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Abstract The mainland clouded leopard Neofelis nebulosa
is categorized as Vulnerable on the IUCN Red List and con-
sidered at high risk of extinction in the wild. Despite this,
knowledge of its ecology and population status remains lim-
ited. We investigated the population density, habitat utili-
zation and spatial and temporal ecology of the clouded
leopard in Manas National Park, north-east India. We de-
ployed camera traps across the forested habitats of Manas
for , trap-nights, resulting in images of  clouded
leopard individuals. The estimated population density was
. individuals per  km and the relative abundance
index was . per  trap-nights. The availability of
small prey species and primary forests influenced clouded
leopard habitat use significantly, highlighting the potential
conservation importance of species such as hares, gallin-
aceous birds, porcupines and primates. We observed a
high degree of temporal overlap (. .), with distinct ac-
tivity peaks, between clouded leopards and sympatric car-
nivores. We observed no spatial co-occurrence pattern
between clouded leopards and sympatric carnivores. This
study contributes to our understanding of the mainland
clouded leopard population and its behavioural ecology in
Manas National Park.
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Introduction

The clouded leopard Neofelis sp. is a medium-sized felid
with a body weight of c.  kg and a head–body length

of up to m (Hearn et al., ). The species is categorized as
Vulnerable on the IUCN Red List (Gray et al., ), indicat-
ing that it faces a high risk of extinction. Deforestation and
poaching for the illegal wildlife trade are the main threats to

this species (Gray et al., ). The clouded leopard ranges
from central Nepal and southern China to Peninsular
Malaysia and the islands of Sumatra and Borneo (Austin
et al., ). DNA andmorphological analyses have categor-
ized the clouded leopard into two species: the mainland
clouded leopard Neofelis nebulosa and the Sunda clouded
leopard Neofelis diardi (Kitchener et al., ).

Only a few ecological studies on the mainland clouded
leopard have been published, primarily from radio-collared
individuals in Thailand (Grassman et al., ; Austin et al.,
) and Nepal (Dinerstein & Mehta, ), and more
recently through camera trapping (India: Borah et al., ;
Singh & Macdonald, ; Malaysia: Mohamad et al., ;
Ab Razak et al., ; Bhutan: Penjor et al., ; Myanmar:
Naing et al., ; Thailand: Petersen et al., ). Two of
these seven camera-trapping studies used the Bayesian
method to estimate density (Singh & Macdonald, ;
Naing et al., ), four used the maximum likelihood
approach (Borah et al., ; Mohamad et al., , Ab
Razak et al., ; Petersen et al., ) and one used both
methods (Penjor et al., ). The estimated density ranged
from . individuals (large areas of southern Bhutan;
Penjor et al., ) to . individuals (Dampa Tiger
Reserve, India; Singh & MacDonald, ) per  km.

Most tropical ungulates, bears and small mammals are
difficult to distinguish individually in camera-trap photo-
graphs, making it difficult to estimate their population sta-
tus and density (Pollock et al., ). Photographic trapping
rate has been used widely to estimate relative abundance
under the assumption that the detection rate is influenced
by actual abundance (Rovero & Marshall, ; Jenks
et al., ). Significant correlation between trapping rates
and independent density estimates further support the use
of the photographic trapping rate as a relative abundance
index (Carbone et al., ; O’Brien et al., ). The use
of relative abundance derived from camera-trap encounter
rates is controversial given its biases regarding animal body
mass and study design (Sollmann et al., ): () differences
between species may lead to bias towards the more detect-
able species, especially at low detection levels, () species
with larger home ranges may be photographed more
frequently, inflating relative abundance, () species-specific
responses to different types of trap may bias relative
abundance, and () changes in detection over time may
obscure true population trends inferred from relative abun-
dance. However, there are numerous examples of a linear
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relationship between the relative abundance index and
abundance estimated using more precise methods (Rovero
& Marshall, ; Jenks et al., ; Palei et al., ).

