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A B S T R A C T

Understanding how sympatric small felids respond to their environmental surroundings in a 
human matrix landscape is important to determine their habitat use, distribution and conserva
tion. However, structured survey design and large sample size studies are often rare for cryptic 
small-and medium-sized felids hindering their reliable and meaningful inferences for conserva
tion management. We employed a multi-species occupancy model on a large-scale camera trap 
dataset to investigate the effects of environmental and anthropogenic variables on the occupancy, 
as well as the mechanisms facilitating sympatry among three small felids in Bhutan: the threat
ened Asiatic golden cat (Catopuma temminckii), marbled cat (Pardofelis marmorata), and the least 
concern leopard cat (Prionailurus bengalensis). Through their co-occurrence patterns at local and 
landscape scales, we could identify their potential interactions and the factors influencing them. 
We found that one species pair (marbled cat: leopard cat) had low co-occurrence at higher ele
vations. The interactions among the other felid pairs (Asiatic golden cat: marbled cat and Asiatic 
golden cat: leopard cat) were not directly mediated by human disturbances and were constant 
across the elevational gradient. We identified important predictors of marginal occupancy for two 
species: forest cover, river density, and slope for the marbled cat; and housing density, forest 
cover, and slope for the leopard cat. However, none of the predictor variables significantly 
influenced Asiatic golden cat occupancy. Our findings suggest that environmental factors, like 
forest cover and slope, may influence individual felid occupancy and consequently shape their 
interactions. We recommend that small felid conservation in heterogeneous landscapes need to 

* Corresponding author at: Wildlife Conservation Research Unit, Department of Biology, University of Oxford, The Recanati-Kaplan Centre, 
Tubney, Oxfordshire, UK.

E-mail addresses: karma.choki@sdstate.edu (K. Choki), egil.droge@biology.ox.ac.uk (E. Dröge), claudio.sillero@biology.ox.ac.uk (C. Sillero- 
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consider the impacts of human land use; limit forest conversion and protect rugged habitats. 
Through this study, we provide new insights into small felid sympatry in montane landscapes, 
expanding our understanding of their complex coexistence patterns.

1. Introduction

Compared to other taxa, carnivores get particular attention partly due to their broad ecological roles (Terborgh et al., 1999), 
including an influence on the structure and composition of ecological communities (Allen et al., 2014), and partly due to their 
charismatic appeal (Macdonald et al., 2015). Despite advances in carnivore ecology, studies on small felids remain limited (Brodie, 
2009; Peterson et al., 2022; Srivathsa et al., 2022) even though they constitute the majority of the Felidae (33 of the 40 species; 
Sunquist and Sunquist, 2017; Macdonald and Loveridge, 2010). Significant knowledge gaps on small felids concern their population 
size, habitat use, and behavioral ecology (Can et al., 2020; Chaudhary et al., 2020; Périquet et al., 2015; Taubmann et al., 2016). Small 
felids can play a crucial role in controlling rodent and other small prey populations, with consequences for agricultural production and 
food security (Chatterjee et al., 2020; Kamler et al., 2020; Rasphone et al., 2020; Rostro-García et al., 2021). Of the global 33 small felid 
species, 14 are listed as vulnerable or endangered, by of habitat loss, persecution, and land-use change (Mugerwa et al., 2020).

A species’ occurrence and geographic distribution is influenced by its environmental factors and interactions with other species 
(Pollock et al., 2014). Failure to account for interspecific interactions or co-occurrence patterns may lead to biased inference when 
modeling habitat associations and the development of ineffective conservation management plans (McLoughlin et al., 2010). However, 
co-occurrence may be mediated by anthropogenic factors, as some species may benefit from the presence of anthropogenic factors 
through the human shield effect (protection from dominant predators) and access to food resources (Moll et al., 2018; Gámez and 
Harris, 2021; Prugh et al., 2023), while others may be negatively impacted by increased human-wildlife conflict or the risk of 
poaching. The modification of carnivore behaviour in response to human presence may affect the ecological roles each of the inter
acting species plays and the effect may ripple across the trophic level resulting in the destabilization of ecosystem resilience (Mori 
et al., 2013).

