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ARTICLE INFO ABSTRACT

Keywords: The increasing ecological costs and constraints facing large carnivores, driven by habitat loss, poaching and
Bhutan human-wildlife conflict, represent a major challenge for global conservation. Although tigers have received
OCCUPanCY 'flo‘?d. significant conservation attention, knowledge gaps remain regarding their fundamental biology, including how
Panthera tigris tigris they differ from sympatric carnivores such as leopards in habitat use and ecological requirements. We studied
Panthera pardus fusca

these two species across Bhutan's mosaic of protected and non-protected areas, using camera trap data from the
second National Tiger Survey (2021-2022). We applied a scale-optimised spatial hierarchical occupancy model
to examine habitat use by tigers and leopards, compare their ecological niches, and assess their co-occurrence
patterns.

Tigers were estimated to occupy 7359 km? (~19% of Bhutan), whereas leopards occupied 15,842 km?
(~41%), reflecting their broader distribution and Bhutan's disproportionate contribution to the global ranges of
both species. For tigers, maintaining the ecological integrity of existing protected areas is more critical than
expanding their coverage. Conservation strategies should prioritise core habitats and connectivity beyond pro-
tected areas and across multi-use landscapes, while addressing developmental pressures. In contrast, higher
leopard occupancy in non-protected, human-modified landscapes, highlights their adaptability but also signals
greater risks of human-carnivore conflict. We recommend community-driven coexistence frameworks tailored to
species-specific ecological and socio-economic contexts. Building on its strong conservation ethos, Bhutan is well-
positioned to lead multidisciplinary strategies that secure the long-term persistence of both species while
contributing to biodiversity gains regionally and globally.
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1. Introduction

The interlinked processes of habitat degradation and climate change
have marked the onset of the Anthropocene, an epoch defined by
human-driven ecosystem modification and accelerated species extinc-
tion rates (Ceballos et al., 2005; Ripple et al., 2014; Keck et al., 2025).
Consequences are especially severe for large carnivores, whose exten-
sive spatial requirements and frequent conflict with humans complicate

conservation efforts (Wikramanayake et al., 2004; Goodrich et al.,
2022). Despite their ecological, cultural, and economic importance
(Macdonald et al., 2017), large carnivores continue to experience sub-
stantial range contractions and population declines due to habitat loss,
prey depletion, and poaching (Karanth et al., 2004a; Ripple et al., 2019)
These pressures are further intensified by national and transboundary
development agendas prioritising infrastructure expansion and trans-
formative land-use changes (Ash et al., 2022; Kaszta et al., 2024).
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Among Asia's most emblematic large carnivores are tigers (Panthera
tigris) and leopards (Panthera pardus), apex predators that have experi-
enced dramatic range contractions compared to the extent of their his-
torical ranges, approximately 93% for tigers and around 50% for
leopards (Hunter, 2015; Jacobson et al., 2016; Sanderson et al., 2023).
These species are central to ecosystem function, playing a key role in
prey regulation and trophic balance, and they serve as both flagship and
umbrella species for broader biodiversity conservation (Macdonald
et al., 2017; Shivakumar et al., 2023). Yet conservation investment re-
mains disproportionately focused on tigers, with leopards receiving
comparatively little attention (Jacobson et al., 2016; Kafley et al., 2019).

Despite their overlapping ranges, tigers and leopards differ markedly
in their ecological flexibility and tolerance to human disturbances
(Kafley et al., 2019; Penjor et al., 2022b). Conservation strategies often
rely on the umbrella species concept, suggesting that the protection of
wide-ranging apex predators indirectly benefits co-occurring species
(Caro, 2003). However, in heterogeneous, human-modified landscapes,
interspecific differences in carnivore responses to disturbance may limit
their effectiveness as reliable biodiversity surrogates (Dalerum et al.,
2008). Targeted management interventions and shifts in carnivore
guild dynamics can influence broader ecosystem functions (Ritchie and
Johnson, 2009; Levi and Wilmers, 2012). Intraguild competition,
particularly among carnivores with overlapping diets (Schoener, 1974),
drives spatial and temporal partitioning, shaping species diversity and
distribution patterns. These interactions are further influenced by
landscape-level factors, including anthropogenic disturbances and
management regimes (Blaum et al., 2009; Schuette et al., 2013).

Understanding these dynamics is particularly relevant in regions
where protected and human-modified areas occur in close proximity.
One such setting is Bhutan. The country lies within the world's largest
Tiger Conservation Landscape, the Northern Triangle, which spans
298,847 km? across India, Myanmar, China, and Bhutan. Here, both
species persist across a mosaic of protected areas and adjoining land-
scapes that differ in habitat conditions, human disturbance, and man-
agement regimes (Wangchuk et al., 2004; Tempa et al., 2013; Tempa
et al., 2019). Bhutan maintains more than 70% forest cover, and its
protected area network system spans 19,750 km?, 52% of the national
land area, across ten protected areas and nine biological corridors (NCD,
2020; FMID, 2023). This system is managed through a zonation
framework that strictly protects core zones, while allowing regulated
resource use in buffer, transition, and multiple-use zones (DOFPS,
2011).

Over half of Bhutan's human population, primarily in rural com-
munities, resides within or near these protected areas, where they have
legal access to resources, reflecting a conservation model that integrates
biodiversity protection and community livelihoods. In contrast, non-
protected areas, which comprise over 14,000 km? and approximately
49% of the country's forest cover, are managed by Divisional Forest
Offices (DFO) under a broader mandate emphasising sustainable forest
management and rural development (NCD, 2020; Tshewang et al.,
2021). The ongoing rapid land-use changes in the country, driven by
urban development, agriculture, road construction, and associated
human-wildlife conflict (Tshewang et al., 2021; Wangchuk et al., 2023),
combined with its legacy of rich biodiversity, offer an important op-
portunity to examine how large carnivores such as tigers and leopards
respond to different management approaches across a con-
servation—-development landscape. Understanding these responses re-
quires assessing habitat use in relation to environmental and
anthropogenic factors and interspecific interactions that shape carnivore
community structure and dynamics (Sunarto et al., 2015; Gompper
et al., 2016; Miller et al., 2018).

Occupancy models are commonly used to infer species distribution
while accounting for imperfect detection, a widespread challenge in
ecological surveys that can result in overlooking the presence of a spe-
cies (MacKenzie et al., 2002; Tyre et al., 2003; Kéry and Royle, 2016,
2021). As datasets expand in spatial extent and increase in resolution (i.
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e., decrease in site area), accounting for residual spatial autocorrelation
may become crucial for avoiding biased estimates and enhancing pre-
dictive accuracy (Johnson et al., 2013; Guélat and Kéry, 2018). Standard
occupancy models use spatially indexed covariates but do not explicitly
model spatial dependence; in this study, we refer to these as non-spatial
occupancy models to distinguish them from spatial models that incor-
porate autocorrelation through correlated random effects (Doser et al.,
2022a). Spatial dependence often arise from habitat features that are
themselves spatially structured but not included in a model, or from
biotic processes such as dispersal patterns, territorial behaviour, and
interactions with sympatric species, including source-sink dynamics and
spatial avoidance between dominant and subordinate species (Guélat
and Keéry, 2018).