Niche differentiation has been recognized as a mechanism
whereby sympatric species reduce interspecific competition
and thus facilitate coexistence. Such resource partitioning
could be facilitated by the evolutionary displacement of mor-
phological characters (Dayan & Simberloff, ) as well as
behavioural mechanisms, and is thought to operate primarily
along three axes of niche dimension: space, food and time
(Pianka, ). Spatio-temporal patterns are crucial aspects
of niche partitioning amongst sympatric carnivores
(Gil-Sánchez et al., ), with subordinate predators adjust-
ing their behaviour to avoid overlapping with dominant car-
nivores (Wang et al., ). Determining spatio-temporal
patterns can help us gather information regarding cryptic
species and their interactions with other sympatric species
(van Schaik & Griffiths, ; O’Brien et al., ; Linkie &
Ridout, ). The forest of Manas National Park in north-
east India supports a diverse carnivore community (Bhatt
et al., ) of five large (.  kg) carnivores (the tiger
Panthera tigris, common leopard Panthera pardus, clouded
leopard Neofelis nebulosa, dhole Cuon alpinus and Asiatic
black bear Ursus thibetanus). Knowledge of the interactions
of clouded leopards with the other carnivores in this guild
is limited (Sunarto et al., ; Bhatt et al., ; Kyaw et al.,
), yet understanding the mechanisms that facilitate co-
existence within this guild of threatened species could in-
form conservation strategies.

Here we provide new information on clouded leopards in
Manas National Park, an important site for the species in
mainland South Asia. We assess population density, habitat
use and the spatio-temporal factors affecting clouded leopard
coexistence with other sympatric carnivores. We test five hy-
potheses: () As clouded leopards prefer primary forests (i.e.
evergreen tropical rainforest), mixed moist deciduous forests
(Austin et al., ; Brodie & Giordano, ; Hearn et al.,
) and high elevations (Hutajulu et al., ; Ngoprasert
et al., ; Haidir et al., ; Mohamad et al., ), we hy-
pothesized their habitat would be associated positively with
the normalized difference vegetation index (NDVI), canopy
cover, distance to grassland and elevation. () As clouded
leopard habitat in Southeast Asia is undergoing one of the
fastest deforestation rates (Stibig et al., ) and the species
is poorly adapted to disturbance, avoiding habitats around
human settlements (Gray et al., ), we hypothesized a
negative relationship between clouded leopard occurrence
and anthropogenic variables. () As adult clouded leopards
are expected to prey on species weighing ,  kg (, %
of their body mass) based on carnivore energetic constraints
(Carbone et al., ), we hypothesized that clouded leopard
habitat utilization would be greater where small prey species
are more prevalent. () As clouded leopards are expected
to avoid apex predators in response to predation risk

(Thompson & Gese, ), we hypothesized a negative rel-
ationship between clouded leopards and other large carn-
ivores. () As an overlap of dietary and habitat preferences
amongst sympatric species would increase aggregation risk
and competition, which can be limited through temporal
(Nakabayashi et al., ) and spatial segregation (Fedriani
et al., ) following the competitive exclusion principle
(Hardin, ), we hypothesized low spatio-temporal overlap
between clouded leopards and other sympatric carnivores.

Study area

We conducted this study in the  km Manas National
Park, a UNESCO World Heritage Site in the state of
Assam, India. The Park lies on the borders of the
Indo-Gangetic and Indo-Malayan biogeographical realms
on a gentle alluvial slope in the foothills of the Himalayas,
where wooded hills give way to grasslands and tropical for-
ests. The climate is subtropical and is characterized by four
seasons: pre-monsoon (March–May), monsoon (June–
September), retreating monsoon (October–November)
and winter (December–February) (Das et al., ).
The temperature and elevation ranges are – °C and
– m, respectively (Bhattacharjya et al., ). Manas
National Park comprises three ranges: Bansbari (central),
Panbari (western) and Bhuyanpara (eastern). Together
with the Royal Manas National Park of Bhutan, the
Manas National Park forms one of the largest areas of
conservation significance in South Asia, representing the
full range of habitats from the subtropical plains to the
alpine zone (Wang, ).

Methods

Field survey

We recorded clouded leopards and other mammal species
using camera traps set in forested habitats of Manas
National Park. Camera-trap locations were unbaited and
selected based on accessibility, terrain features, animal trails
and nallahs (seasonal drainages) with carnivore signs
(Marinho et al., ). At each location we placed a
single Cuddeback X-Change colour model camera trap
(Cuddeback, Green Bay, USA) with motion sensors and
set a time lag of  s between animal detections. We fastened
the cameras to trees at – cm above ground for an aver-
age of  days. We used  camera-trap locations on a
 km grid, during three periods from April  to May
 (Table , Fig. ). We maintained a mean distance of
 ± SE . m between camera traps, to optimize
capture probability. Previous studies have indicated home
ranges of – km for clouded leopards, with exclusive
core areas of – km (Austin, ; Grassman et al., ),
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and therefore this inter-trap distance was suitable for the
target species. The mean temperature and humidity during
the surveys were  ± SE . °C and . ± SE .%, respect-
ively (Time and Date, ).

