi-species consideration
in designating wildlife corridors.
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1 Introduction

The long-term viability and sustainability of animal populations
depends on the protection of critical habitats and a network of
dispersal corridors that facilitates movement, gene flow and
resource utilisation among them (Cushman, 2006; Cushman et
al.,, 2006; Cushman et al, 2013c). However, growing human
pressure on natural resources coupled with climate change is
shrinking natural habitats throughout the world (Newbold et al,
2015; Barlow et al., 2016). Habitat suitability and functional
connectivity for many species decline with human modification
leading to habitat loss and fragmentation, which are the largest
threats to biodiversity (Noss, 1991; Fahrig, 2003). To counter this,
identifying and protecting core population habitats and linking
them through stepping stones and dispersal corridors is of
paramount importance (Cushman et al., 2013d; Cushman, 2006,
Cushman et al., 2014). A well-connected landscape with large core
habitats supporting populations will likely facilitate demographic
dynamics which enable populations to fluctuate and allow local
extinctions to be recolonised without risking extinction in the
regional metapopulation (Taylor et al,, 1993). Furthermore, large
patches of habitats connected via corridors are vital to tracking
climate shifts (Carroll et al., 2010; Wasserman et al,, 2012) and
allowing for range expansion (Chen et al.,, 2011).

Most corridor planning has been based on single species,
which may or may not provide resource needs and protection to
other species (Cushman and Landguth, 2012; Cushman et al,
2013b). Single focal species are sometimes habitat generalists and
thus cannot provide adequate umbrella protection (Simberloff,
1998; Cushman et al., 2012). For example, Cushman et al. (2013b)
evaluated the ability of each of three focal species to serve as
connectivity umbrellas for the others across the American Great
Plains and found none of them was a good surrogate for the
others. Furthermore, using a large simulation experiment,
Cushman et al. (2012) evaluated the abilities of 144 species to
serve as connectivity umbrellas for the others across a range of
ecological niche characteristics and dispersal abilities. They found
that the most commonly used focal species, such as large
carnivores, were poor indicators of overall connectivity for
biodiversity generally, and that in particular the parts of the
landscape most vulnerable to habitat loss and fragmentation
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were particularly poorly matched to connectivity for those
species. Umbrella species are defined as species whose
protection indirectly encompasses protection of many other
species within an ecological community whereas, indicator
species are defined as species that serve as a measure of the
environmental conditions (habitat) in which it exists.

As a result of the recognised shortcomings of single-species
approaches to connectivity conservation, the multi-species
approach to identifying core population habitats and corridor
planning is gaining popularity (Cushman et al., 2012, Cushman
et al.,, 2013b, Brodie et al., 2015; Brennan et al., 2020). This is
because protecting a patch of habitat or corridor utilised by more
than one species entails less cost and encompasses wider
protection for a range of wildlife species. Several studies have
shown that the conservation effectiveness of connectivity designs
is greater when the conservation of core habitats and corridors is
strategised to meet the simultaneous needs of multiple species
(Cushman and Landguth, 2012; Cushman et al., 2013b, Hand
et al., 2014; Khosravi et al., 2018; Ashrafzadeh et al., 2020; Haidir
et al., 2021; Almasieh & Cheraghi, 2022; Feizabadi et al., 2023),
often resulting in better overall biodiversity protection and
landscape connectivity (Cushman et al., 2013b; Brodie
et al., 2015).

Several approaches exist to identify core habitats and
corridors, such as cumulative resistant kernels (Compton et al,
2007; Cushman et al., 2014), least-cost path (Adriaensen et al,
2003), factorial least-cost path (Cushman et al., 2009; Cushman
et al., 2013b), and current flow models (Circuitscape; McRae et al.,
2008). These models utilise resistance surfaces developed from
GPS telemetry, expert opinion, genetic data, or habitat suitability
layers (Zeller et al., 2012). The outputs of connectivity models
predict and visualise core areas of animal occupation and/or
connectivity linkages and delineate barriers that may fragment
populations. Spatial prediction and prioritisation of core areas,
corridors and barriers produced from synoptic connectivity
modelling facilitate conservation planners to identify the drivers
of habitat loss and fragmentation and develop effective strategies
(Cushman et al., 2016; Cushman et al., 2018; Kaszta et al., 2020;
Zeller et al., 2020).

The predictions of spatially synoptic patterns of connectivity
based on resistant kernels (KD) identify all-directional dispersal

frontiersin.org


https://doi.org/10.3389/fcosc.2024.1306051
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

Penjor et al.

(Compton et al., 2007; Cushman et al., 2010) as opposed to pair-
wise corridors between predefined sources (Beier et al., 2008). This
offers greater flexibility to predict dispersal across the landscape
and provides a complete picture of connectivity across space
allowing identification of core population habitats (Cushman
and Landguth, 2012; Cushman et al., 2014; Kaszta et al., 2020).
A factorial implementation of least-cost paths (LCP) allows
integration of a vast number of least-cost paths to show
synoptic connectivity across large and complex landscapes
(Cushman et al, 2011; Landguth et al., 2012). This helps in
identifying which species have the most fragmented populations
and maps the most important corridor linkages among population
core areas where conservation efforts can be focused (Cushman
etal., 2011; Cushman et al., 2018). Recent research has shown that
factorial least cost path (Cushman et al., 2014) and resistant kernel
(Cushman et al., 2014; Unnithan Kumar and Cushman, 2022;
Lumia et al., 2023) methods of synoptic connectivity modelling
are particularly powerful in predicting the actual patterns of
animal movement through complex landscapes. Together, KD
and LCP enable us to predict habitat core areas, identify fracture
zones and barriers, and locate keystone linkages that provide
connectivity among core areas (Cushman and Lewis, 2010;
Cushman et al., 2011; Cushman and Landguth, 2012).