Penjor et al. (2019) established a baseline for tiger distribution and
habitat use in Bhutan using a non-spatial occupancy model and data
from the first National Tiger Survey 2014-2015. Here, we analysed
camera trap data from Bhutan's largest biodiversity survey, the second
National Tiger Survey from 2021 to 2022, using spatial occupancy
models that account for residual spatial autocorrelation (Doser et al.,
2022b) and using scale-optimised environmental covariates
(McGarigal et al., 2016). Specifically, we addressed the following three
main questions: 1. What are the spatial patterns of occupancy and what
is the current geographic range size for tigers and leopards in Bhutan? 2.
Which key environmental and anthropogenic variables, including pro-
tection status (PAs vs NonPAs), and at what spatial scales, most strongly
influence tiger and leopard habitat use? 3. Do tigers and leopards exhibit
spatial co-occurrence or avoidance? Although interspecific interactions
were not the primary focus of our study, we analysed spatial overlap
post-hoc, based on the estimated presence/absence of both species to
examine patterns of coexistence and segregation.

We tested the following hypotheses: (a) tiger occupancy is higher in
protected areas than in non-protected areas, reflecting the positive
response of this species to formal protection, avoidance of human
disturbance (e.g., proximity to roads and agriculture), tendency to avoid
steep terrain, and preference for structurally complex forests i.e., with
high canopy cover and foliage height diversity (Goodrich et al., 2010;
Karanth et al., 2011; Penjor et al., 2019; Sanderson et al., 2023; Jhala
et al., 2025) (b) leopard occupancy is higher in non-protected forests
than in protected areas, owing to leopards' broader ecological tolerance
and adaptability to human-modified landscapes (e.g., GMI, road density
and agriculture), and increases with foliage height diversity (i.e.,
structurally complex, multi-layered forests) (Hayward et al., 2006;
Athreya et al., 2016; Gubbi et al., 2020; Penjor et al., 2022a), and (c)
spatial overlap between tigers and leopards is limited, such that leopard
occupancy declines where tiger occupancy is high, consistent with
patterns reported elsewhere that may reflect competitive interactions
(Harihar et al., 2011; Chatterjee et al., 2023).

The comparisons we make here between spatial processes, habitat
use and co-occurrence of tiger and leopard, and of their species-specific
responses to environmental and anthropogenic variables, offer critical
information and a more nuanced understanding of these at-risk species.
Our findings provide important insights to support their conservation
planning efforts in Bhutan and beyond, especially as regional develop-
ment accelerates and pressure on large carnivore habitats intensifies.

2. Methods
2.1. Study area

Bhutan is a small, mountainous country situated on the southern
slopes of the Eastern Himalayas, bordered by China to the north and
India to the east, west, and south. It covers an area of 38,394 km?, with a
total human population of only 784,043 corresponding to a density of
19 km? (NSB, 2025). Elevation ranges from less than 100 m in the
southern foothills to over 7500 m in the north, with an average elevation
of 3280 m, spanning three distinct climate zones: subtropical foothills,
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temperate mid-elevations, and high alpine regions. Forests cover around
26, 800 km? (70%) of the total area, composed of approximately 68%
broadleaf and 32% coniferous species (FMID, 202.3).

Bhutan lies within the Northern Triangle Tiger Conservation Land-
scape (TCL), the world's largest at 294,847 km? and representing more
than 32% of the global TCL extent (Sanderson et al., 2023).

2.2. Camera trap survey and design

Under the aegis of the Department of Forests and Park Services
(DoFPS), the second National Tiger Survey was conducted from October
2021 to July 2022 in 10 Protected Areas (PAs) and 14 Territorial Forest
Divisions (Fig. 1). A total of 1043 grid cells, each measuring 5 x 5 km?
(25 kmz), were uniformly laid out across the country based on the
combined distributional range of tigers and leopards at elevations from
90 to 4500 m a.s.1. (DoFPS, 2023; Tempa et al., 2019). Much of the high-
elevation terrain in the north of the country was excluded from the
sampling frame because both species are known to be largely absent
from these areas (Fig. 1). The camera trap survey, conducted using
standard block trapping methods (Karanth & Nichols, 2002), took place
in two major survey blocks: North and South, owing to logistic and
weather constraints.

The Northern Block had 527 camera stations from 11th October 2021
to 31st January 2022, spanning 13 field offices: seven Protected Areas
and six Divisional Forest Offices. The Southern Block consisted of 672
camera stations from 21st February 2022, to 30th July 2022, spread
across 15 field offices: four Protected Areas and 14 Divisional Forest
Offices (See Appendix A for details). A small number of additional
camera stations were installed outside the predefined grids to improve
coverage in areas with logistical or accessibility constraints, and in lo-
cations identified through local knowledge of reported large carnivore
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presence.

A5 x 5 = 25 km? grid was initially selected following the density
sampling protocol, which recommends placing at least 2-3 camera sta-
tions within the average home range of a female tiger (Karanth &
Nichols, 2002). This design was supported by GPS and VHF telemetry
data from Bhutan, which estimated female tiger home ranges at 28-34
km? in the south (DoFPS, 2023; DoFPS, unpublished data) and up to 150
km? for a single female in central Bhutan (DoFPS, 2023). However, we
conducted our analyses at a finer spatial grain of 2 x 2 km? to represent
spatial variation in carnivore habitat use with a greater spatial resolu-
tion, while ecological scale dependence was addressed through multi-
scale covariates. This yielded 9704 grid cells of 4 km? each. Since
tiger and leopard home ranges in Bhutan far exceed 4 km? in size, we
interpreted the occupancy parameter in our analysis as the probability of
site use during the survey period, rather than as the probability of per-
manent presence (Steenweg et al., 2017), and we take the liberty to use
both as synonyms. Home ranges exceeding a grid cell are in fact one of
the factors that may lead to residual spatial autocorrelation in an oc-
cupancy model and our spatial occupancy model addressed this
(MacKenzie et al., 2017; Gould et al., 2019); see below.

Given the low density and detectability of large felids, cameras were
strategically placed along likely travel routes such as forest trail in-
tersections, ridgelines, rivers, saltlicks, and waterholes (Karanth &
Nichols, 2002). Each station consisted of two cameras mounted
45-60 cm above the ground and 2-3 m from the trail to capture full-
body images. We used the Camera Trap File Manager (CTFM, Pan-
thera) tool and CAMTRAPR (Niedballa et al., 2016), to manage camera
trap data by assigning metadata including date, time, species, and sex,
and to generate species-specific detection histories for occupancy
modeling.
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Fig. 1. Map of the study area in Bhutan showing camera-trap locations arranged in a 5 x 5 km grid during the Second National Tiger Survey (2021-2022).
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2.3. Covariates

Drawing on ecological knowledge and prior studies, we selected a
suite of 19 covariates that potentially influenced tiger and leopard
habitat use (Perez et al., 2006; Athreya et al., 2016; Tempa, 2017; Penjor
et al., 2019; Penjor et al., 2022b; Perez et al., 2022; Wen et al., 2022;
Milda et al., 2023; Poudel et al., 2023) and grouped them into four
categories: vegetation, topographic, anthropogenic, and climatic
factors.