Clouded leopard occurrence and density

Preliminary survey Forest field staff have in-depth knowl-
edge of the conspicuous animal species of Manas National
Park. We therefore conducted a preliminary questionnaire
survey (Supplementary Material ) containing closed and

open questions of  forest officials, to gather baseline
information on clouded leopard sightings.

Relative abundance index and density We calculated rela-
tive abundance index values of clouded leopards, their poten-
tial prey and other sympatric carnivores as the total number
of independent photographs for each species divided by total
trap-nights and multiplied by  (Carbone et al., ).
We considered animal detections independent if the time
between consecutive photographs of the same species was
.  min (O’Brien et al., ). Camera traps have been

TABLE 1 Details of the three camera-trapping periods and number of independent records and individuals of the clouded leopard Neofelis
nebulosa in Manas National Park, north-east India (Fig. ). The sex of the individuals could not be determined.

Camera-trapping period

OverallApr. 2017–June 2017 Dec. 2017–May 2018 Nov. 2018–May 2019

Number of camera traps 101 152 220 473
Trapping area (km2) 350.42 507.71 476.07 507.71
Number of trap-nights 3,787 3,332 4,269 11,388
Mean elevation (m) 110 121 112 114
Number of independent records (right flank) 2 10 7 19
Number of individuals (right flank) 2 5 7 12
Number of independent records (left flank) 0 1 1 2
Number of individuals (left flank) 0 1 1 2

FIG. 1 Manas National Park, north-east India, showing camera-trap locations,  km grid cells, drainage and forest cover. We deployed
 camera traps using a grid-based approach in three survey periods from April  to May  (Table ). (Readers of the printed
journal are referred to the online article for a colour version of this figure.)
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used to estimate clouded leopard densities in landscapes simi-
lar to that ofManas National Park (Singh&Macdonald, ;
Naing et al., ; Petersen et al., ). We distinguished in-
dividual clouded leopards by their distinctive cloud-like pel-
age pattern. As we deployed a single camera trap at each
location, we used the flank with the highest number of
photographs for individual identification. To ensure the
population closure assumption could be retained, we ex-
tracted data for  and months from the surveys, as in prev-
ious clouded leopard studies (Mohamad et al., ; Naing
et al., ). We created detection histories in a standard X
matrix format (Otis et al., ) for each -h period.We trea-
ted camera stations as proximity detectors; i.e. an individual
could be detected by multiple traps during any given period.
To approximate the buffer width, we multiplied the root
pooled spatial variance value by a factor of , as an individual
outside such a buffer width has a negligible probability
(P , .) of being caught in any trap and so is unlikely
to affect density estimates (Efford, ). We created a grid
of  ×  m cells (Mohamad et al., ; Singh &
Macdonald, ) superimposed over the buffered area, and
we extracted the geographical coordinates of the centroids
of each cell containing suitable habitat for a habitat mask
input file. We excluded non-forest habitat cells (human set-
tlements) from the buffered area.We conducted a closure test
(Otis et al., ) to evaluate whether the population closure
assumption was violated. We used the maximum likelihood-
based spatially explicit capture–recapture method to estimate
density (Efford et al., ). Because of the paucity of cap-
ture–recapture data, we used only the null model, which in-
cludes only an intercept term and no covariates.

Habitat use

Habitat and anthropogenic variables We focused on four
habitat and two anthropogenic variables for clouded leopard
habitat use: canopy cover, elevation, NDVI, distance to near-
est grassland, distance to nearest settlement and distance to
nearest road. We quantified tree canopy cover ( m reso-
lution) using global tree cover data (Hansen et al., ). We
determined elevation at each camera-trap site using a digital
elevation model based on NASA’s ASTER Global Emissivity
Datasets (USGS Earth Explorer, ), with a spatial reso-
lution of  m. For NDVI we obtained Landsat images
( m resolution) from the Landsat  Operational Land
Imager sensor in bands  and  (USGS Earth Explorer,
). We then computed NDVI as (band − band )/
(band  + band ). We quantified the distances to the nearest
grassland, settlement and road for each camera-trap site using
Euclidean distance, in ArcMap . (Esri, Redlands, USA).