We assessed the landscape connectivity and corridor efficacy of
fifteen terrestrial mammal species in Bhutan. Bhutan lies at the
intersection of two biogeographic realms: the Indo-Malayan and the
Palearctic supporting rich biodiversity (Olson et al., 2001). Yet the
fragility of the landscape makes species in this region particularly
susceptible to environmental change (Penjor et al., 2020). Further,
developing countries in Asia have some of the highest rates of forest
conversion and degradation globally (Sodhi et al., 2004; Miettinen
et al, 2011). Although Bhutan has a well-developed network of
protected area systems, the structural and functional connectivity of
the existing protected areas (PA) and biological corridor (BC)
network (together PAN) have not been assessed yet. Rapid
infrastructure development and climate change threaten to
fragment wildlife habitats and drive shifts in species ranges. Thus,
assessment of the efficacy of protected areas and corridors is not
only important for species population connectivity but also to
provide crucial information to conservation managers to develop
adaptive management plans in the face of growing human impacts
and climatic change.

We used a spatially synoptic approach (e.g., sensu Cushman
et al,, 2014) and two complementary methods to assess landscape
connectivity for 16 terrestrial mammals in Bhutan. First, to define
and quantify core areas of high-density movement for each species
we applied cumulative resistant kernels (Compton et al.,, 2007).
Second, to map and quantify dispersal corridors (narrow linkages)
between the core area we used the factorial least-cost paths analysis
(Cushman et al,, 2013b). Using multivariate cluster analysis, we
then identified connectivity indicator and umbrella species across
carnivores and herbivores based on how well their predicted
connectivity intersected with the connectivity of the other species.
We chose representative members of each indicator cluster as focal
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species. Finally, we used these focal species to rank and prioritise
core areas and corridor importance.

2 Materials and methods

2.1 Study area

This camera trap survey was conducted in Bhutan as a part of
the nation-wide tiger survey in 2014-15. For logistical reasons, the
country was divided into two blocks: north (n=681 camera
stations) and south (n=448). Bhutan, with an area of 38,394
km?, is a small country in the eastern Himalayas between India
and China. About 70% of the total geographical area of Bhutan is
covered by forest. Vegetation varies with elevation; lower foothills
are characterised by broadleaved forest, the temperate zone by
conifer-broadleaved mixed forest and higher elevations by alpine
and sub-alpine scrub and shrub. The topography is rugged, with
steep terrain, narrow river valleys and deep gorges. The altitude
ranges from 100 m in the south to above 7500 m in the north. The
wet season (monsoon) occurs between July and September, with
annual precipitation ranging between 300 and 6000 mm.

2.2 Study species

We used data for 16 mammal species, each captured in more
than 10% of the total camera stations. Of the 16 species, five are
listed as Least Concern (LC), five as Vulnerable (VU), three as
Near Threatened (NT) and three as Endangered (EN) in the
International Union for Conservation of Nature (IUCN) Red
List (Supplementary Table S2). The study species are Asiatic
black bear (Ursus thibetanus), Asiatic golden cat (Catopuma
timminckii), clouded leopard (Neofelis nebulosa), dhole (Cuon
alpinus), Asian elephant (Elephas maximas), gaur (Bos gaurus),
masked palm civet (Paguma larvata), common leopard (Panthera
pardus), leopard cat (Prionailurus bengalensis), marbled cat
(Pardofelis marmorata), muntjac (Muntiacus muntjak), sambar
deer (Rusa unicolor), serow (Capricornis thar), tiger (Panthera
tigris), wild pig (Sus scrofa), and yellow-throated marten
(Martes flavigula).

2.3 Resistance surfaces

We built resistance surfaces based on the multi-scale habitat
suitability models developed in Penjor et al. (2021). The details of
the multi-scale habitat suitability modelling approach are
presented elsewhere (e.g., Macdonald et al, 2018; Macdonald
et al,, 2019). Briefly, the analysis used a presence/absence design
based on an extensive nationwide camera trapping dataset
coupled with multi-scale optimisation using logistic regression
to predict habitat suitability across the full extent of Bhutan for
each species.
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Ideally, resistance surfaces should be developed using species
movement or landscape genetic data as such data directly provide
information on species movement in relation to landscape features
(Cushman, 2006; Cushman et al., 2013b; Mateo-Sanchez et al.,
2015a; Zeller et al., 2016; Zeller et al., 2018). However, given that
movement and genetic data are often lacking for many species in
many parts of the world, habitat suitability layers are often used as
surrogates (Mateo-Sanchez et al., 2015b; Keeley et al., 2016). Studies
show that habitat suitability often is an inferior predictor of
landscape resistance in comparison to models built with genetic
or movement data (Wasserman et al., 2010; Mateo-Sanchez et al,,
2015a; Mateo-Sanchez et al., 2015b). However, when such data are
not available, habitat suitability may be the best proxy for estimating
landscape resistance (Mateo-Sanchez et al., 2015a; Mateo-Sanchez
et al., 2015b).

Several studies have suggested that the relationship between
habitat suitability and resistance is non-linear (Mateo-Sanchez
et al., 2015a; Mateo-Sanchez et al., 2015b; Keeley et al., 2016). To
transform the habitat suitability layer to the resistance surface,
we used a negative exponential function (Mateo-Sanchez et al.,
2015b, Keeley et al., 2016; Kaszta et al., 2020; Haidir et al., 2021).
We transformed habitat suitability to resistance using the
formula,

R = (exp (-1+H/C)%100) +Y

Where R is a resistance layer, H is the habitat suitability layer, C
is the factor to determine the negative exponential relationship, and
Y is the value used to convert minimum resistance to 1
(SupplementaryFigure S1).