Vegetation covariates included five structural metrics derived from
NASA's GEDI LiDAR dataset (Dubayah et al., 2020) providing fine-scale
information about three-dimensional forest structure. These metrics
included the total plant area index (TPAI), plant area volume density of
the understory from 0 to 5 m (PAVD), Foliage Height Diversity (FHD),
canopy cover, and forest canopy height (FCH). Since GEDI makes sparse
observations of forest structure, we developed a Random Forest model
based on GEDI footprint observations and several ancillary data layers,
including Sentinel-2 optical satellite imagery and ALOS-2 PALSAR-2 L-
band radar data. We made spatially-continuous prediction maps of each
of the five structural metrics at 100 m spatial resolution (see Appendix G
for details) We also included Gross Primary Production (GPP;
MOD17A2H, 1 km, 8-day composite) as a continuous proxy for vege-
tation productivity and greenness (Running and Zhao, 2015).

Topographic covariates included elevation (SRTM 30 m), roughness,
topographic position index (TPI), and compound topographic index
(CTI), all derived from digital elevation models (MERIT-DEM at 90 m
and SRTM at 30 m spatial resolution (NASA JPL, 2013). We also
included a river layer from the Land Use Land Cover (LULC) dataset
provided by the Department of Forest and Park Services, Royal Gov-
ernment of Bhutan (RGoB).

Anthropogenic covariates included four variables representing
human land use and infrastructure. The Global Human Modification
(GHM) index (1 km resolution) quantifies cumulative human pressure
from settlements, agriculture, transportation, energy and mining, and
electrical infrastructure (Kennedy et al., 2019). We further included
road, agriculture and protected areas and biological corridor polygon
layers, all derived from the LULC dataset of the DoFPS, RGoB.

Climatic covariates included four variables derived from the
CHELSA-W5ES v1.1 dataset at a spatial resolution of approximatelyl
km: mean annual temperature, mean annual precipitation, temperature
seasonality, and precipitation seasonality (Karger et al., 2023). These
variables capture long-term climate averages and seasonal variability
across Bhutan.

2.4. Obtaining covariates at multiple spatial scales

We first resampled all the predictor rasters to a resolution of 90 m.
Using Google Earth Engine (GEE) (Gorelick et al., 2017), we then
computed weighted focal statistics at seven spatial extents (250 m, 500
m, 1 km, 2 km, 4 km, 8 km, and 16 km) using a moving-window
approach with Gaussian distance-decay kernels (radius = scale; 6 =
scale/2), following McGarigal et al. (2016). We then extracted the co-
variate values at camera trap locations in GEE using a custom zonal-
statistics function. For continuous variables, we calculated the
Gaussian-weighted focal mean at each scale, whereas for binary cate-
gorical variables (e.g., river, protected area; coded as 1 = presence, 0 =
absence), we calculated the focal mean as the weighted proportion of the
surrounding landscape classified as present.

2.5. Occupancy modeling

We used the R package spOccupancy (Doser et al., 2022b) to fit spatial
and non-spatial occupancy models (MacKenzie et al., 2002; Tyre et al.,
2003) for both species separately. We first selected the optimal spatial
scale for each environmental covariate that potentially affected tiger or
leopard distribution, followed by covariate selection to obtain our final
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models for inference.

Detection histories were compiled for each camera station using 30-
day intervals as sampling occasions, with a ‘1’ denoting a detection, and
‘0’ denoting a non-detection. The first 529 camera stations were
deployed sequentially in the northern block during days 1-150 of the
study, followed by deployment of the remaining 673 stations in the
southern block during days 151-268. Thus, in the first period, only the
northern stations contributed data, whereas the southern stations were
inactive, and vice versa in the second period. Therefore, occasions with
inactive cameras were coded as NA.

2.5.1. Optimisation of spatial scale of covariates

To identify the spatial extent around camera trap sites at which
covariates best predicted the distribution of tigers and leopards, we
implemented a multi-scale optimisation approach (McGarigal et al.,
2016; Macdonald et al., 2019). For each species, we evaluated 19
covariates (all normalised prior to analysis) at seven spatial scales from
250 m to 16 km; see above. To avoid excessive computational costs, we
used for this a non-spatial occupancy models (see below). For each
species separately, we used the Widely Applicable Information Criterion
(WAIC) to compare the predictive performance of the model across these
seven scales (Watanabe and Opper, 2010) and selected the optimal scale
for each covariate and species. To avoid excessive multicollinearity
among scale-optimised covariates, we next calculated pairwise Pearson
correlation coefficients and excluded one variable from each pair with |
r| > 0.7 using the vifcor () function in the usdm R package (Naimi,
2023). Finally, we iteratively removed variables with a stepwise vari-
ance inflation factor of > 5. This resulted in 11 covariates for leopards
and 9 for tigers (see Appendix H(a) and H(b) for details).

2.5.2. Covariate selection

To identify a useful model for inference of tiger and leopard distri-
bution in Bhutan, we first fitted a non-spatial occupancy model with
linear and quadratic terms of all 11 and 9 predictors for leopards and
tigers, respectively, using the function PGOcc (Doser et al., 2022b) and
then dropped all quadratic terms that were statistically unsupported, i.
e., had 0 inside of their 95% credible interval. We then retained that
covariate structure and fitted a spatial occupancy model to the tiger and
the leopard data using the function spPGOcc (Doser et al., 2022). For
comparison we also fitted the corresponding two models without spatial
autocorrelation using PGOcc.

2.5.3. Fitting the non-spatial and the spatial occupancy models

For tiger, we modelled occupancy probability using gross primary
productivity (GPP), protected areas and biological corridors, mean
annual precipitation, precipitation seasonality, river density, road den-
sity, terrain roughness, proportion of agricultural cover, and topo-
graphic position index (TPI). For leopard, we used foliage height
diversity (FHD), elevation, global human modification (GHM), GPP,
mean annual precipitation, precipitation seasonality, river density, road
density, terrain roughness, proportion of agricultural cover, and TPIL.

Detection probability for both species was specified as a function of
Julian date (linear and quadratic, both standardised) and the logarithm
of the trap effort (i.e., of the number of trap nights per occasion).