Ecological variables Adult clouded leopards would be ex-
pected to prey on species weighing ,  kg (, % of their

body mass) based on carnivore energetic constraints
(Carbone et al., ). Known clouded leopard prey species in-
clude small andmedium-sized ungulates (southern redmunt-
jac Muntiacus muntjak, hog deer Axis porcinus, mouse deer
Tragulus sp.; Grassman et al., ), primates (northern pig-
tailed macaque Macaca leonina, leaf monkey Trachypithecus
sp., slow loris Nycticebus sp.; Davies, ; Grassman et al.,
), pangolins (Grassman et al., ), small carnivores
(binturong Arctictis binturong; Lam et al., ) and rodents
(brush-tailed porcupine Atherurus sp., Berdmore’s ground
squirrel Menetes berdmorei, murids; Grassman et al., ).
Our camera traps detected these or related species of this
size range that are likely to be prey. We grouped potential
prey species into small/medium (– kg) and large
(.  kg) size classes. The small/medium prey species com-
prised porcupines (Himalayan crestless porcupine Hystrix
brachyura, Asiatic brush-tailed porcupine Atherurus macro-
urus), galliformes (red junglefowl Gallus gallus, kalij pheasant
Lophura leucomelanos, Indian peafowl Pavo cristatus), hares
(Indian hare Lepus nigricollis, hispid hare Caprolagus hispi-
dus), primates (Assamese macaque Macaca assamensis, rhe-
sus macaque Macaca mulatta, capped langur Trachypithecus
pileatus) and small carnivores (large Indian civet Viverra zi-
betha, small Indian civet Viverricula indica, Asian palm
civet Paradoxurus hermaphroditus, crab-eating mongoose
Herpestes urva, small Indian mongoose Herpestes auropunc-
tatus, Indian grey mongoose Herpestes edwardsii,
yellow-throated marten Martes flavigula, Chinese ferret bad-
ger Melogale moschata, smooth-coated otter Lutrogale pers-
picillata, Chinese pangolin Manis pentadactyla). The large
prey species comprised chital Axis axis, Himalayan goral
Naemorhedus goral, northern red muntjacMuntiacus vagina-
lis, hog deer and wild boar Sus scrofa. We then examined the
presence of clouded leopards in relation to the relative abun-
dance of small/medium and large prey. We did not expect
clouded leopards to prey on species.  kg (i.e. Asiatic ele-
phant Elephas maximus, one-horned rhinoceros Rhinoceros
unicornis, gaur Bos gaurus, wild buffalo Bubalus arnee and
sambar Rusa unicolor) or on smaller felids (i.e. leopard cat
Prionailurus bengalensis and jungle cat Felis chaus) and there-
fore we did not include these species as potential prey. We ex-
cluded mammals weighing ,  kg and arboreal mammals
from our analysis because of their low detection probability
(Tobler et al., ; Ancrenaz et al., ). We examined the
effects of dominant predators (tiger and leopard) on clouded
leopard habitat use, to assess predation risk.

Data analysis We investigated the habitat use of clouded
leopards by creating generalized linear models, using
camera-trap station-specific clouded leopard presence ()
or absence () data, and continuous covariates (number of
trap-nights, canopy cover, elevation, NDVI, distances to the
nearest grassland, settlement and road, and relative
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abundances of small/medium prey, small carnivores, large
prey and dominant predators). To model clouded leopard
habitat use, we standardized all continuous covariates
using a z-transformation and reduced multicollinearity by
removing highly correlated predictor variables (Spearman
rank correlation |r|. .) (Nath et al., ). We fitted gen-
eralized linear models with a binomial link function and
chose the model with the lowest Akaike information criter-
ion (AIC) value and the highest Akaike model weights as the
best-supported model (Anderson, ). We predicted the
potential habitat of clouded leopards using the coefficients
from the best-fit model (Hijmans et al., ).

Factors influencing coexistence

Temporal interactions We described the activity patterns
of clouded leopard and sympatric carnivores using Kernel
density estimation curves, a non-parametric method of
estimating the probability density function of distribution re-
cords that assumes an animal is equally likely to be captured
at any time as long as it is active (Linkie & Ridout, ). We
estimated the overlap coefficient (Δ) amongst the daily activ-
ity patterns of clouded leopard and sympatric carnivores.We
defined Δ as the area under the curve that is formed by taking
at least two density functions at each time point, ranging
from  (no overlap) to  (complete overlap; Schmid &
Schmidt, ). We determined the precision of this estima-
tor using % confidence intervals (CIs) from  bootstrap
samples (Linkie & Ridout, ; Meredith & Ridout, ).
Because the coefficient of overlap is purely descriptive (i.e.
it does not provide a threshold value below which two activ-
ity patterns might be significantly different), we used the
Mardia Watson Wheeler test (Batschelet, ) to compare
the distribution of detections across the diel cycle for pairs
of clouded leopards and sympatric carnivores (Brook et al.,
). We rejected the null hypothesis of a common distribu-
tion if the value ofW was larger than the critical value indi-
cated by P, . (Pewsey et al., ). We performed this
analysis using Oriana . (Kovach, ).