The final resistance surface had continuous values ranging
from 1 (indicating low resistance to movement) to 100 (high
resistance) (Supplementary Figure S2). Since the habitat suitability
models did not include features impermeable to species
movements such as highways, large river networks and high-
density settlements, we burned them into the resistance surface
with the resistance value of nearest neighbours. We also masked
out elevation above 4500m beyond which the camera traps were
not established in this survey.

2.4 Source point locations

Accurate prediction of synoptic population connectivity
requires animal source locations that reflect the distribution and
density of the species (Cushman et al., 2013b, Cushman et al., 2018).
We probabilistically distributed these source points across the
habitat suitability layer such that source points were selected with
a probability proportional to predicted habitat suitability (Kaszta
et al., 2020). To do this, we first created a random raster with values
distributed uniformly between 0 and 1. Second, we subtracted this
random raster from the habitat suitability raster and reclassed pixels
with positive values to reflect potential species occurrences. Finally,
we randomly selected 2000 occurrence points from these potential
source points that served as source locations for analysis to provide
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a consistent number between analysed species, which is necessary
for accurate relative comparisons between species.

2.5 Connectivity modeling

To identify core areas, we used the cumulative resistance
kernel method (Compton et al., 2007) and to identify linkages
between them as dispersal corridors we applied factorial least-cost
paths analysis (LCP) (Cushman et al,, 2009). The cumulative
resistance kernels predict the spatially explicit frequency of
movement and the extent of the area that facilitates movement
across the landscape from a source location in suitable habitat
(Compton et al.,, 2007; Cushman et al., 2013b). Factorial least-cost
paths, on the other hand, identify paths between the points with
the lowest resistance and movement cost (Cushman et al., 2013b).
These two methods are complementary. LCP analysis identifies
narrow movement linkages between the designated source
location pairs, which is useful in the identification of dispersal
corridors (areas too narrow to be inhabited by a species but can be
potentially used for species dispersal) (Cushman and Landguth,
2012; Cushman et al., 2013b, Kaszta et al., 2020). Resistant kernels
quantify movement across the entire landscape from designated
source locations, yielding in a continuous surface quantifying the
movement incidence function for every location in the landscape
(not just between the source locations) (Cushman and Landguth,
2012; Cushman et al., 2013b). Therefore, only the resistant kernel
analyses can be used to identify and quantify core population areas
(Kaszta et al., 2020).

The resistant kernel and LCP approaches can incorporate
biologically relevant information on species dispersal distance to
accurately predict connectivity patterns (Cushman et al., 2013b;
Cushman et al., 2013b). Due to the lack of movement data for the
study species, we estimated dispersal distances using published
relationships between species home range size and dispersal
distances (Bowman et al.,, 2002). We gathered home range data
through an extensive literature review for all study species across the
distribution range (Supplementary Table S1). For kernels, we used a
direct movement threshold based on average home range size
(Kaszta et al., 2020). For LCPs, we applied a threshold 4x higher
than the dispersal threshold for kernels to reflect long-distance
dispersal outside the established home range (Cushman et al., 2018;
Kaszta et al.,, 2020). The resistance kernel and factorial least-cost
path modelling were performed using UNICOR software (Landguth
et al,, 2012).

2.6 Indicator and umbrella species

We used hierarchical cluster analysis and mean pixel-wise
correlation of resistant kernel and LCP to identify indicator and
umbrella species. Using the predicted resistant kernel and LCP
surfaces, we applied cluster analysis to identify and group species
with similar spatial patterns of core areas and corridor networks.
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This identifies indicator species based on the similarity in predicted
core areas and dispersal corridors. The pair-wise pixel correlation
between predicted kernel/LCP surfaces resulted in the identification
of species with the highest average correlation with all other species
that offers umbrella protection (Cushman et al, 2010). The
umbrella species quantifies how well the optimal protected core
area or dispersal corridor for one species would encompass the core
habitat and corridor for the other species, while connectivity
indicator species are those which are most similar in connectivity
to other members of their cluster groups (e.g., Cushman
et al., 2010).

2.7 Core areas and corridors prioritization

We identified potential core habitats based on cumulative
resistant kernel surfaces and identified dispersal corridors based
on LCPs using the general approach first applied in Cushman et al.
(2018) as improved by Kaszta et al. (2020). All the values of
cumulative resistant KD surface equal to and greater than 80th
percentile were considered as core area and this threshold likely
indicates moderate to high predicted movement rate of species
across the landscape. To identify dispersal corridors, eliminating
at the same time weak and disconnected linkages, for the LCPs we
defined a threshold at the 25th percentile. We then, for the
indicator species identified by the cluster analysis, ranked the
core areas and corridors by their importance. Core area ranking
was based on the size and strength of the predicted kernel values
whereas, corridor ranking was based on the sum of LCP and
average sum of kernel values of core areas they link (Cushman
et al,, 2018; Kaszta et al., 2020). To produce composite core area
and corridors maps across all 16 species we summed the binary
core and corridor rasters. For this, we used kernel and LCP
surfaces assigning values one to all pixels above the threshold
and zero to pixels below the threshold. Core area and corridor
prioritisation was performed for each focal species and for all
species combined (multi-species composite).

2.8 Multispecies core habitats
and corridors

We defined core area by selecting cumulative resistant KD
values above the 80th percentile threshold. To identify dispersal
corridors, we defined a threshold of 25th percentile for LCP values.
To generate alternative multi-species landscape connectivity layers,
we summed and multiplied the thresholded cumulative resistant
kernel surface and LCP surfaces of all 16 species, respectively.
Summation indicates areas of high-density movement across 16
species, whereas multiplication identifies areas important for
composite multispecies predictions connectivity for all the 16
species together. We did this according to two assumptions: (1)
by treating all species as equal from a conservation point of view; (2)
by ranking species (assigning them weights) based on their national
and global conservation importance (Supplementary Table S2). For
example, tiger was assigned the highest value due to its national and
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global significance while muntjac was assigned the lowest value.
Finally, we evaluated the overlap of our multi-species core habitats
and corridor surfaces with the current PAN to identify gaps in the
current system and propose new effective core dispersal and
corridor areas for future protection. Finally, we ranked the PAN
and NPA based on the sum of multispecies kernel values and LCPs
predicted within them.