To accommodate residual spatial autocorrelation, i.e., spatial struc-
ture in occupancy probability at the scale of our 4 km? grid cells that was
not accounted for by the covariates in the model, we fitted a spatial
occupancy model using Nearest Neighbour Gaussian Processes (NNGPs)
as implemented in the spOccupancy package (Doser et al., 2022).
Here, the linear predictor of occupancy probability at grid cell j com-
prises a spatially structured random effect W = (Wj..... Wj)T, modelled
as a draw from a multivariate normal distribution W ~ MVN (0, X),
where X is the variance-covariance matrix containing the pairwise
spatial covariances between sites i and j and is defined as Z; = = 62 exp
( —¢ dij), i.e., the exponential covariance model. Here, d; denotes the
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Euclidean distance between each pair of sites i and j, 6% represents the
spatial variance, and ¢ is the spatial decay parameter that controls how
quickly residual spatial autocorrelation declines with increasing dis-
tance. We assigned a weakly informative prior to the spatial variance
term o?~ Inverse Gamma (« = 1, p = 2), and independent uniform priors
for the spatial decay parameter ¢ ~ Uniform (0.001, 0.5). As a sensi-
tivity analysis, we fitted the spatial occupancy models with four
different NNGP configurations, with 5, 15, 20, and 30 neighbours, which
we compared using WAIC. For both the tiger and leopard, the formu-
lation with 5 NNGP proved to have the lowest (or best) value of WAIC
and hence, we present the results for these. We ran all models for suf-
ficiently long that all chains had reached convergence based on a visual
assessment of trace plots and values of the Rhat convergence statistics of
< 1.1 (Brooks and Gelman, 1998). We report posterior means as point
estimates and symmetric 2.5 and 97.5% percentiles for a 95% credible
interval (CRI). To convey the uncertainty in estimated species distri-
bution maps, we also show the posterior standard deviation.

Model fit was evaluated via posterior predictive checks (PPC) using
the Freeman-Tukey discrepancy statistic (Freeman and Tukey, 1950)
implemented in the ppcOcc () function of spOccupancy .

For comparison, to evaluate the error in tiger and leopard range size
estimates from ignoring imperfect detection, we fitted a variant of our
best-fit spatial model (5-NNGP) in spOccupancy without the detection
component. We collapsed detections across all sampling occasions into a
single presence-absence indicator (1 if detected at least once, O other-
wise) and duplicated this column to create a pseudo-detection history of
two identical occasions. This forced the model to assume perfect
detection (p = 1) while maintaining the same structure as the full 5-
NNGP spatial occupancy model, thereby allowing us to fit an equiva-
lent spatial logistic regression without explicitly modeling imperfect
detection.

2.5.4. Prediction of species presence and absence and estimation of range
size and overlap metrics

We used predictions from the fitted spatial models to estimate tiger
and leopard range size in Bhutan, their overlap with protected and non-
protected areas, and spatial overlap between the two species. For com-
parison, we also generated the same estimates using the non-spatial
models. These quantities were estimated by summing the predicted
values of presence and absence of a pixel over suitable areas, for
example, across all grid cells in Bhutan to estimate national range size.
Repeating these calculations across posterior draws from the Bayesian
analysis allowed uncertainty in the estimates to be propagated.

To compare occupancy between protected areas (PAs) and non-
protected areas (NonPAs), we calculated the fractional overlap of each
grid cell with the two management zones using terra: :extract inR.
For each pixel, we multiplied the estimated occupancy probability (y)
by the proportion of the pixel within each zone, thereby apportioning
occupancy proportionally between PAs and NonPAs. Posterior samples
of presence-absence states (z) were drawn from the spatial occupancy
model, and mean occupancy was summarised separately for PAs and
NonPAs. We then evaluated the posterior distribution of occupancy
differences (NonPA — PA). The same comparison was conducted sepa-
rately for the 24 management strata comprising 10 PAs and 14 DFOs.

To evaluate spatial overlap between tiger and leopard distributions
in Bhutan, we used posterior samples of the estimated occupancy states
(z) from the two independently fitted spatial models and classified each
of the 9704 sites across 2500 MCMC draws into four states: neither
species present, leopard only, tiger only, or both species present. These
classifications were used to calculate site-level co-occurrence fre-
quencies, conditional occupancy probabilities, and associated contrasts,
with full propagation of uncertainty. The corresponding equations are
provided in Appendix I.
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3. Results

We recorded 405 independent tiger events and 796 independent
leopard events over a total sampling effort of 96,857 effective trap
nights (median 3927 per station; range 2068-8725). Tigers were
detected at 187 stations (15% of the total), whereas leopards were
detected at 265 camera stations (22% of the total) (see Appendix A for
details).

3.1. Scale of covariates influencing habitat use

The scale of habitat use differed between tigers and leopards for
seven of the eight shared covariates (Tables 1 and 2). Leopards
responded to topographic covariates at broader scales, with Topo-
graphic position index (TPI) and terrain roughness optimised at 8 km
and rivers at 16 km, whereas tiger occupancy was best explained by
these covariates at finer scales, with TPI and terrain roughness optimised
at 4 km and rivers at 250 m. Elevation was important only for leopards at
2 km.

Among anthropogenic variables, both species responded to roads at
250 m, whereas agricultural land best described patterns in tiger habitat
use at a spatial scale of 16 km and 8 km for leopards. The Global
Modification Index (GMI) and PA network system were selected at 16
km for leopards and tigers, respectively. Responses to climate also

Table 1

Posterior means with 95% CRIs in parentheses for non-spatial and for spatial
occupancy models for tigers L and Q denote the linear and quadratic terms of a
covariate. Estimates with 95% CRIs that do not overlap 0 (and thus are “sig-
nificant™) are highlighted in boldface.

Parameter and parametric form Scale Non-spatial Spatial model
(kms) model (5 NNGP)
Occupancy probability
Intercept —0.82 —2.02
(—1.24;-0.38) (—4.09-0.14)
Gross Primary Productivity (L) 1 0.04 0.42
(—0.23-0.30) (-0.69-1.57)
Gross Primary Productivity (Q) 1 —0.41 —0.69
(—0.68-0.13) (—1.59-0.07)
Protected Areas and Biological 16 0.68 1.11
Corridors (L) (0.43-0.94) (0.03-2.43)
Protected Areas and Biological 16 —0.29 —0.63
Corridors (Q) (—0.54;-0.03) (-1.62-0.16)
Precipitation (L) 1 0.1359 -0.10
(—0.06-0.33) (—0.53-0.29)
Precipitation Seasonality (L) 8 0.51 0.98
(0.26-0.77) (—0.42-2.39)
Precipitation Seasonality (Q) 8 -0.35 —1.09
(-0.57;-0.13) (—2.30;-0.05)
River (L) 0.25 —-0.33 —0.48
(—0.57;-0.09) (—1.07-0.002)
Road (L) 0.25 —0.08 -0.16
(-0.33 — 0.16) (—0.67-0.34)
Roughness (L) 4 —0.83 —1.26
(—1.09;-0.60) (—2.20;—-0.59)
Agriculture (L) 16 -0.59 —0.98
(—0.87;-0.30) (—1.98;-0.17)
Topographic Position Index (L) 4 —0.56 —0.91
(—0.83;-0.30) (—1.68;-0.30)
Spatial variance (c2) - - 19.54
(6.23-52.28)
Spatial range (¢) - - 0.052
(0.02-0.09)
Detection probability
Intercept —-2.36 —2.42
(—3.04;-1.71) (—3.08;-1.78)
Month (L) —0.003 —0.024
(-0.21-0.19) (-0.23-0.19)
Month (Q) -0.14 -0.14
(—0.37-0.08) (—0.36-0.09)
Log effort (L) 0.66 0.67
(0.66-0.87) (0.48-0.88)
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Table 2