The landscape of Bhutan, located in the Himalayas, is characterized by rugged and steep topography with significant altitudinal 
variation. With 69.71 % forest cover and 52 % of the country designated as well-connected protected areas (FMID, 2023), Bhutan is a 
wild felid hotspot (Tempa et al., 2013). While detailed studies on the spatial distribution (Penjor et al., 2018; 2019), population density 
(NCD, 2015; Tempa et al., 2019), and interaction (Penjor et al., 2022) of large carnivores have been conducted, there is a lack of 
knowledge regarding the behavioral ecology and interaction of smaller carnivores. The sympatric felids, namely the Asiatic golden cat 
(Catopuma temminckii) (listed as Near Threatened by the IUCN; McCarthy et al., 2015), marbled cat (Pardofelis marmorata) (Near 
Threatened; Ross et al., 2016), and leopard cat (Prionailurus bengalensis) (Least Concern; Ross et al., 2015) with morphological sim
ilarities (Grassman et al., 2005), show nuances in behavioral mechanisms like diet partitioning (Kamler et al., 2020) and spatio
temporal segregation (Chatterjee et al., 2020; Rasphone et al., 2020; Vernes et al., 2015). Such sympatry among felid species offers an 
ideal system to study co-occurrence mechanisms and the influence of anthropogenic and environmental factors. Though small-scale 
spatiotemporal studies are conducted in protected (Wangmo et al., 2020) and non-protected areas (Vernes et al., 2015; Dhendup 
and Dorji, 2018; Tenzin et al., 2019; Choki et al., 2023), ecological relationships and co-occurrence in Bhutan are still incompletely 
described.

Therefore, the objective of this study is to assess the patterns of co-occurrence, and evaluate factors mediating co-occupancy, 
among the small felid guild in the montane landscape of Bhutan. We hypothesize that human disturbance would affect the co- 
occurrence of small felids across the altitudinal gradient. The most recent study on large carnivores, involving tigers (Panthera 
tigris), leopards (Panthera pardus) and dholes (Cuon alpinus) revealed a complex relationship between anthropogenic factors and 
interspecific interactions (Penjor et al., 2022). The leopard-dhole pair increased their co-occupancy in a landscape composed of higher 
settlement density, probably avoiding a larger and dominant predator, the tiger (Penjor et al., 2022). Hence, we were intrigued to 
investigate how small felids occur in the presence of anthropogenic factors in the same landscape. We aim to answer the following 
questions: 1) What are the effects of environmental and anthropogenic factors on the co-occurrence of small felids at the site and 
landscape level? 2) Is there influence of human disturbance on the spatial co-occurrence of small felids across the elevational gradient? 
Based on previous studies in the region (Can et al., 2020; Chatterjee et al., 2020; Cheyne and Macdonald, 2011; Haidir et al., 2013; 
Hearn et al., 2016; Kawanishi and Sunquist, 2008; Kyaw et al., 2021; Mohamed et al., 2016; Rostro-García et al., 2021; Sunarto et al., 
2015), we predict that 1) all three species will respond negatively to anthropogenic variables (housing density and human distur
bance). We expect the co-occurrence of species pairs to be negatively affected by housing density at the landscape scale and to vary 
across altitudinal gradients with higher co-occurrence at lower elevations. 2) We assume that there will be positive co-occurrence 
among the felids due to their similar choice of prey species (birds and small rodents). The Asiatic golden cat and the marbled cat 
prefer higher slopes and dense forest cover (Wangmo et al., 2020) and overlap in their temporal activity pattern (mostly diurnal; 
Rasphone, 2018). Their coexistence may be facilitated by fine-scale habitat segregation, as marbled cats are mainly arboreal (Azlan 
and Sharma, 2006), while Asiatic golden cats are primarily terrestrial (Kawanishi and Sunquist, 2008). Despite marbled and leopard 
cat’s shared prey preference (Ross et al., 2015; Ross et al., 2016), their different diel activity patterns may enable coexistence as the 
former is diurnal, and the latter is predominantly nocturnal (Singh and Macdonald, 2017). 3) We expect high forest cover and slope to 
have a positive influence on marginal occupancies (the probability that a species occurs at some sites) of all three species.
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2. Methods