Spatial interactions We used a statistical co-occurrence test
to evaluate the spatial interactions of clouded leopards with
other sympatric carnivores. We created capture histories
using daily capture events to determine the presence or ab-
sence of targeted species at each camera station. Using
these capture histories, we investigated spatial interactions
(positive, negative or random) between species pairs using
probabilistic models (Veech, ; Griffith et al., ). We
based these models on two probabilities: () the probability
(Plt) that two species co-occur at a frequency lower than
the observed co-occurrence frequency, and () the probability
(Pgt) that two species co-occur at a frequency greater than the
observed co-occurrence frequency (Veech, ). Plt, .

and Pgt, . indicate negative co-occurrence (competitive
interaction) and positive co-occurrence (no antagonism), re-
spectively. However, when Plt. . and Pgt. ., co-
occurrence is regarded to be genuinely random (independent
distribution; Veech, ; Griffith et al., ). We also deter-
mined the standardized effect sizes (range− to ) as the dif-
ference between the observed and expected co-occurrence
frequencies divided by the number of sampling points
(Veech, ). To investigate spatial overlap (Pianka, ),
we compared the relative abundances of clouded leopards
and sympatric carnivores (O’Brien et al., ). We consid-
ered each camera-trap site as spatially independent and
used the relative abundance for each camera site to calculate
the spatial overlap index (range –;  = no overlap;
 = complete overlap). We used the Mantel test (Mantel,
) to assess correlation between spatial (Pianka index)
and temporal overlap patterns. We conducted all statistical
analyses in R .. (R Core Team, ) using the packages
secr (Efford, ), MuMIn (Bartoń, ), raster (Hijmans
et al., ), overlap (Linkie & Ridout, ), cooccur
(Griffith et al., ) and spaa (Zhang et al., ).

Results

We recorded  species ( carnivores and  prey) from
, independent records over the entire sampling period
of , trap-nights (Supplementary Table ).

Clouded leopard occurrence and density

The questionnaire surveys revealed the presence of clouded
leopards in all three ranges of Manas National Park
(Supplementary Figs  & ). Of  independent photographs
we identified  individual clouded leopards (from their
right flanks), with a maximum recapture value for a single
individual of four (Table , Supplementary Fig. ). The closure
test value for a -month survey period (z =− .; P = .)
showed stronger support for closure than for a -month
survey period (Supplementary Table ).We found the relative
abundance and density of clouded leopards to be . ± SE
. per  trap-nights and . (% CI .–.) indi-
viduals per  km, respectively. The mean capture prob-
ability at the home range centre (g) and the function of
movement (σ) were . (% CI .–.) and .
(% CI .–.), respectively (Supplementary Table ).

Habitat use

We recorded  potential clouded leopard prey species from
, independent photographs (Supplementary Table ).
Their independent records (n) and relative abundance
index values ranged from Himalayan goral (n = , relative
abundance index = .) and chital (n = , relative
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abundance index = .) to wild boar (n = ,, relative
abundance index = .) for large prey (.  kg), and
from Chinese pangolin (n = , relative abundance
index = .) to red junglefowl (n = ,, relative abun-
dance index = .) for small/medium prey (,  kg). We
also recorded two dominant predators (tiger and leopard),
and their independent records (n) and relative abundance
index values ranged from leopard (n = , relative abun-
dance index = .) to tiger (n = , relative abundance
index = .).

The intensity of habitat use by clouded leopards was
influenced significantly by canopy cover (β = .,
P = .), NDVI (β = ., P = .) and small/medium
prey relative abundance (β = ., P = .; Supplementary
Table ). With respect to the latter, clouded leopard habi-
tat utilization was higher where galliformes (β = .,
P = .) were more prevalent. The model did not
suggest any significant relationship between the occurrence
of clouded leopards and other habitat, anthropogenic and
ecological variables. Two models (i.e. canopy cover +
NDVI + kalij pheasant, and canopy cover + NDVI + kalij
pheasant + red junglefowl) performed best, with ΔAIC, 

(Table ; Figs  & ).

Factors influencing coexistence

Clouded leopard activity was nocturnal, with two activity
peaks (.–. and .–.), suggesting a bimodal
pattern (Fig. ). They had the highest daily activity overlap
with tigers (Δ= ., % CI .–.); the Mardia
Watson Wheeler test also indicated similarities between
the diel activity patterns of the two species (W = .,
P = .). The clouded leopard had the lowest temporal
overlap with dholes. Clouded leopards showed a random
spatial distribution and we observed no co-occurrence
pattern with other sympatric carnivores (Table ). The
standardized effect size and Pianka index were also low,
with the highest values for spatial interactions with tigers
(i.e. effect size = ., Pianka index = ., % CI
.–.). The Mantel test indicated no significant
correlation between spatial (Pianka index) and temporal
overlap (r = ., P = .).