3 Results
3.1 Umbrella species

Overall, we found a much higher average correlation between
species core habitats than between their dispersal corridors
(Figure 1). The correlation analyses identified Asian elephant as
the most effective umbrella species for core habitat protection
closely followed by leopard cat (Figure 1A). Ungulate species
were more effective in providing umbrellas for multiple species
core habitats compared with carnivores. However, Asiatic black
bear was a better connectivity umbrella than smaller carnivores
such as Mustelids. Dhole, on the other hand, was the least effective
umbrella species for the protection of core areas. In terms of
umbrellas for dispersal corridors (based on LCPs), muntjac was
the most effective umbrella species (Figure 1B). Mesocarnivores
(masked palm civet, yellow-throated marten) were the next most
effective umbrella species. Amongst felids, leopard cat and marbled
cat were better as umbrella species than tiger or leopard.

3.2 Indicator species

Based on the clustering of resistant KD values across 16 studied
species, we identified five distinct clusters (Figure 2). The first
cluster consists of four species: Asiatic black bear, yellow-throated
marten, clouded leopard and marbled cat with possible
substructures of Asiatic black bear/yellow-throated marten and
clouded leopard/marbled cat. We propose two indicator species
for core habitat indicators in this group (Asiatic black bear and
clouded leopard) due to their conservation importance at a local
and global level and indicative of functional trait diversity (canid,
mustelid and felid diversity). The second cluster consists of
muntjac, masked palm civet and wild boar. We propose wild boar
as a connectivity indicator of this group due to their importance as
prime prey for large carnivores and as an indicator of large
carnivore abundance. Dhole and Asian golden cat formed the
third cluster. The fourth cluster consisted of a mix of felids and
large ungulates (i.e., leopard cat, common leopard, sambar deer,
Asian elephant, and gaur). We propose two representative species as
indicators for core habitat protection in this group: Asian elephant,
representing habitat specialists, and sambar deer, representing
important prey for carnivores. The final cluster had a singleton
species, tiger.

The LCP cluster analysis identified four main clusters which
were relatively consistent with the KD clusters (Figure 2). The first
cluster consists of sambar deer, tiger, common leopard, Asian
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FIGURE 1

Mean correlation of resistant KD (A) and factorial LCP (B) of 15 terrestrial

elephant, gaur and leopard cat. Hence, we assign two focal species
(tiger and sambar deer). The second cluster contained Asian golden
cat and dhole and, given the importance of dhole as pack-living
animals that require large area and connectivity, we assign this
species as an indicator for landscape-scale connectivity. The third
cluster contained wild boar, masked palm civet and muntjac.
Although muntjac was the most effective umbrella species in
terms of connectivity, due to small home range and small
dispersal distance, we instead choose wild boar as an indicator.
The final cluster was composed of clouded leopard, marbled cat,
Asiatic black bear and yellow-throated marten. This cluster is
formed of two subclusters that are slightly different from each
other: clouded leopard/marbled cat and Asiatic black bear/yellow-
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mammals across PAN and NPA in Bhutan.

throated marten. One each of these groups was considered for
indicators, with clouded leopard and Asiatic black bear due to their
charisma (Macdonald et al., 2018), public interest and extensive
research that enables rigorous assessment and monitoring. We
selected six species as focal indicators for core area and corridor
prioritisation (viz Asiatic black bear, clouded leopard, dhole, wild
boar, Asian elephant and sambar deer).

3.3 Core areas ranking for indicator species
Based on core areas prioritisation for each the six focal indicator

species, dhole had the highest number (n=25) of core areas across

06
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Asiatic black bear
Yellow-throated marten
Clouded leopard
Marbled cat
Muntjac
Masked palm civet
Wild pig
Dhole
Asian golden cat
Leopard cat

Sambar

Kernel density

Common leopard
Asian elephant
Gaur

Tiger

FIGURE 2

Bivariate hierarchical cluster dendrogram of the resistant KD and
factorial LCP of 15 terrestrial mammals used to identify focal species
for core area and corridor conservation in Bhutan.

Bhutan (Figure 3). About 41% (7433km?) of the core area for dhole
were protected in Bhutan and the neighbouring Indian states of
Arunachal Pradesh, Assam, Sikkim, and West Bengal of which
6782km? are in Bhutan (Figures 4G, H). Sixteen core areas were
identified for clouded leopard. About 60% (10344km?) of the total
core area were inside Bhutan and 31% (5351km?) were protected by
existing PAN (Figures 4E, F). Asiatic black bear had six distinct core
areas (total area 18019km?) and ~ 39% (7015km?) of black bear
predicted core areas were under protection in both Bhutan and
India (Figures 4C, D). Tiger had four distinct cores with the highest-
ranking core habitat in the southern parts of Bhutan extending into
Indian states of West Bengal and Assam (Figures 4K, L).
Approximately 46% (8290km®) of the overall predicted core
habitats for tiger were inside Bhutan. Two large cores were
identified for sambar deer with a total area of ~18028km’
(Figures 41, ]). Fifty per cent of the sambar core lie inside Bhutan
and ~15% were under existing protection and the most important
one in the south. In Bhutan and India, ~26% were under the PAN.
Asian elephant had a single large core area contiguous across
southern Bhutan and three Indian states of West Bengal, Assam,
and Arunachal Pradesh (Figures 4A, B). About ~40% (7123km?) of
the core habitats were inside Bhutan, of which ~38% (2696km?)
were inside the existing PAN.