2.1. Study area

Bhutan is a small landlocked country in the eastern Himalayas, sharing borders with China’s Tibet region in the north and India in 
the south. It lies between latitudes 26◦45’ N and 28◦ 10’ N and longitudes 88◦45’ E and 92◦10’ E, spanning across 38,394 km2 area. The 
country has rugged terrain, ranging from 97 m above sea level (m.a.s.l) in the south to over 7500 m.a.s.l in the north, with three distinct 
climatic zones: subtropical, temperate, and alpine zone. It has an annual average temperature of 10.8◦C and an average rainfall of 
2076.7 mm (NCHM, 2021). Bhutan has the highest proportion of land area under protection in Asia, with a well-designated protected 
area network (5 National Parks, 4 Wildlife Sanctuaries, 1 Strict Nature Reserve, and 9 biological corridors) and the adjoining landscape 
comprising 14 Territorial Divisions (non-protected areas). It is recognized as a hotspot of biodiversity, with 11,248 species of plants 
and animals, including 129 mammal species (NBC, 2017). For a small country, it holds amongst the most diverse wildlife, including 
charismatic megafauna such as tiger, snow leopard (Panthera uncia), clouded leopard (Neofelis nebulosa), dhole, and the Asiatic 
elephant (Elephas maximus) supported by a diverse prey community. It is one of the least-populated countries in Asia, with a total 
population of 727,145 people and a population density of 19 per km2 (NSB, 2023).

2.2. Camera-trap survey

A nationwide camera-trapping survey was conducted in Bhutan from March 2014 to March 2015. The survey was designed pri
marily to assess the tiger population and used a grid of 5 × 5 km cells distributed across the country (Fig. 1). The survey was divided 
into two blocks, north and south, based on logistics and accessibility. Camera traps were established in Protected Areas (PA, n = 10) 
and Territorial Divisions (TD, n = 11) within the designated grid cells. Grid cells in towns, settlements, large rivers, and alpine habitats 
were excluded (unless they included over 50 % forest cover). A total of 1129 camera stations were installed, of which 681 were in the 
north and 448 in the south (Fig. 1). The cameras were placed along animal trails and operated on average for 141 days (March 2014 
and June 2014) in the south and 157 days (October 2014 and March 2015) in the north. Each station consisted of a pair of unbaited 
cameras facing each other, positioned about 45 cm above the ground and 5 m apart. We treated the camera pairs at each trap location 
as a single station, or single sampling unit, considering it operational as long as at least one camera was functioning. The mean distance 

Fig. 1. Distribution of camera traps within 5-km × 5-km survey grids (square boxes) during the national tiger survey (2014–2015). Green circles 
indicate camera stations in the northern block and pink circles indicate camera stations in the southern block.
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between camera stations was 2 km (s.d. = 1.2 km), but varied depending on the terrain and accessibility of the site.

2.3. Anthropogenic and environmental variables

To test our hypothesis, we generated site covariates for each site (camera trap location) using ArcGIS version 10.5 (ESRI, 2016). 
Failure to account for imperfect detection (or false absence) can underestimate the occupancy of a species when p (detection prob
ability) < 1 (MacKenzie et al., 2002) which is common for any low-density species, like our study species. The imperfection in the 
observation process may be due to factors such as unequal trap effort and camera trap placement on trails influenced by accessibility 
and human activity. Detection covariates were trail (coded 1 for cameras on the trail, 0 otherwise), human disturbance measured as 
daily encounter rates of humans and livestock (cattle, horse, dog) at a camera trap site with independent captures at least 30 minutes 
apart and trap effort (camera trap functional days) to account for unequal sampling effort. To understand the fine-scale impacts of 
human activity (Tablado and Jenni, 2017) on felid occupancy, we used the mean daily encounter rate of humans and domestic animals 
at camera sites to represent human disturbance at the site level.

Based on previous studies (Can et al., 2020; Haidir et al., 2013; Kamler et al., 2020; Mohamed et al., 2013; Naing et al., 2019; 
Rasphone et al., 2020; Silmi et al., 2021; Sunarto et al., 2015; Wangmo et al., 2020; Grassman et al., 2005), the variables considered for 
modeling the variation in occupancy probability of each small felid and their co-occurrence were tree cover, slope, prey abundance, 
river density, disturbance at the camera trap site and housing density. We categorized covariates into two scales: fine-scale (500 m and 
1 km) and broad-scale (2 km and 4 km). The scales were chosen to encompass the estimated scale range for each small felid’s response 
to habitat components and anthropogenic variables depending on resource availability and co-occurrence (Penjor et al., 2021). All 
covariate layers were resampled to 90 m resolution and the value for each variable at each focal scale was then extracted for each 
camera station. For example, for river density, we rasterized the river shapefile and used a moving window focal mean of radius 
(500 m, 1 km, 2 km, and 4 km) to determine the percentage of river pixels within each scale radius of a camera station using ArcGIS. 