Discussion

Our main findings are: () the estimated density and relative
abundance of clouded leopards were low, () clouded leo-
pards were positively associated with primary forests and
showed no relationships with elevation, partially supporting
the first hypothesis, () clouded leopards showed no relation-
ship with anthropogenic variables, rejecting the second hy-
pothesis, () clouded leopards were positively associated
with small/medium prey species, supporting the third

hypothesis, () apex predators showed no influence on the
habitat use of clouded leopards, rejecting the fourth hypoth-
esis, and () clouded leopards showed high temporal overlap
with other sympatric carnivores, and their spatial distribution
was random, with no co-occurrence pattern with other sym-
patric carnivores, partially supporting the fifth hypothesis.

The closure test value from this study was similar to those
found previously for clouded leopards and other carnivores
(Karanth et al., ; Mondol et al., ; Singh &
Macdonald, ). Our trapping period was shorter than
most recent studies on clouded leopards (Mohamad et al.,

TABLE 2 Examination of clouded leopard habitat use patterns using
generalized linear models in Manas National Park (Fig. ).
Generalized linear models with a binomial link function were
fitted and the model with the lowest Akaike information criterion
(AIC) value, ΔAIC,  and the highest Akaike model weights were
selected as the best-supported model.

Variables1 df AIC ΔAIC Weight

cc + kp + NDVI 4 112.587190 0.000000 0.470631
cc + kp + NDVI + rjf 5 112.691764 0.104574 0.446656
cc + NDVI 3 118.414660 5.827470 0.025542
cc + NDVI + rjf 4 118.745310 6.158120 0.021650
kp + NDVI + rjf 4 119.055055 6.467865 0.018544
kp + NDVI 3 120.300577 7.713387 0.009948
cc + kp + rjf 4 122.452845 9.865655 0.003391
cc + kp 3 122.729733 10.142543 0.002953
NDVI + rjf 3 127.324944 14.737754 0.000297
NDVI 2 128.418874 15.831684 0.000172
cc + rjf 3 129.310615 16.723425 0.000110
cc 2 129.477919 16.890729 0.000101
kp + rjf 3 136.402654 23.815464 0.000003
kp 2 138.497357 25.910167 0.000001
rjf 2 146.290642 33.703452 0.000000
Null 1 148.461542 35.874352 0.000000

cc, canopy cover; kp, kalij pheasant; NDVI, normalized difference vegeta-
tion index; rjf, red junglefowl.

FIG. 2 Spatial prediction for potential habitat use (, no use; ,
complete use) of clouded leopards Neofelis nebulosa in Manas
National Park (Fig. ), using the best-fit model (NDVI + canopy
cover + kalij pheasant; Table ).
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; Singh & Macdonald, ; Ab Razak et al., ;
Petersen et al., ), increasing the likelihood that the as-
sumption of closure is valid. Our density estimate of . in-
dividuals per  km is comparable to or lower than
estimates from two sites in India (./ km, Borah
et al., ; ./ km, Singh & Macdonald, ), one
site each in Thailand (edge, ./ km; core, ./ km;
Petersen et al., ), Malaysia (./ km, Ab Razak
et al., ) and Bhutan (./ km, Penjor et al.,
), two sites in Myanmar (. and ./ km,
Naing et al., ) and two sites in Peninsular Malaysia

(. and ./ km, Mohamad et al., ; Table ,
Supplementary Fig. ). Our density estimate of . indivi-
duals per  km, for  individuals, is lower than the
. individuals per  km, for  individuals, in a previous
study using a similar framework (Borah et al., ). Relative
abundance, total number of individuals and recapture rates
were lower than those from previous studies despite our
high trap effort (almost two-fold greater than that of other
studies) and reduced grid size ( km compared to the  km

of Borah et al., , and Mohamad et al., ). A potential
reason for these lower values could be the high tiger and
leopard populations as a result of improved protection mea-
sures, as well as competition with these predators, in Manas
National Park (Supplementary Table ; Jhala et al., ,
, , ; Borah et al., ). We assume that clouded
leopards avoid tigers and leopards by climbing trees when
they encounter them (Austin, ). Our low capture rate
( photographs from , trap-nights) does not necessar-
ily reflect low numbers of the clouded leopard, rather it
could be a result of decreased probability of captures
along wildlife trails and roads frequented by high numbers
of tigers and leopards.