3.4 Corridors ranking for indicator species

Of 15 corridors identified for clouded leopard, ~79% were
inside Bhutan and, together with India, ~15% were under
protection (Figures 5, 4E, F). Dhole had 75% of its corridors in
Bhutan, with ~24% inside the existing PAN, while ~30% (4634km?)
were jointly protected in Bhutan and India (Figures 4G, H).
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Approximately 73% of the Asiatic black bear corridor area lie in
Bhutan (Figures 4C, D). Bhutan alone protected only ~9% of black
bear corridors, while Bhutan and India together protected ~15%.
There were seven corridors for tiger in Bhutan and neighbouring
Indian states (Figures 4K, L). Bhutan included 98% of them. The
combined protection in Bhutan and India encompassed ~34% of
tiger corridor, and Bhutan alone protected 34%. We identified six
corridors for sambar deer across Bhutan and in four neighbouring
states of India (Figures 41, J). Bhutan contained ~91% of the total
value of sambar corridors, but only 17% were protected. Asian
elephant had two important corridors entirely inside the predicted
core (Figures 4A, B). Twenty-six per cent (2024km?) of the
predicted dispersal corridors were inside Bhutan and more than
52% (1062km?) were protected.

3.5 Multispecies core habitats
and corridors

The overall area represented by multi-species core habitats
across the study area was ~48,790km”. The study area includes
Bhutan and the four adjoining Indian states (Figure 6A).
Effectively, ~38% (~18,554km2) of the core area was under some
form of protection. Approximately 67% (~32,743km?) of the total
core area lies inside Bhutan, of which ~40% (12,954km2) was inside
PAs and another ~8% (~2,458km2) inside BCs. Similarly, the total
area of the predicted dispersal corridor under protection in Bhutan
and the neighbouring Indian states was 13,362km” (31%) out of
42,460km” predicted. Bhutan alone had about 24% (10,268km?) of
the predicted corridors under protection. About 38% of the core
habitats and 31% of dispersal corridors across all study species are
protected across Bhutan and in the neighbouring states of India.

4 Discussion

In this study, we present the first comprehensive and
empirically based evaluation of population connectivity for
multiple species across Bhutan. Our analysis focused on
identifying core habitats and dispersal corridors for 15 terrestrial
mammals. Based on overlap and similarity between landscape
connectivity surfaces, we identified umbrella and indicator
species. We assessed the proportion of predicted core areas and
corridors under the existing PAN for these species and multispecies
core areas and corridors. Asian elephant and muntjac were
identified as the best umbrella species for core area and dispersal
corridor protection, respectively. Asian elephant, Asiatic black bear,
clouded leopard, dhole, sambar deer and tiger were identified as
effective focal indicator species for core areas and
corridor protection.

Our study finds that overall, 40% of multispecies core areas in
Bhutan lie within the current PAN. Core areas for most species
overlap, but only partially, and the overlap of core areas of all 15
species together constitute a very small proportion of Bhutan
(12,954km?), indicating spatial differences in core area use by
mammal species across Bhutan. Likewise, ~24% of the
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Rank of core areas for six focal species (Asian elephant, Asiatic black bear, clouded leopard, dhole, sambar deer, tiger). Core area ranking was based
on the size and strength of the predicted kernel values. The x-axes show core areas of each species in the ranking order from most important to

least important

multispecies predicted dispersal corridors were under the existing
Bhutanese PAN. Most species tend to utilise unique dispersal
corridors suited to their needs suggesting the importance of
multi-species consideration in designating a wildlife corridor.

4.1 Umbrella and indicator species for core
habitat and corridor protection

Our findings show that Asian elephant was the most effective
umbrella species for core habitat protection followed by leopard cat,
muntjac and sambar deer. Muntjac was the most effective umbrella
species for corridor protection. Mesocarnivores (masked palm civet,
leopard cat, and yellow-throated marten) were as effective as
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muntjac for core habitat protection, though less so for corridor
protection. The umbrella species identified here best capture core
habitat and connectivity for all the other species we considered.
Asian elephants live in groups and have large home ranges offering
umbrella protection to the biodiversity of the entire landscape they
inhabit (Sukumar, 1989; Baskaran et al., 2013). Large-sized species
tend to have large home ranges, hence, for them to maintain viable
populations requires protection of large tracts of habitat (Roberge
and Angelstam, 2004). Therefore, irrespective of the feeding guild,
large ungulate mammals are also regarded as prospective umbrella
species (De Vires, 1995; Berger, 1997b). Muntjacs are commonly
found across Bhutan and inhabit a wide range of habitats. Recent
studies in southeast Asia found that muntjac was the primary prey
of Asian golden cat and dhole (Kamler et al., 2020a; Kamler et al.,
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FIGURE 4

Predicted resistant KD and LCP for the focal species (left panel) with their ranking of importance (right panel). Study species are labelled (A—-L).

2020b) suggesting that conservation of muntjac would ensure
continued supply of food for many carnivores at a higher trophic
level. Common species serve as better umbrella species because of
their higher probability of long-term persistence (Berger, 1997a).
Although, large, threatened, and rare species are important
priorities for conservation, often their low reproductive rate, low
density and large area requirement make them prone to extinction
and ineffective as umbrellas in the long-term (Fleishman et al,
2000). A meta-analysis of umbrella species found that richness of
co-occurring species was higher in areas without carnivorous
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species as umbrellas, thus suggesting that species at lower trophic
levels can serve as an effective umbrella (Branton and Richardson,
2011). Traditionally, species that are at risk of extinction are
recognised as flagship or umbrella but species that are not
threatened may also be suitable for these roles. Species that are
common but less frequently involved in human-wildlife conflict
may also serve as effective ambassadors for conservation (Bowen-
Jones and Entwistle, 2002; Macdonald et al., 2017).