Table 1 
Model selection results. β0 =marginal occupancy intercept; βx = marginal occupancy slopes; γ0 =two-way interaction intercept; γx = two-way 
interaction slopes. 0 =no interaction; 1 =constant two-way interaction (intercept only); α0 =detection intercept; αx = detection slopes; AICc=Akaike 
information criterion corrected for small sample size. ΔAICc=delta AIC (difference between AICc of the top and subsequent models).

Marginal Occupancy Conditional Occupancy* Detection** AIC ΔAICc

AGC = β0 + β1 Slp4km 
MC = β0 + β1 Treecov4km + β2 RivDen2km + β3 Slp500m 
LC = β0 + β1 HDen1km + β2 Treecov4km + β3 Slp4km

γ0 + γ1 Ele500m + γ2 HDen4km α0 + α 1 trail + α 2 Eff + α 3 HDistb 8100.3 0.00

AGC = β0 + β1 Slp4km 
MC = β0 + β1 Treecov4km + β2 RivDen2km + β3 Slp500m 
LC = β0 + β1 HDen1km + β2 Treecov4km + β3 Slp4km

γ0 + γ1 HDen4km α0 + α 1 trail + α 2 Eff + α 3 HDistb 8101.4 1.19

AGC = β0 + β1 Slp4km 
MC = β0 + β1 Treecov4km + β2 RivDen2km + β3 Slp500m 
LC = β0 + β1 HDen1km + β2 Treecov4km

0 α0 + α 1 trail + α 2 Eff + α 3 HDistb 8111.0 10.79

AGC = β0 + β1 Slp4km 
MC = β0 + β1 Treecov4km + β2 RivDen2km + β3 Slp500m 
LC = β0 + β1 HDen1km + β2 Treecov4km

1 α0 + α 1 trail + α 2 Eff + α 3 HDistb 8112.4 12.14

AGC = β0 + β1 Slp4km 
MC = β0 + β1 Treecov4km + β2 RivDen2km 
LC = β0 + β1 HDen1km + β2 Treecov4km

γ0 + γ1 Ele500m α0 + α 1 trail + α 2 Eff + α 3 HDistb 8125.6 25.37

AGC = β0 + β1 Slp4km 
MC = β0 + β1 Treecov4km + β2 RivDen2km 
LC = β0 + β1 HDen1km + β2 Treecov4km

0 α0 + α 1 trail + α 2 Eff + α 3 HDistb 8131.3 31.06

AGC = β0 + β1 Slp4km 
MC = β0 + β1 Treecov4km + β2 RivDen2km 
LC = β0 + β1 HDen1km + β2 Treecov4km

γ0 + γ1 HDen4km α0 + α 1 trail + α 2 Eff + α 3 HDistb 8137.1 36.86

AGC = β0 + β1 Slp4km 
MC = β0 + β1 Treecov4km 
LC = β0 + β1 HDen1km

γ0 + γ1 Ele500m α0 + α 1 trail + α 2 Eff + α 3 HDistb 8143.2 42.90

AGC = β0 + β1 Slp4km 
MC = β0 + β1 Treecov4km + β2 RivDen2km 
LC = β0 + β1 HDen1km + β2 Treecov4km

γ0 + γ1 Ele500m α0 + α 1 trail + α 2 Eff + α 3 HDistb 8143.4 43.17

AGC = β0 

MC = β0 

LC = β0

1 α0 8277.7 177.42

AGC = β0 

MC = β0 

LC = β0

0 α0 8283.2 182.91

AGC = Asiatic golden cat; MC = marbled cat; LC = leopard cat; Slp = slope, Treecov = tree cover, RivDen = density of river, HDen = housing density, 
Ele = elevation, Eff = effort, HDistb = Human disturbance; AIC = Akaike Information Criterion; Δ AIC: difference between AIC of top model and 
subsequent model