Grassman et al. () speculated, based on radioteleme-
try data, that clouded leopards hunt small prey (# . kg),
and assumed they would move less if they killed larger
prey. Our study supports this, suggesting that prey species
of ,  kg body mass, specifically galliformes (i.e. kalij
pheasant, . kg; red junglefowl, . kg; Indian peafowl,
. kg), have a significant influence on clouded leopard
occurrence. However, a study in  protected areas in
Thailand showed that clouded leopards are associated
with the presence of wild boar and southern red muntjac
(Ngoprasert et al., ), but the study did not test for the
effect of smaller potential prey species. Primates also com-
prise a portion of the clouded leopard’s diet (Nowell &
Jackson, ; Matsuda et al., ; Morino, ;
Sunderland-Groves et al., ) but we could not calculate
the primate prey abundance index using the camera-trap
data, except for that of the rhesus macaque, which is pre-
dominantly terrestrial (Khatiwada et al., ). Our findings
suggest that conserving galliformes and small mammal
species such as rhesus macaques, porcupines, and hares is
critical to increasing the viability of clouded leopard popu-
lations. In addition, high tiger and leopard densities increase
competition for larger prey and could further increase the
relative importance of smaller prey to clouded leopards.
However, dietary studies are required to examine whether
these species form a significant part of the clouded leopard
diet. Our habitat use analysis revealed that the relative abun-
dances of small prey species are influential for predicting
clouded leopard occurrence, supporting this. Our predic-
tion that medium-sized and small predators avoid larger
apex predators behaviourally is based on the notion that
the local distribution of a top predator is determined by

FIG. 3 Response curves of variables used for predicting clouded
leopard habitat use in Manas National Park (Table ): (a) NDVI,
(b) canopy cover and (c) kalij pheasant effect plots. Envelopes
(shaded area) represent % confidence intervals.
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resource availability but the distribution of a mesopredator
is influenced primarily by predation risk (Thompson &
Gese, ). Although we did not detect a substantial influ-
ence of large predators on the habitat use of clouded leo-
pards, our findings suggest that clouded leopards choose
habitats based on high prey abundance.

Clouded leopards have been associated positively with
NDVI and canopy cover (Austin et al., ; Brodie &
Giordano, ; Penjor et al., ), and our findings support
this. Previous studies have indicated that clouded leopards
prefer high elevations (Ngoprasert et al., ; Haidir et al.,
; Mohamad et al., ) but we found that the elevation
of Manas National Park (i.e. – m above sea level) was
not a proximal factor influencing clouded leopard habitat use.
We did not include forest or vegetation type as covariates
because we deployed camera traps only in moist mixed

deciduous and semi-evergreen forests. A study in Sumatra
showed that clouded leopards tended to avoid forest edges
(Haidir et al., ), but we did not find any relationship be-
tween anthropogenic factors and clouded leopard presence,
probably because the northern, western and eastern parts of
our study area do not border non-forested areas.

Our study shows that clouded leopard activity was pre-
dominantly nocturnal (Grassman et al., ; Mukherjee
et al., ), with bimodal peaks at .–. and .–
.. However, previous, radiotelemetry studies reported
an activity peak in the morning followed by another during
the evening crepuscular hours (Grassman et al., ;
Austin et al., ). Although we expected low temporal
overlap of clouded leopards with tigers and leopards be-
cause of the predation risk for clouded leopards or domin-
ance of these larger predators, temporal overlap (. .)
was relatively high. We observed no statistically significant
spatial co-occurrence pattern between clouded leopards and
other sympatric carnivores, and the low spatial overlap indi-
ces suggest spatial niche differentiation. Low daytime activ-
ity has been predicted for mammals in areas containing top
predators (van Schaik & Griffiths, ), and we obtained
only two photographs of clouded leopards during the day-
time. Further telemetry-based studies may be useful to pro-
vide insights into patterns of clouded leopard activity in
relation to that of other large predators. To facilitate
coexistence, clouded leopards utilize vertical strata more
frequently when encountering large carnivores (Austin,
). Our results support the notion that spatio-temporal
segregation facilitates the coexistence of clouded leopards
with other sympatric carnivores in a tropical region, sug-
gesting a partial avoidance that could decrease competition
as well as reduce the risk of intraguild predation (Carothers
et al., ).