The use of large ungulates (e.g., buffalo (Syncerus caffer), black
rhinoceros (Diceros bicornis), wildebeest (Connochaetes spp.) as
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Rank of corridors for six focal species (Asian elephant, Asiatic black bear, clouded leopard, dhole, sambar deer, tiger). The corridor ranking was based
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umbrella species is not a new practice and has been found to be
effective in African protected reserves (Caro and O’Doherty, 1999;
Caro, 2001; Caro, 2003). However, solely relying on a single
umbrella species has generally proven inadequate (Roberge and
Angelstam, 2004; Seddon and Leech, 2008; Kramer et al., 2019).
This is because, if the umbrella population is endangered or under
high pressure from poaching and habitat loss, their numbers might
dwindle rendering them ineffective. Hence, designating several
umbrella species is advocated (Lambeck, 1997; Fleishman et al.,
2001) provided they have a viable population with a low probability
of extinction (Caro, 2003).

The proposal, prompted by the results of this study, to use
ungulates and mesocarnivores as umbrella species contrasts with
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the use of traditionally charismatic species such as tigers, clouded
leopards, and leopards (Wikramanayake et al., 2004; Macdonald
et al, 2012; Kittle et al., 2018). Tigers and leopard occur in low
density and are often sensitive to habitat disturbance. Further,
people hold mixed views about these large carnivores, and often
express fear and aversion to them due to conflict and predation of
livestock (Sangay and Vernes, 2008). This suggests that, while large
cats elicit international funding and attention, the ungulates and
smaller carnivores may offer better, or at least different, umbrella
protection by garnering the support of local people (Bowen-Jones
and Entwistle, 2002).

We identified both carnivores (dhole, tiger, clouded leopard and
Asiatic black bear) and ungulates (Asian elephant and sambar deer)
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Predicted resistant KD (A) and LCPs (B) for all species combined with their ranking of importance

as effective indicator (focal) species for core habitat and dispersal
corridor protection. Tigers, dholes and clouded leopards are
globally threatened carnivores and inhabit a wide range of
habitats from grassland to subalpine forest (e.g., Macdonald et al.,
2019). They are well suited as indicator species for core habitat and
corridor protection because the home ranges of these species would
encompass a wide range of habitats for other smaller carnivores and
hence effectively include habitats indicative of landscape
heterogeneity. Tigers and dholes are apex predators and mostly
prefer prey rich areas (Karanth and Sunquist, 2000), hence are also
indicative of the richness of a large ungulate prey population.
Further, a healthy population of apex predators represents healthy
ecosystems because they regulate the trophic level and provide
crucial ecosystem services (Ripple et al., 2014; Bogoni et al., 2020).
Clouded leopards are also arboreal and consume a wide range of
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small and medium-sized prey species (Nowell and Jackson, 1996).
The conservation of clouded leopard would also ensure the
protection of forest structure and arboreal prey (Macdonald et al,
20125 Lam et al., 2014). Asiatic black bears are globally threatened
species and inhabit montane forests (Sathyakumar, 2001), their
presence indicates a healthy montane forest ecosystem. Asian
elephants are found in the south of Bhutan, inhabiting
subtropical forests. Therefore, Asian elephants are indicators of
the importance of protecting tropical and subtropical forest
ecosystems. Sambar deer are ubiquitous and highly adaptive
ungulates (McKay and Eisenberg, 1974; Geist, 1998) and are
amongst the most preferred prey of tiger and other large
carnivores (Karanth and Sunquist, 1995; Wang and Macdonald,
2009; Thinley et al., 2011; Hayward et al., 2012). Therefore, they are
indicative of a healthy carnivore population.
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4.2 Landscape connectivity patterns of
focal species

Core Areas: The landscape connectivity patterns were highly
variable among the identified focal species. Dhole had the highest
number of core habitats and about 32% of them were larger than the
existing smallest PA (269km?) suggesting the fragmented nature of
habitat at the landscape level (Rodrigues et al., 2021). As a wide-
ranging social carnivore, dholes require a large space, and the
existing PA network may not be sufficient to support their
population. Dholes are one of the apex predators critical in
regulating the ungulate population (Singh et al., 2020) and hence
indicative of ecosystem stability. Thus, we recommend merging
predicted cores in Dagana with JSWNP and BC 2 to form a larger
conservation area. Additionally, contiguous core habitats were also
predicted in the west in Gedu and Samtse divisions and JKSNR
further into the Indian state of Sikkim. Together the western
complex offers immense potential of transboundary core habitat
for this endangered species.

The top-ranked predicted core for clouded leopards
encompassed JSWNP, Royal Manas National Park (RMNP),
Phrumsengla National Park (PNP) and Zhemgang. Recently,
Kaszta et al. (2020) identified Bhutan as amongst the most
important countries globally for the protection of core habitat for
the clouded leopard. Our results further support this conclusion, by
providing fine-scale spatial prediction of core habitats within
Bhutan and beyond. Further, we predicted a high strength of core
habitats in the Indian state of Arunachal Pradesh contiguous to
Jomotshangkha Wildlife Sanctuary (JWS) of Bhutan, thus opening
avenues for international collaboration for the conservation of
threatened species.

The highest-ranked core habitats of tiger were mostly predicted
to be in the southern part of Bhutan, including RMNP, Phipsoo
Wildlife Sanctuary (PWS), JWS and non-protected area (NPA) of
Samtse, Gedu, Dagana and Zhemgang and adjoining PAs and
reserve forests of India. The next highest ranked core habitats
were predicted to be in Jigme Dorji National Park (JDNP),
Wangchuck Centennial National Park (WCNP) and JSWNP. This
latter prediction corroborates the macro conservation landscape
proposed in the early 2000s called the Bhutan Biological
Conservation Complex (B2C2) to harmonise conservation and
socio-economic development and that defines the existing PAN.
This also suggests that the existing PAs offer satisfactory protection
to tiger, but the inclusion of additional areas could enhance
ecosystem protection and bolster the existing PAs from growing
human pressure.