Posterior means with 95% CRIs in parentheses for non-spatial and for spatial
occupancy models for leopards. L and Q denote the linear and quadratic terms of
a covariate. Estimates with 95% CRIs that do not overlap 0 (and thus are “sig-
nificant™) are highlighted in boldface.

Parameter and parametric form Scale Non-spatial model ~ Spatial model
(kms) (5 NNGP)
Occupancy probability
Intercept —0.90 —1.68
(—1.43;-0.360) (—4.27-1.30)
Foliage Height Diversity (L) 16 0.54 1.16
(0.13-0.99) (-0.46-3.09)
Elevation (L) 2 -1.55 —2.82
(—2.15;-0.98) (—5.27;-0.71)
Global Human Modification 16 -0.08 -0.11
@) (—0.38-0.20) (—1.86-1.90)
Gross Primary Productivity (L) 0.5 -0.19 0.79
(-0.76-0.35) (-1.30-3.37)
Gross Primary Productivity (Q) 0.5 0.36 0.62
(0.01-0.70) (—0.85-2.07)
Precipitation (L) 16 —0.06 -0.43
(-0.29-0.16) (—1.53-0.41)
Precipitation Seasonality (L) 2 —1.05 -1.12
(—1.36;-0.76) (—3.33-1.28)
Precipitation Seasonality (Q) 2 —0.50 —1.0846
(—0.73;-0.27) (—2.69-0.16)
River (L) 16 —0.090 0.39
(-0.51-0.37) (—1.60-2.62)
River (Q) 16 0.39 0.50
(0.07-0.75) (-0.61-1.93)
Road (L) 0.25 —0.89 —-1.68
(—1.87-0.08) (—4.09-0.68)
Road (Q) 0.25 0.21 0.53
(0.04-0.49) (0.03-1.22)
Roughness (L) 8 0.23 0.47
(-0.075—0.57) (—1.20-2.16)
Agriculture (L) 8 0.15 0.78
(—0.05-0.36) (0.002-1.99)
Topographic Position Index (L) 8 —0.02 —0.57
(-0.27-0.25) (—2.17-0.50)
Spatial variance (62) - 120.12
(14.44-489.03)
Spatial range (¢) - 0.083
(0.03-0.16)
Detection probability
Intercept -3.78 —-3.74
(—4.47;-3.11) (—4.43;-3.08)
Month (L) —0.08 —-0.05
(—0.25-0.09) (-0.21 — 0.11)
Month (Q) -0.11 -0.12
(—0.30-0.08) (—0.32-0.08)
Log effort (L) 0.98 0.98
(0.78-1.19) (0.78-1.18)

differed among the species. Tigers showed scale-specific responses to
precipitation at 1 km and precipitation seasonality 8 km, while leopards
responded at 16 km and 2 km, respectively. For vegetation metrics, ti-
gers responded to Gross Primary Productivity (GPP) at 1 km and leop-
ards to Foliage Height Diversity (FHD) at 16 km.

3.2. Comparisons between inferences by spatial versus non-spatial models

The best spatial model greatly outperformed the corresponding non-
spatial model in terms of WAIC for both species (tiger: spatial =
1513.24, non-spatial = 1705.17; leopard: spatial = 2315.29, non-
spatial = 2564.22). Posterior predictive Bayesian p-values for the
5-NNGP spatial models were 0.19 for both tigers and leopards, sug-
gesting adequate model fit.

For tigers, the spatial variance was estimated at a much lower value
than for leopards (Tables 1 and 2), indicating stronger spatial structure
in leopard occurrence that was not explained by the covariates in each
model. The estimate of the spatial decay parameter (¢) was higher for
leopard (0.0826) than for tiger (0.0522). In the exponential correlation
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model, (%) gives the distance between two sites over which residual

spatial correlation drops to 0.05, and thus ‘almost zero’. This distance
was estimated at 57.5 km and 36.3 km, for tiger and leopard, respec-
tively (Tables 1 and 2).

3.3. Habitat use inferred from spatial models

Posterior occupancy estimates from the spatial model showed clear
differences between the two large carnivores. Tigers had a lower overall
occupancy, with a countrywide mean of 0.19 (0.16-0.22), indicating a
much more restricted distribution in Bhutan. In contrast, leopards had a
higher mean occupancy of 0.41 (0.36-0.46), suggesting broader spatial
distribution.

For leopards, the detection probability for a single trap night was
estimated at 0.03 (0.01-0.04) and increased to 0.40 (0.35-0.45) when
cumulated over 30 trap days. For tigers, the detection probability for a
single trap day was higher at 0.08 (0.04-0.14) and increased to 0.46
(0.39-0.53) over 30 trap days (Figs. 2-5).

3.4. Estimated covariate relationships from spatial occupancy models

Of the nine covariates in the spatial tiger model, five had “signifi-
cant” effects where the 95% CRI did not contain O (see Table 1). Oc-
cupancy increased with protected area and biological corridor coverage,
indicating greater habitat use within the protected area and biological
corridor network, with a slight plateau at high coverage. “Significant”
negative effects were observed for precipitation seasonality (quadratic),
terrain roughness (linear), topographic position index (TPI; linear), and
agricultural land (linear), suggesting that tigers prefer gentle terrain and
low-lying ridges while avoiding steep slopes and agricultural areas.
Occupancy peaked at intermediate precipitation seasonality, with
greater uncertainty at the extremes (Fig. 6).

For leopard, three of the 11 covariates were “significant”. Elevation
(linear) had a strong negative effect, indicating a preference for lower
elevation. Unlike tigers, leopard occupancy was positively associated
with agricultural land (linear) and with intermediate road densities
(quadratic; Fig. 7).

The two species responded differently to vegetation covariates.
Leopards showed a weak association with foliage height diversity (FHD)
at the 16 km scale (linear) and a weak U-shaped response to GPP at the
500 m scale, whereas tigers exhibited a unimodal response to GPP at the
1000 m scale (linear; Figs. 6 and 7).

Detection probability increased with survey effort for both species,
with a stronger rate of increase per camera trap night for leopards (f =
0.98) than for tigers (B = 0.67; Appendix B). Seasonal variation,
modelled with linear and quadratic terms of Julian date, was weak and
“non-significant”.