FIG. 4 Temporal overlap of clouded
leopards (solid line) with the sympatric
tiger Panthera tigris, leopard Panthera
pardus, Asiatic black bear Ursus thibetanus
and dhole Cuon alpinus (dashed lines) in
Manas National Park. Overlap coefficients
(Δ) range from  to  (, no overlap; ,
complete overlap). High temporal overlap
(Δ. .) is highlighted in bold. Δ is the
area under the curve that is formed by
taking at least two density functions at
each time point, as indicated by the
shaded area in each plot. The Mardia
Watson Wheeler test (W) provides a
threshold value below which two activity
patterns are significantly different. W
values with an asterisk indicate P, .
(i.e. the species have different activity
patterns).

TABLE 3 Spatial overlap of clouded leopards with sympatric carni-
vores in Manas National Park. Plt, . and Pgt, . indicate
negative and positive co-occurrence, respectively. Standardized
effect sizes range from − to  (− = negative co-occurrence;
 = positive co-occurrence). Niche overlap values (i.e. Pianka
index) range from  to  ( = no overlap;  = complete overlap).

Species Plt Pgt

Effect
size

Pianka index
(95% CI)

Tiger Panthera
tigris

0.826 0.323 0.003 0.063 (0.019–0.134)

Leopard Panthera
pardus

0.232 0.895 −0.004 0.048 (0.002–0.129)

Asiatic black bear
Ursus
thibetanus

0.402 0.877 −0.002 0.014 (0.000–0.055)

Dhole Cuon
alpinus

0.802 0.578 0.000 0.040 (0.000–0.143)
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TABLE 4 Comparison of density estimates, % CI, mean distance between camera traps, number of individuals, number of independent records, analysis method used and presence of tigers
and leopards, from this and other studies of the mainland clouded leopard using spatially explicit capture–recapture analysis.

Location
Density
(individuals/100 km2) 95% CI

Mean distance
between camera
traps (m)

Number of
individuals

Number of
records Method

Tiger
present

Leopard
present Source

Manas National Park, India 1.73 ± SE 1.27 0.48–6.27 672 12 21 Maximum likelihood Yes Yes This study
Khlong Saeng e Khao Sok Forest

Complex, Thailand (core)
5.06 ± SE 1.64 NA1 3,516 13 33 Maximum likelihood No No Petersen et al.

(2020)
Khlong Saeng e Khao Sok Forest

Complex, Thailand (edge)
3.13 ± SE 1.05 NA1 3,937 8 31 Maximum likelihood No No Petersen et al.

(2020)
Nam Pa Gon, Htamanthi

Wildlife Sanctuary, Myanmar
0.60 ± SD 0.24 NA1 1,000–1,500 5 49 Bayesian Yes No Naing et al. (2019)

Nam E Zu, Htamanthi Wildlife
Sanctuary, Myanmar

3.05 ± SD 1.03 NA1 1,000–1,500 9 54 Bayesian Yes No Naing et al. (2019)

Gunung Basor-Stong Utara
Forest Reserve, Malaysia

1.15 ± SE 0.35 NA1 2,000–4,000 19 95 Maximum likelihood Yes No Ab Razak et al.
(2019)

Bhutan 0.30 ± SE 0.12 0.15–0.63 2,963 19 321 Maximum likelihood Yes Yes Penjor et al. (2018)
Bhutan 0.40 ± SD 0.10 0.16–0.75 2,963 19 321 Bayesian Yes Yes Penjor et al. (2018)
Dampa Tiger Reserve, India 5.14 ± SD 1.80 2.05–8.72 1,020 10 84 Bayesian No No Singh &

Macdonald (2017)
Temengor, Peninsular Malaysia 3.46 ± SE 1.00 1.98–6.04 860 22 124 Maximum likelihood Yes No Mohamad et al.

(2015)
Belum, Peninsular Malaysia 1.83 ± SE 0.61 0.97–3.48 970 17 119 Maximum likelihood Yes No Mohamad et al.

(2015)
Manas National Park, India 4.73 ± SE 1.43 NA1 1,750–2,150 16 NA1 Maximum likelihood Yes Yes Borah et al. (2014)

Data not available.
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Conservation, both political lobbying and on-the-ground
management, can only be effective with full knowledge of
which species are present in an area and their distributions
and abundances. Manas National Park was affected by un-
rest that occurred in the region from the mid s until
peace was restored in  (Goswami & Ganesh, ), leav-
ing it vulnerable to logging, hunting and poaching of fauna,
and resulting in habitat degradation and significant loss of
wildlife (George, ; Sarma et al., ). Nevertheless, our
study provides evidence that clouded leopards in Manas are
using habitats rich in primary forests. Baseline abundance
and habitat use estimates are crucial for monitoring the suc-
cess of conservation efforts, and information on intraguild
relationships amongst sympatric carnivores is essential for
planning conservation interventions.
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