The main core habitat of Asiatic black bear includes JSWNP,
RMNP, BC 4, Zhemgang, Tsirang, Dagana, Gedu and Samtse
divisions. These PA, BC and NPA form a large contiguous habitat
which could be further connected to other PAs across Bhutan and
neighbouring India forming a landscape-scale refuge.

Predicted core habitats for Asian elephant and sambar deer
encompassed four existing PAs and several NPAs. PWS, RMNP,
JWS and JSWNP protected similar core habitats for both ungulates.
Additionally, we identified NPAs that were crucial to the
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conservation of these species, comprising Gedu, Dagana, Tsirang,
Sarpang, Zhemgang, Pemagatshel and Samdrupjongkhar divisions.
Further, the four Indian states also consist of a substantial amount
of predicted core for both species. Asian elephant may be identified
as an important transboundary species due to regular migration
across the two countries here. While it is reassuring that habitats
outside PAs could support ungulate diversity and abundance, it
points to the potential human-wildlife conflict that could escalate if
ungulate populations flourished. Thus, management should explore
the balance between population recovery and conflict mitigation.

Corridors: At the focal species level, clouded leopard had the
largest predicted corridor network across Bhutan, but was highly
variable in strength. Important corridors were identified in the
southwest and southeast Bhutan, mostly outside the existing PAN.
Gedu, Samtse and Dagana form an important link between JSKNR,
JSWNP and PWS that might facilitate the movement of this species.
For Asiatic black bear, we identified a linkage in Tsirang that
connects BC 3 and PWS to a predicted core habitat additionally
to a corridor network in southeast Bhutan although weaker in
strength but connects the predicted core habitat to the existing
PAN. Dhole had predicted corridors uniformly distributed across
the country and overlapping with existing PAN. It is worth noting
that the highest corridor strength was identified in Wangdue
division contiguous to existing BC 2 that connects JSWNP and
JDNP. Future expansion could potentially include this corridor to
facilitate the movement of dholes between these two PAs. The
predicted corridor for tiger corresponds to the existing PAN but
additional corridors were identified in Dagana, Tsirang and
Bumthang which may facilitate connectivity of the predicted core
habitats with the existing PA. The predicted corridors for Asian
elephant followed the international border of Bhutan and India
suggesting that the two countries need to collaborate to protect the
habitat and movement corridor of this charismatic yet controversial
megaherbivore. On the other hand, sambar deer had predicted
corridors outside of the existing PAN. Important corridors that
need protection were predicted in Gedu, Thimphu, Zhemgang
and Mongar.

4.3 Protected area effectiveness for
conserving connectivity of focal species

We found that RMNP had the highest number of predicted
corridor networks based on the sum of LCPs within it. An intricate
multispecies corridor network was identified connecting RMNP to
JSWNP, Manas National Park (MNP) (India), Zhemgang, Sarpang
and existing BCs indicating that RMNP has the potential to perform
as core habitat as well as connectivity linkage. The existing BC also
offered high connectivity suggesting that the existing BCs have the
potential to offer structural connectivity. We found BC 5, which
connects RMNP with JWS, had the highest predicted corridor
strength (Figure 6, number 1 in the existing BC). Other BCs also
contained predicted corridors, but their strength and intensity were
variable. For instance, BC 1 and BC 7 have the lowest predicted
connectivity. However, we acknowledge that this study did not

frontiersin.org


https://doi.org/10.3389/fcosc.2024.1306051
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

Penjor et al.

10.3389/fcosc.2024.1306051

Protected Area

Biological Corridor

Non-Protected Area

lli]-.__

I sumof Kermel
E=S B sumotice | 1.0
c2
[
k]
o
2 0.5
§1
[5]
0 Bl
L L ILL L O OKL P © & X
Q\\@ Boéé;e%@‘\ NS fo*\*fo‘\ & 0\\6 Qe
> @éz &
L $ &
$$Q ‘3/
$ &

FIGURE 7

%Q

§<z € £ SISO RIS S0
PR é\‘ PSRN
\\\ eQ“ & e $1~5\ N Q@@’b@)
60

Sum of core areas kernel values and corridors (LCP) values inside each PA, BC, and NPA. The ranking was performed by calculating the relative sum
and size of the kernel and LCP for each patch. The x-axes show core areas of each species in the order of the highest kernel value

include alpine species such as snow leopard (Panthera uncia),
Bhutan takin (Budorcas taxicolor whitei) and bharal (Pseudois
nayaur) and these high-altitude corridors probably facilitate the
movement of high-altitude migrants (particularly Bhutan takin).
Several corridors in NPAs were identified, which could offer
extended connectivity to existing BCs. The predicted corridors in
Dagana, Gedu, Paro and Samtse ranked among the highest.
Similarly, the predicted corridor network in Zhemgang could
enhance connectivity of RMNP, PNP and JWS. In a nutshell, the
NPAs were equally important as PAs that could facilitate species
movement due to high predicted corridor strength.

4.4 Multispecies core areas and corridors

Amongst the existing PAs, RMNP ranked top in protecting
predicted core habitats and corridors across all study species.
RMNP adjoins India’s UNESCO World Heritage site, MNP and
together forms one of the important wildlife conservation
complexes. The predictions were made beyond the Bhutan border
by extending the study area into the neighbouring Indian states of
Assam, Arunachal Pradesh, Sikkim, and West Bengal (Figure 7).
This was done to provide a better picture of the connectivity
because species movement transcends national borders. Our
analysis shows that multispecies core habitats extend beyond the
Bhutan boundary (Figure 6A) indicating the importance of
transboundary collaboration to protect potential habitats on both
sides of the border. Within Bhutan, JDNP, JSWNP and WCNP
were the next best PAs harbouring a substantial number of
predicted cores. These PAs are connected by a network of
existing corridors forming one of the largest temperate and alpine
PANSs in the region.