* same covariate for all interacting pairs
** same detection covariate for all species
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Similarly, to calculate housing density, we used the point shapefile of all households, rasterized it, and calculated the mean number of 
houses within each scale radius of camera sites. This variable reflects the density of houses per pixel and when averaged across the 
4 km radius characterizes human-related influence at the landscape scale. For tree cover, we used global tree cover data (Hansen et al., 
2013) averaged over each focal scale radius. For prey, we calculated the relative abundance of muntjac (Muntiacus muntjac; Appen
dix 1). We used a hierarchical N-mixture model (Royle, 2004) as a function of elevation, extracted from digital elevation raster data 
(DEM; USGS, 2016), housing density, and tree cover while accounting for imperfect detection using the ‘unmarked’ package (Fiske and 
Chandler, 2011) in R (R Core Team, 2022). We then used site-level abundance as prey covariates in occupancy models of the Asiatic 
golden cat because past studies showed that muntjac was the most consumed prey species of Asiatic golden cat (Kamler et al., 2020). 
The details on the mean and standard deviation of covariates are in Table S1. Although data on marbled cat diet are limited (Grassman 
et al., 2005), given its predominantly arboreal nature, it is plausible that marbled cats prey on arboreal species (Hearn et al., 2018), 
which couldn’t adequately be captured by terrestrial camera traps. Likewise, our survey method was unable to capture the leopard 
cat’s prey, which probably mainly comprises rodents not readily sampled using camera traps (Kamler et al., 2020; Rostro-García et al., 
2021; Hendry et al., 2023).

To select the optimal scale of each covariate and to examine small felid-habitat relationships, we used a three-step modeling 
approach (McGarigal et al., 2016). In the first step, we ran univariate single-species single-season occupancy models to investigate the 
response of each species to a habitat covariate at each scale. The best scale for each variable was selected based on the lowest AICc 
score (Akaike Information Criterion corrected for small sample size; Burnham and Anderson, 2004). In the second step, we ran 
Pearson’s correlation test to check for multi-collinearity of the selected covariates. No covariate pair showed a high correlation (i.e., |r| 
≤ 0.7; Figure S2). In the final step, we ran multivariate single-species occupancy models on all remaining scale-optimized covariates. 
We tested all possible combinations of variables and ranked models using ΔAICc (the difference between AICc of subsequent models 
with the top model) in ’MuMIn’ package (Barton, 2020). The variables from the top model of each species were then used in the 
multispecies occupancy model using the function occumulti in the unmarked package. We built a set of 11 biological relevant models 
to test our hypotheses (Table 1). We compared and ranked the models based on the ΔAICc and selected the model with the lowest score 
to infer the marginal and conditional occupancy (probability that a species occurs at some sites given that other species are at sites) for 
each felid species.

2.4. Multi-species occupancy model

To model the co-occurrence among Asiatic golden cat, marbled cat, and leopard cat, we used a multi-species occupancy model for 
two or more interacting species within single season (Rota et al., 2016). It accommodates two or more co-occurring species without 
needing an a priori assumption of asymmetric interactions (i.e., there is no need to assume that one species dominates the other). Like 
the single-species model (MacKenzie et al., 2002), it accounts for imperfect detection and allows modeling co-occurrence as a function 
of covariates. We modeled three co-occurring species by assuming the latent occupancy state of species s at site i as a multivariate 
Bernoulli random variable, Zi ∼ MVB( Ψi), where Zi is an S-dimensional vector of 1’s and 0’s denoting the latent occupancy state 
(Rota et al., 2016). For example, for three species, Z = ([000], [001], [011], [100], [110], [010], [101], [111]), and Ψi is the 
probability of being in one of these states. Each state is first order if it is inhabited by a single species ([001], [100], [010]), second 
order if it is occupied by two species ([011], [110], [101]), and third order for all three species [111].

We built models for species-specific occupancy (first-order or marginal occupancy) and for pairwise occurrence (second-order or 
conditional occupancy) to investigate how occupancy varies in response to environmental variables (Twining et al., 2022). In this 
study, we were interested in examining if the probability of any two of the three sympatric felids co-occurring at the same site was 
mediated by human disturbance i.e., housing density across an elevational gradient. Using the natural parameters (f) of Rota et al. 
(2016), the latent states of S species will have 2s− 1 possible combinations, so for three species, we have (f1), (f2)

(
f3
)
,(f12),

(
f13

)
,
(
f23

)
,

(f123) natural parameters. A natural parameter is defined as the log odds that a species occupies a site (Rota et al., 2016). We specify 
first-order models for each species (f1, f2, f3) i.e., their marginal occupancy as a constant (intercept model) and function of tree cover, 
slope, river density, and housing density. For second-order models (f12, f13, f23) for each species, first we considered that the species 
occur independently of one another as a function of habitat covariates only. Second, we considered that species exhibit constant 
pairwise dependence that does not vary across space, and thirdly that co-occurrence between the species varies as a function of 
elevation and housing density. We excluded higher-order co-occurrence (i.e., f123 = 0) as we believe that the probability that three 
species coexisted was solely a function of species-specific and pairwise occurrence.