3.5. Range sizes computed from spatial occupancy models

For tigers, the spatial model estimated a range size (posterior mean)
of 7359 km? (CRI: 6153-8724), whereas the non-spatial model yielded a
slightly higher estimate (7641 km?; CRI: 6566-8843). For leopards, the
range size estimate was 15,842 km? (14,186-17,778), i.e., approxi-
mately 2.1 times larger than that for tigers, whereas the non-spatial
model estimated the range size at 16,640 km? (14,975-18,361;
Fig. 8). For comparison, spatial models that failed to account for
imperfect detection produced considerably smaller range size estimates:
5605 km?> (4682-6746) for tigers and 10,897 km? (9900-11,984) for
leopards (Fig. 8). Thus, in our case a species distribution model that
ignored imperfect detection would have led to an underestimation of the
range size of 24% and 31% for the two study species, highlighting the
importance of accounting for imperfect detection to avoid biased
inference about range size.
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Fig. 2. Predicted occupancy probability for tigers from the non-spatial occupancy model: (a) posterior mean and (b) posterior standard deviation as a measure of

uncertainty of the map in (a).

Fig. 3. Predicted occupancy probability for tigers from the spatial occupancy model: (a) posterior mean, (b) posterior standard deviation, and (c) posterior mean of

the spatial random effect (w).

3.6. Comparison of occupancy () inside and outside protected areas

Tigers and leopards showed contrasting associations with PAs and
NonPAs, respectively. Tiger occupancy was higher within PAs (0.24,
0.18-0.30) than outside of them (0.16, 0.13-0.19), whereas leopard
occupancy was higher outside PAs (0.47, 0.41-0.53) than within (0.33,
0.27-0.40). The mean difference between NonPAs and PAs was 0.14
(0.05-0.22) for leopards and — 0.08 (—0.15 to —0.02) for tigers. Thus,
leopard occupancy was “significantly” higher in NonPAs and tiger oc-
cupancy “significantly” higher in PAs (Fig. 9).

3.7. Realised occupancy (y) at the Protected Area (PA) and Non-PA/
Divisional Forest Office (DFO) level

Tiger occupancy varied widely across different management zones,

from 0.63 (0.48-0.78) in Bumthang Forest Division (NonPA) to 0.013
(0.00-0.06) in Samtse Forest Division (NonPA). Among PAs, the highest
estimates were in Royal Manas National Park (0.48, 0.31-0.64), Phibsoo
Wildlife Sanctuary (0.47, 0.25-0.70), and Jigme Singye Wangchuck
National Park (0.32, 0.21-0.44), whereas most NonPAs had values <
0.30.

Leopard occupancy also varied considerably, ranging from 0.89
(0.77-0.98) in Pemagatshel Forest Division (NonPA) to 0.085
(0.01-0.24) in Jigme Khesar Strict Nature Reserve (PA). Several Non-
PAs, including Pemagatshel, Mongar (0.82, 0.72-0.90), and Sam-
drupJongkhar Forest Divisions (0.79, 0.64-0.92), had higher values of
occupancy than many PAs, with the highest PA estimates for leopard
recorded in Jomotshangkha Wildlife Sanctuary (0.75, 0.49-0.99), Royal
Manas National Park (0.74, 0.61-0.87), and Phibsoo Wildlife Sanctuary
(0.66, 0.41-0.87) (Fig. 12 and Appendix C and D for details).
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Fig. 4. Predicted occupancy probability for leopards from the non-spatial occupancy model: (a) posterior mean and (b) posterior standard deviation.
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Fig. 5. Predicted occupancy probability for leopards from the spatial occupancy model: (a) posterior mean, (b) posterior standard deviation, and (c) posterior mean

of the spatial random effect (w).

3.8. Occupancy overlap between tiger and leopard

The two spatial occupancy models for tiger and leopard predicted
leopard-only occupancy (i.e., presence of leopards and absence of tigers)
at 46% of Bhutan, more than four times more than the tiger-only oc-
cupancy (i.e., presence of tigers and absence of leopards) of 8.5%. Areas
predicted to be jointly occupied by both species accounted for 15% of
Bhutan, indicating a generally low spatial overlap between tiger and
leopard during our study period (Fig. 10). The largest area of Bhutan was
for sites where both species were absent, which was estimated to be
18,452 (16,629-20,061) km? Leopard-only sites covered 13,005
(11,585-14,628) kmz, whereas tiger-only sites were much smaller at
4522 (3601-5611) km?. The smallest area, 2837 (2228-3577) km?, was

predicted for sites where both species co-occurred, indicating a limited
spatial overlap (Fig. 13; Appendix E).

3.9. Conditional occupancy probabilities for the two species

The probability of tiger presence given leopard presence was esti-
mated at 0.179 (0.145, 0.215), compared to 0.197 (0.160, 0.244) when
leopards were absent. Conversely, the probability of leopard presence
given tiger presence was estimated at 0.386 (0.318, 0.460) and at 0.414
(0.369, 0.463) given tigers were absent. Differences between condi-
tional probabilities showed little evidence of avoidance as both CRIs
overlapped zero. Tiger presence was slightly lower when leopards were
present than absent (AT = —0.018, 95% CRI: —0.059-0.021; Pr (AT <
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Fig. 6. Predictions of occupancy probability as a function of the covariates in the spatial model for the tiger. The plots illustrate the marginal effects of individual
covariates on occupancy probability, holding all other variables constant at their means. Tiger illustration: Integration and Application Network, University of

Maryland Center for Environmental Science (ian.umces.edu).

0) = 0.82), and leopard presence was similarly lower when tigers were
present (AL = —0.028, 95% CRI: —0.089-0.035; Pr (AL < 0) = 0.82.
These patterns indicate no credible displacement, though the posterior
distributions suggest a weak tendency toward reduced co-occurrence
(Fig. 14; Appendix F).

4. Discussion
We have applied spatial occupancy models with scale-optimised

environmental predictors and provided a comparative assessment of
habitat use and range size for tigers and leopards in Bhutan. Using

camera trap data from Bhutan's largest biodiversity survey, the second
National Tiger Survey (2021-2022), we demonstrated that spatial oc-
cupancy models provide better predictive performance than corre-
sponding non-spatial models. Posterior predictions of presence and
absence in each grid cell of Bhutan obtained from our model provided a
methodology for simultaneously estimating range size, quantifying the
overlap in the distribution of the two large carnivores with management
zones, and assessing species co-occurrence, offering a valuable approach
directly applicable to conservation planning and management.
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4.1. Mean geographical range size and habitat use

Using a spatial occupancy model, we estimated tiger occupancy in
Bhutan at 7359 km? (95% CRI: 6153-8724), i.e., about one-fifth of the
country. This highlights Bhutan's disproportionate importance for global
tiger conservation despite its small geographic size. The mean proba-
bility of tiger occupancy (interpreted as habitat use; ) was 0.19. For
comparison, Penjor et al. (2019), using a non-spatial occupancy
framework with 25 km? grid cells, reported a higher mean posterior
probability of habitat use (0.335; SD = 0.291, 95% CRI = 0.157-0.561).
However, the two values are not comparable because their grid cells
were much larger than the 4 km? cells used in our study. All else being
equal, larger grid cells will always lead to higher values of occupancy
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(Kery and Royle, 2016: chapter 1). One additional factor that will tend to
increase the size of the earlier range estimate by Penjor et al. (2019) was
their use of a non-spatial model. Such models have a tendency to lead to
larger range size estimates than spatial models, as we also noted in one
of the comparisons in our study. Reanalysing the 2nd National Tiger
Survey data at a 25 km? resolution, or the 1st National Tiger Survey data
at a 4 km? resolution within a spatial framework, would produce esti-
mates that are comparable.