Our findings also reveal the importance of existing BCs in
protecting core habitat in addition to their role as movement
conduits. This further sheds light on the structural connectivity of
the existing BCs. The corridor (BC 3) connecting PWS to RMNP
and JSWNP ranked top in protecting predicted core habitats of all
study species combined. Finally, we identified critical core habitats
outside of the existing PAN that could serve as key biodiversity
areas. We identified that Gedu has the highest strength of core
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habitat among NPAs. Contiguous with India’s Buxa Tiger Reserve,
Gedu offers potential landscape connectivity for the movement of
megafauna like tiger and Asian elephants between tropical and
temperate cloud forests. We also found that Mongar, Dagana
Trashigang, Paro, Wangdue, Zhamgang, Samdrupjongkhar and
Samtse divisions have the equal potential of multispecies core
habitat protection outside PA within Bhutan. Both are contiguous
to existing PAN and could serve as an important habitat for
spillover species from PAs.

4.5 Management implications

Our research compared the existing protected areas and
biological corridors in Bhutan and identified potential gaps in
their protection of connectivity for a selection of focal species and
for an index of multispecies connectivity. Our findings show that
about 38% of the core habitats and 31% of dispersal corridors across
all study species are protected across Bhutan and in the
neighbouring states of India. While a large portion of predicted
cores and corridors are protected, there is still a substantial gap that
warrants protection. Those in NPAs may be at risk of losing
viability due to land conversion. Therefore, conservation
managers and land planners should include these core habitats
and corridors in future expansion and/or realignment of PAN or
identification of important biodiversity areas.

Our results support Penjor et al. (2021) who identified suitable
core habitats outside PAN for most megafauna species in Bhutan
using habitat suitability models. However, the current study uses
spatially synoptic connectivity approaches providing better
predictions of core areas and connectivity linkages and allowing
us to rank them based on the strength of movement and dispersal
abilities of species (Kaszta et al., 2020). Penjor et al. (2021) identified
seven habitat patches and six putative corridors outside the PAN.
We refined and extended those predictions in this study.

Of the important differences between Penjor et al. (2021) and this
study is that the former did not consider connectivity and based
predictions only on habitat suitability, which is a relatively weak
proxy for population size, movement patterns or connectivity
(Cushman et al., 2009; Wasserman et al., 2010; Cushman et al., 2014;
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Shirk et al, 2015). Additionally, this study identified and mapped
spatially explicit corridor networks optimised by the factorial LCP
algorithm and precisely predicted where they run (Figure 6B) across
the landscape (Kaszta et al., 2020) which otherwise is not possible based
solely on habitat suitability models. Together, the products developed in
Penjor et al. (2021) and this study complement each other and can be
utilised in land management to identify, mend, and strengthen the
existing PAN in Bhutan.

We recommend that the existing PAN should be preserved and
expanded with strategic inclusion of predicted core areas and
corridors that we identified as of highest priority outside of the
existing PAN. Several studies in the past recommended the
inclusion of biodiverse NPAs and/or expansion of existing PAs to
encompass additional habitats (Dorji et al., 2019; Penjor et al., 2021;
Thinley et al., 2021; Choki et al., 2023). We propose the inclusion of
additional areas identified in Penjor et al. (2021) and this study to
the existing PAN or perhaps as a new joint-protected landscape in
the south and south-east Bhutan (Figures 6A, B). We propose the
inclusion of core areas and corridors identified in non-protected
areas like Sarpang Division, Zhemgang Division, Pema Gatshel
Division and Samdrupjongkhar Division to the existing PAN in the
south. These proposed areas are in general agreement with the
biodiverse areas identified in Penjor et al. (2021) and should be
prioritised to expand the existing transboundary Manas
conservation area (TraMCA) landscape between Bhutan and India.

We provide spatially prioritised predictive maps of core areas
and corridors which are useful for prioritisation of areas for
conservation. The predicted cores and corridors transcend
international boundaries offering an opportunity to strengthen
transboundary cooperation in addition to TraMCA in the south
and Kanchenjunga Landscape (Gurung et al., 2019) in the west. The
transboundary cooperation could be extended in the east where
SWS and JWS of Bhutan and Namdhapha conservation complex
(Namdhapha Tiger Reserve, Mouling National Park, Pakke Wildlife
Sanctuary, Eagle Nest Wildlife Sanctuary, Dibang Wildlife
Sanctuary) of India have the potential to form an important
conservation complex in the eastern Himalayas.

4.6 Conclusion

Our study provides a means to prioritise and optimise the
expansion of the PA and BC network to effectively protect
multispecies connectivity across the full extent of the nation. The
recent agreement at the Conference of Parties to the Convention on
Biological Diversity in Montreal, Canada to protect 30% of land and sea
by 2030 can be achieved by objectively identifying potential areas with
rich biodiversity. Our analysis provides an objective, nationwide, multi-
species prioritisation of which areas should be prioritised for additional
protection. We suggest that the protection of multispecies core areas
and connectivity linkages is more effective than focusing landscape
conservation management on single species. Simply put, our findings
suggest that the effective way forward for long-term biodiversity
conservation in a fragile, Himalayan landscape is to maintain the
existing PAN, bolster them by protecting the important habitats that
abut them and enhance connectivity by protecting high priority multi-
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species corridors outside of PAN. The mapping of spatially prioritised
core areas and corridors allows conservation managers to identify and
protect high priority areas and can be used to intersect with future
development plans to mitigate any adverse impact of infrastructure
development. A similar approach could be undertaken in other
Himalayan countries, or to provide an initial step in multi-national,
regional efforts to visualise and prioritise transboundary conservation
networks to safeguard biodiversity across the Himalayan region.
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