To minimize violating the closure assumptions (Rota et al., 2009), we used only the first 120 days of the sampling period for each 
camera station. This was collapsed into sampling occasions of 15 days each to maximize the temporal independence of captures, and to 
facilitate model convergence by reducing zero inflation and overdispersion (Dillon and Kelly, 2007). The detection history for each 
species was binary data with “1” indicating detection and “0” non-detection. We used images captured from both camera traps at the 
same station to compile the detection data. All continuous site covariates were z-standardized to a mean of 0 and 1 unit standard 
deviation before the analysis to facilitate model convergence and comparisons among covariates (Stanton et al., 2015).

3. Results

Out of 1129 camera stations, data were retrieved from 849 camera stations across a total effort of 73,259 sampling (trap) days. A 
total of 490, 363, and 560 independent detections were obtained for the Asiatic golden cat, marbled cat, and leopard cat in 259, 114, 

K. Choki et al.                                                                                                                                                                                                          



Global Ecology and Conservation 58 (2025) e03422

6

and 159 stations, respectively.
The detection probability varied among all three felids. The survey effort was positively associated with detection probabilities of 

Asiatic golden cat (β=0.17, 0.08 SE, p = 0.03) and marbled cat (β=0.17, 0.08 SE, p = 0.03). Cameras placed on trails had a strong 
positive effect on the detection probability of leopard cat (β=1.18, 0.12 SE, p < 0.001) and marbled cat (β=0.74, 0.29 SE, p = 0.01) 
whereas human disturbance at the camera site had a negative effect on the marbled cat (β=-0.56, 0.13 SE, p < 0.001) but had a 
positive effect on leopard cat detection (β=0.14, 0.04 SE, p < 0.001; Table S4).

At broader scales (2 and 4 km), there is moderate evidence that slope had a positive effect on the marginal occupancy of the Asiatic 
golden cat (β=0.21, 0.10 SE, p = 0.04) and strong evidence of a negative effect on the leopard cat (β=-0.34, 0.11 SE, p = 0.001) 
whereas at the fine scale (500 m and 1 km), there was strong evidence of a positive effect on marbled cats (β=0.59, 0.12 SE, 
p < 0.001). Similarly, there is strong evidence of forest cover having a positive association with the marginal occupancy of the leopard 
cat (β=0.38, 0.11 SE, p < 0.001) and marbled cat (β=0.51, 0.14 SE, p < 0.001). Likewise, the density of the rivers was negatively 
associated with the marginal occupancy probability of the marbled cat (β=-0.34, 0.12 SE, p = 0.006). At finer scales (camera site), 
there is some evidence that housing density had a positive effect on leopard cat marginal occupancy (β= 0.22, 0.11 SE, p = 0.05; Fig. 2, 
Table S2).

Our top multispecies occupancy model provided support for positive co-occurrence for only one species pair (marbled cat: leopard 
cat), indicated by the exclusion of zero from the 95 % confidence intervals (CI) of the intercept parameter (estimate 0.52; 0.25 SE; 95 % 
CI 0.04 – 0.99; p = 0.04; Table S3). It performed significantly better than models that assumed independent occurrence (no co- 
occurrence, ΔAICc > 10; Table 1). There was strong evidence for negative co-occurrence between marbled cats and leopard cats at 
higher elevations. At higher elevations, leopard cats were less likely to occupy areas where marbled cats were also present (-0.36; 0.17 
SE; 95 % CI − 0.70 – − 0.02, p = 0.03, Fig. 3). No support was found that housing density impacted co-occurrence between species pairs 
as 95 % CI range included zero (Asiatic golden cat: marbled cat 95 % CI − 0.28 – 0.33, Asiatic golden cat: leopard cat 95 % CI − 0.16 – 
0.34, and marbled cat: leopard cat 95 % CI − 0.48 – 0.17, Fig. 4).