Leopards exhibited more than twice the geographical range size
(~15,842 km? vs. ~7359 km?) than tigers, indicating a much wider
distribution. The spatial model was again better in terms of prediction
success than was the non-spatial model. Compared to spatial models
with detection, an occupancy models that omitted spatial
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that accommodates p for tigers and leopards, respectively.

autocorrelation overestimated range size by ~4% for tigers and ~ 5%
for leopards. In addition, incorporating imperfect detection into the
range size assessment was vital, since spatial models that omitted
detection underestimated ranges by ~24% and ~ 31%, respectively.

This pattern is consistent with findings by Guélat and Kéry (2018),
who demonstrated that ignoring spatial autocorrelation can bias species
distribution estimates, even with extensive datasets. Notably, spatial
models produced more localised patterns of high and low occupancy
than non-spatial models, together with wider uncertainty intervals after
accounting for residual spatial autocorrelation. This indicates that non-
spatial models may smooth over geographically concentrated occupancy
patterns and understate uncertainty in spatial predictions.

4.2. Species-specific scale-dependent responses

Our results demonstrated distinct scale-dependent habitat associa-
tions, reinforcing the importance of multi-scale analyses in carnivore
ecology (McGarigal et al., 2016). Tiger habitat use was primarily driven
by protected areas and biological corridor coverage and agricultural
extent at broader scales. In contrast, terrain roughness, topographic
position index, and seasonal precipitation influenced occupancy at finer
scales, consistent with evidence that broad-scale anthropogenic pres-
sures and fine-scale topographic heterogeneity jointly shape large
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carnivore distributions (Sunarto et al., 2012; Krishnamurthy et al., 2016;
Macdonald et al., 2019; Atzeni et al., 2024). Road and river proximity
were retained at a finer scale but was non-significant, indicating limited
sensitivity to edge habitats.

Leopards responded to anthropogenic variables across finer spatial
scales, including road proximity at 250 m and agricultural extent at 8
km, indicating greater adaptability to human-modified landscapes. In
contrast, tiger occupancy was primarily influenced by broader-scale
variables such as protected area and biological corridor coverage and
agricultural extent at 16 km, indicating a dependence on coarse-scale
habitat structure. Such divergence between the two species highlights
the need for species-specific conservation strategies that explicitly ac-
count for scale-dependent habitat associations (McGarigal et al., 2016).

Furthermore, distinct patterns in spatial variance (¢2) and spatial
decay (¢) parameters support divergent scale-dependent habitat use
between these carnivores. Both parameter values were substantially
higher for leopards than for tigers, indicating stronger fine-scale spatial
clustering in leopards and a broader-scale spatial dependence in tigers.
For leopards, this residual spatial autocorrelation likely reflects their
ecological flexibility and use of fine-scale habitat features, particularly
in human-modified landscapes. Consistent with our findings and pre-
vious studies, leopards responded positively to agricultural land and to
road proximity (Athreya et al., 2016; Poursalem et al., 2021; Loveridge
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etal., 2022; Poudel et al., 2023). These anthropogenic features are often
spatially clustered at fine scales, driving localised occupancy patterns
that are not fully captured by broader environmental covariates. This
highlights the importance of spatially explicit models in accounting for
residual spatial structures that non-spatial models may overlook
(Dormann et al., 2007; Guélat and Kéry, 2018). Tigers exhibited
broader-scale spatial dependence, which aligns with their reliance on
extensive protected habitats (at the 16 km scale) and larger home-range
requirements (Sunquist and Sunquist, 2002; Hunter, 2015; Karanth and
Nichols, 2017).

4.3. Large carnivore occupancy and co-occurrence across management
zones

Our findings revealed differences in habitat use between tigers and
leopards across Bhutan's management zones. Tiger habitat use was
significantly higher in Protected Areas (PAs), whereas leopard habitat
use was notably higher in non-protected areas (NonPAs). Although some
NonPAs, such as Bumthang, Zhemgang, Thimphu, and Dagana Forest
Divisions, supported relatively higher tiger occupancy, the highest
values of occupancy probability occurred within the central and south-
central PAs. These results reinforce the importance of formally protected
landscapes as demographic strongholds for tigers. Given their wide-
ranging behaviour and vulnerability to human pressures, tigers will
continue to depend on the ecological integrity and management effec-
tiveness of Bhutan's PA network for their survival. This aligns with
strong evidence highlighting the irreplaceable role of PAs in maintaining

(©)

Fig. 9. Posterior distributions of the realised occupancy probabilities for tigers (a) and leopards (b) inside and outside protected areas (PAs). Panel (c) shows the
posterior distributions of the differences in realised occupancy probabilities between areas outside and inside PAs for both species.

12

the source populations of tigers and their prey (Balme et al., 2010;
Wikramanayake et al., 2011; Jhala et al., 2025).

The positive contribution of the protected area and biological
corridor network was further supported by a strong linear relationship
between tiger occupancy and protected area and biological corridor
coverage within a 16-km landscape window (Fig. 6). However, this ef-
fect was constrained by significant negative associations with terrain
roughness and the Topographic Position Index (TPI), suggesting that
some high-coverage protected area and biological corridor landscapes,
which are often steep and rugged, may offer lower suitability (Fig. 6).
Tiger occupancy was also high in several DFOs outside the protected
area network, highlighting the complementary importance of NonPA
habitats (Fig. 12).

Contrary to our hypothesis, forest structure variables such as foliage
height diversity, shrub density, canopy height, and cover were not sig-
nificant predictors of tiger occupancy, likely due to overlap with pro-
tected area and biological corridor coverage, which reflects intact, low-
disturbance habitat (Tshewang et al., 2021). Gross primary productivity
(GPP), a proxy for vegetation productivity, was retained but was not
significant, possibly reflecting moderate productivity in intact forests
limited by elevation and climate (Malhi et al., 2017). Its weak unimodal
relationship with tiger's habitat use is consistent with broader evidence
that carnivore communities peak at intermediate productivity levels
(Sultaire et al., 2025).

One notable finding was that tiger occupancy was low in the
southwest, northeast, and southeast of Bhutan, whereas leopard occu-
pancy was relatively high in these regions largely outside protected
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absent, (b) probability that only leopards are present, and tigers are absent, (c) probability that only tigers are present, and leopards are absent, and (d) probability

that both species are present.

areas. Leopards also exhibited significantly higher occupancy in non-
protected areas compared to tigers, consistent with our hypothesised
limited spatial overlap between the two species, with leopards using
edge habitats and human-modified landscapes more extensively than
tigers (Fig. 9). This is further supported by the positive influence of road
density and agricultural land on leopard occupancy, highlighting their
ecological flexibility and tolerance to human presence (Fig. 7). Similar
patterns have been reported across Asia, where leopards persist in buffer
zones, agroforestry systems, and forest edges (Ngoprasert et al., 2007;
Athreya et al., 2020; Moradi et al., 2024). Together, these findings
challenge the assumption that protected areas alone are sufficient to
conserve wide-ranging carnivores, highlighting the importance of hab-
itats outside the formal protected area network where effective
human-carnivore conflict prevention measures support coexistence
under species- and landscape-specific conditions (Woodroffe &
Ginsberg, 1998; Jones et al., 2024).

From a conservation perspective, the leopard's adaptability to
disturbance and tolerance of human presence is a double-edged sword.
These traits support their persistence outside protected areas but also
heighten conflict risks in Bhutan, where leopards more frequently
occupy human-dominated landscapes than tigers. Such risks include
increased livestock depredation, road mortality, and retaliatory perse-
cution (Athreya et al., 2020; Baral et al., 2024; Harihar et al., 2011).
With 90% of Bhutan's rural population reliant on agro-pastoral liveli-
hoods, livestock depredation represents both a conservation and eco-
nomic challenge (Wang and Macdonald, 2006). Reports collected from
2010 to 2023 (DoFPS, unpublished data) confirm rising human-large
carnivore conflict, particularly in central and eastern Bhutan. Our
findings emphasise the need for integrated approaches that address both
sympatric carnivore management and conflict mitigation, tailored to the
ecological and socio-economic contexts of each species. Conservation
strategies must also account for species interactions and community-
level dynamics, ensuring that efforts do not focus solely on a single
apex predator (Caro, 2010; Ripple et al., 2014; Thanet et al., 2025).

At the landscape scale, our findings point to habitat partitioning
between the two species, with tigers strongly associated with protected
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areas and leopards more common in non-protected areas (Fig.10 and
13). The limited spatial overlap (~15% of Bhutan) points to broad-scale
segregation in habitat use. Interestingly, however, this pattern did not
translate into strong evidence of direct avoidance at finer spatial scales.
At the site scale, co-occurrence analyses based on conditional proba-
bilities, suggested that, where the two species do overlap, the presence
of one does not measurably suppress occupancy of the other. In other
words, tigers and leopards occupy largely distinct areas across Bhutan,
but where their ranges intersect, they are able to coexist without
measurable suppression of one by the other. This pattern may reflect
intraguild competition, whereby tigers dominate core habitats and re-
sources while leopards are displaced to marginal areas (Odden et al.,
2010; Harihar et al., 2011; Pokheral and Wegge, 2019). Alternatively,
bottom-up influences of prey availability may be the primary driver,
with both species maximising resource acquisition in prey-rich envi-
ronments, as reported by recent studies in Bhutan and India's Manas
Tiger Reserve (Lahkar et al., 2021; Penjor et al., 2022a).

Although interspecific interactions were not our primary focus and
were not represented by any parameters in the separate models fitted to
the two species, we leveraged posterior samples of the presence/absence
indicators, (z), from independently fitted spatial occupancy models to
explore tiger-leopard co-occurrence. This highlights the strength of the
Bayesian framework, which enables both descriptive and empirical in-
ferences about spatial overlap even without a joint species distribution
model. Our findings provide preliminary insights into co-occurrence
that could be further explored with hierarchical multispecies occu-
pancy models or joint species distribution (Dorazio and Royle, 2005;
Rota et al., 2016; Kéry and Royle, 2021), particularly within a spatial
framework (Doser et al., 2022b).

One typical limitation of our study is that we did not include direct
prey availability as a covariate. Prey data were available only as un-
evenly distributed point-level camera-trap observations and could not
be incorporated into our multi-scale raster-based covariate framework
without generating a spatially explicit prey surface, which would have
introduced additional assumptions and uncertainty. Some covariates
may partly reflect prey-related habitat conditions, but they are not
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substitutes for direct prey data (Karanth et al., 2004b; Harihar and
Pandav, 2012).

5. Conservation implications

Our study revealed scale-dependent differences in how two sym-
patric large carnivores, tigers and leopards, respond to environmental
and anthropogenic drivers, reflecting differences in ecological re-
quirements and adaptability. In a landscape such as Bhutan's, which
retains extensive natural habitat and a strong network of protected areas
and biological corridors, an important question remains: should con-
servation prioritise land-sparing, by protecting intact habitats from
conversion, or land-sharing, by fostering coexistence in multifunctional
landscapes?

Our findings suggest that both approaches are needed, but in species-
specific ways. For tigers, long-term persistence will depend on main-
taining the ecological integrity of Bhutan's protected area and biological
corridor network while also securing core habitats and connectivity in
non-protected landscapes, particularly under current and planned
development. Ecologically based planning tools are nowadays available
to evaluate compromises between species conservation and develop-
ment (Jantz et al., 2025). We therefore recommend strong protection of
core tiger habitats, complemented by targeted coexistence strategies in
human-modified areas where governance, socio-economic incentives,
and cultural tolerance can support persistence (Dickman et al., 2013;
Treves and Bruskotter, 2014; Jhala et al., 2025). We also recommend
systematic inclusion of leopard monitoring and habitat-use assessments
within Bhutan's current tiger monitoring mandate.

For leopards, whose adaptability supports their occurrence in
human-modified landscapes as reflected in their high occupancy in non-
protected areas, coexistence frameworks must be central. However, this
adaptability also signals an increased risk of human-—carnivore conflict
in the future. Given the distinct ecological niches and responses of tigers
and leopards, coexistence and mitigation frameworks must be explicitly
tailored to each species.

Our findings provide clear policy guidance: invest in improving the
quality and connectivity of core habitats while simultaneously devel-
oping innovative coexistence mechanisms outside PAs and multi-use
landscapes that integrate the ecological requirements of large carni-
vores with the priorities of local communities through participatory,
culturally appropriate, and locally driven solutions. Bhutan's conserva-
tion legacy has established its status as a stronghold for global tiger
recovery. Maintaining these gains will require addressing complex
trade-offs between biodiversity conservation and economic develop-
ment through a holistic, transdisciplinary approach that integrates sci-
ence, policy, and practical interventions, including innovative
conservation finance mechanisms (Macdonald, 2019).
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