The probability of occupancy of the Asiatic golden cat was highest (ΨAGC [95% CI] = 0.44[0.38 − 0.48]) followed by leopard cat 
(ΨLC = 0.36[0.32 − 0.42]) and marbled cat (ΨMC = 0.17[0.12 − 0.22]). Whereas, the detection probability of leopard cat was highest 
(pLC = 0.39[0.34 − 0.47]), followed by Asiatic golden cat (pAGC = 0.29[0.21 − 0.39] and marbled cat (pMC = 0.06[0.02 − 0.14];Fig. 5).

4. Discussion

Our study revealed that co-occurrence of three species of small felid in a montane landscape is not directly mediated by human 
disturbances, and we observed consistent patterns across the elevational gradient. We found that only one species pair (i.e., marbled 
cat: leopard cat) negatively occurred at higher elevations. We posit several reasons for this: first, at a higher elevation, the forest cover 
decreases along with the primary productivity thus reducing prey density for competing similar-sized carnivores (marbled cat and 

Fig. 2. Marginal occupancy probability of the leopard cat, marbled cat, and Asiatic golden cat as a function of slope, forest cover, river density, and 
housing density, mean response and associated 95% confidence interval are represented by solid lines and shaded ribbons, respectively. (Animal 
illustration courtesy: The Faunal Frontier).
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leopard cat). Hence, the two co-occurring species may have reduced niche dimensions and become intolerant of each other, in contrast 
to productive habitat at lower elevations that support a higher diversity of prey and hence accommodate a higher diversity of 
predators. Second, the prey diversity at higher elevations decreases, and this simplification of the prey base may drive negative in
teractions between the marbled and leopard cats.

We were unable to uncover any concrete evidence of spatial co-occurrence between the Asiatic golden cat: marbled cat pair and the 
Asiatic golden cat: leopard cat pair. We suspect this could be due to differences in prey choice between slightly larger Asiatic golden cat 
and marbled cat/leopard cat (but see also study limitations). Asiatic golden cat can hunt prey similar to their body size (e.g., muntjac; 
Kamler et al., 2020), hence dietary segregation may be possible between Asiatic golden cat and marbled cat or leopard cat, the diet of 
the latter two mostly constitutes rodents and small birds. However, this is an interesting avenue to explore in the future through dietary 
and temporal habitat use analyses.

Contrary to our expectations, housing density did not influence the co-occurrence of the three felids (Fig. 4, Figure S1). However, at 
a fine scale, there was a marginally positive effect of the housing density on leopard cat occupancy. This effect of settlement density on 
the leopard cat helps to explain why this species is the most common and tolerant of secondary habitats in South and Southeast Asia 
(Mohamed et al., 2013; Silmi et al., 2021). Leopard cats tend to prefer forest edges and open spaces over dense forests and can tolerate a 
certain degree of human-modified landscapes (Chua et al., 2016; Rajaratnam et al., 2007). Another reason for the absence of any 
inimical effect of human settlements (as measured in our data) on leopard cat occupancy could be that rodents occur at higher density 
in the vicinity of these settlements (Stenseth et al., 2003) offering access to available prey resources. In this sense, space use of leopard 
cats in the human-modified landscape could be a trade-off between resource availability and the risk of encounters with humans and 
domestic carnivores (Choki et al., 2023). Alternatively, perhaps because housing density was relatively low in the study area, it may 
not have had sufficient influence to negatively affect leopard cat occupancy. We caution readers to interpret the effects of human 
disturbance on felid occupancy with care.

Fig. 3. Occupancy probability of Asiatic golden cat, marbled cat, and leopard cat conditional on the presence and absence of each of the other 
species along an elevation gradient. The probability of the species in each column is conditional on the presence and absence of the species in each 
row. The means are represented by solid lines and 95 % confidence intervals by shaded ribbons. The asterisk indicates a significant relationship. 
(Animal illustration courtesy: The Faunal Frontier).
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We identified predictors of marginal occupancy for each species: forest cover, river density and slope were the significant predictors 
of marbled cat marginal occupancy. For the leopard cat, housing density, forest cover and slope were important predictors, but found 
no support for any significant predictor of the Asiatic golden cat’s marginal occupancy, which might indicate that it is more of a 
generalist species than the other two felids within the variation of the environmental variables found within our study area.

As hypothesized, high forest cover had a positive influence on the occupancy of marbled cats and leopard cats. This also suggests 
marbled cat might be an obligate species of forest (Macdonald et al., 2010), primarily associated with moist broadleaved and mixed 
conifer forests (Thinley et al., 2015) and may also prefer hilly areas (Grassman et al., 2005). On the other hand, leopard cat is a habitat 
generalist and can be very adaptable to different forest and land-use types (Mohamed et al., 2013; Silmi et al., 2021); thus, this species 
can adapt to land-use change in ways thought to be problematic for most other small felids. The positive association of marbled cats 
and leopard cats with the forest cover at the landscape level could be due to the abundance of their primary prey; rodents (Ross et al., 
2015) but this could also result in intraguild competition between them (Hearn et al., 2018). We consider that their spatial 

Fig. 4. Human disturbance effects on intraguild co-occurrence (Marbled cat: leopard cat, Asiatic golden cat: marbled cat, Asiatic golden cat: leopard 
cat) using β coefficient estimates for the housing density covariate represented as mean (dot) and 95 % confidence intervals (whiskers) from the top 
model (Animal illustration courtesy: The Faunal Frontier).

Fig. 5. Predicted marginal occupancy probability and detection probability of Asiatic golden cat, leopard cat, and marbled cat with all the 
covariates at their means. The means are represented by dots and whiskers represent 95 % confidence intervals.
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co-occurrence in forested areas may be supported by temporal segregation, with the marbled cat being mostly diurnal whereas the 
leopard cat is predominantly nocturnal (Singh and Macdonald, 2017), to maximize encounters with nocturnally active small rodents 
(Rajaratnam et al., 2007; Kyaw et al., 2021). This highlights the importance and potential conservation values of the intact montane 
forests of Bhutan for the persistence of these small felids in this landscape (Vernes et al., 2022).

Despite large-scale camera trap surveys spanning a large altitudinal gradient, the detection of all three small felids was relatively 
low. It revealed the rarity and elusiveness of these small cats, with the Asiatic golden cat being the most common of the three. Although 
we did not find any evidence of human disturbance (measured by the daily encounter rates of humans and livestock) on the detection 
probability of the Asiatic golden cat at a camera station level (small-scale), there was strong evidence of its effect on the marbled cat 
and leopard cat. We show that human disturbance at the camera station level was negatively associated with marbled cat detection, 
conversely, it had a positive association with leopard cat detection. Indeed, studies elsewhere have shown that leopard cat detection 
can be most prevalent where people occur most, although this species may alter its activity pattern (become active less during the day) 
to avoid direct encounters with humans by day (Can et al., 2020). Our results show that, although the species studied are sympatric, 
they respond differently to the surrounding environment.

Our results suggest that space-use patterns of montane small felid guild are probably influenced by a combination of each species’ 
behavior (i.e., reaction to biotic and abiotic environmental elements) and interactions with competing species as has been observed for 
larger carnivores in the same landscape (Penjor et al., 2022).

4.1. Limitations

This study adds to the understanding of the patterns of sympatry amongst small felids (including threatened species) in the montane 
landscape, but due to the nation level methodology implemented, it can do so only at a relatively coarse level. A finer-grained, 
behavioural ecological appreciation of the species niches, and the dynamics of their co-occurrence will require a more realistic 
approach, for example radio-tracking of individual movements, attentive to both spatial and temporal aspects, and detailed diet 
analysis. Also, because our data are from a study design focused on tigers, camera-trap spacing was wider than would have been ideal 
for small felid studies. Stronger inferences about the underlying processes can be drawn using dynamic models that examine how co- 
occurrence patterns change over time when data are available from multiple sampling seasons (MacKenzie et al., 2017). Nonetheless, 
the data we have analyzed add substantially to understanding of the co-occurrence of a montane guild of little-known felids-data that 
informs both fundamental knowledge of autecology and guild dynamics, and conservation planning.

4.2. Management implications

In conclusion, our results are useful to both national and regional small felid conservation initiatives. The fundamental knowledge 
gleaned by our study, the first of its kind in Bhutan in particular, and South Asia more generally, will benefit conservation efforts 
regionally. Small carnivores play an important role in ecosystem structure and function and hence merit targeted conservation. Our 
findings add to the weight of evidence that limiting the conversion of natural forests, and protecting rugged landscapes, will be crucial 
for small felid conservation. It is noteworthy that these montane landscapes are often targeted for mining and quarrying (Tobden, 
2018). Current conservation efforts, particularly those aimed at reducing threats, indicate that multifaceted and holistic approaches 
likely will be necessary to make a long-lasting impact on multispecies management.
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