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North-East India
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Abstract

Understanding the spatial ecology of carnivores has been challenging due to their
secretive habits. Nevertheless, comprehending the relationship of this taxonomic
group with environmental, anthropogenic, and ecological factors is critical for effective
conservation management. We determined the composition of the carnivore
community (small, medium, and large), their co-occurrence patterns, and the
factors determining their habitat selection in Manas National Park, North-East
India. We photo-captured 37 species, with 24,840 independent records
over 11,388 trap nights. We collected 1,130 photographs of five large and
medium-sized carnivores and 1,541 photos of 12 small carnivores. Most
species pairs (n=59) showed random co-occurrence (independent distribution).
A few species pairs (n=19) exhibited positive co-occurrences (no antagonism).
Spatial (Pianka) overlap between these pairs was restricted, suggesting that,
despite the observed positive co-occurrence patterns, spatial overlap among these
species pairs remained limited. For large carnivores, tiger habitat use was influenced
positively by large-medium prey and adversely by forest roads; leopards showed a
preference for habitats with medium and small prey; and Asiatic black bears
utilised habitats with higher elevations, roads, and human settlements. For meso
carnivores, clouded leopards exhibited a more significant habitat usage in
regions with dense vegetation; dholes and clouded leopards were associated with
habitats rich in small prey. For small carnivores, most species preferred habitats
with dense vegetation and far from settlements. Our findings highlight the need
to protect habitats, mitigate human-wildlife conflicts, and maintain healthy prey
populations for the long-term conservation of carnivores in Manas National Park.

Keywords: Camera trapping, mammals, predation risk, prey availability, space use

Introduction

Carnivores are integral components of mammal communities, and despite their
naturally low densities, they often strongly influence other species in the community
(Vernes et al. 2021). Their role is pivotal in shaping ecosystems, primarily through
their top-down effects on prey species (Glen & Dickman 2005; Terborgh &
Estes 2013; Ripple et al. 2014). Additionally, large carnivores can influence the
dynamics of mesocarnivores by engaging in intraguild competition,
thereby creating diverse food web pathways (Ripple et al 2013;
Suraci et al. 2016). Interspecific competition and resource partitioning have been
identified as one of the most critical variables in structuring carnivore
communities despite the wide range of factors that might affect carnivore
populations (Di Bitetti et al. 2010; May et al. 2008). Thus, the occurrence of a
particular species within a given environment results from a delicate
trade-off between habitat quality and its ability to effectively compete with other
species for resources, thereby directly or indirectly affecting resource
access (Araujo & Guisan 2006; Soberén 2007). MacArthur & Levins (1967)
suggested that two competitive species can co-exist if their niches differ in at least
one or more dimensions. Such niche segregation occurs primarily along three
axes of niche dimension: spatial (habitat), trophic, and temporal (Pianka 1974).
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Ecologists studying carnivores in tropical rainforests struggle
to observe elusive animals directly, often relying on indirect
signs like tracks or scats, which provide limited insights
(Sollmann et al 2013). However, camera trapping has

transformed carnivore research, offering more reliable
evidence of their presence and facilitating the
implementation of standardised sampling protocols

(Sollmann et al. 2013). Tropical carnivores, with their body
size (medium or large), morphology (natural marks for
individual identification), guild/habitat in which they live
(terrestrial—allowing for relatively simple placement of
equipment), behaviour (readily use trails), secretiveness/
elusiveness (challenging to study with other methods), rarity
(requiring considerable survey effort), activity patterns (often
nocturnal and challenging for direct observation) and generally
remote locations are well-suited for camera trapping surveys
over traditional methods (Griffiths & Schaick 1993;
Goldman &  Winther-Hansen 2003; Wibisono &
Mccarthy 2010; Bhatt et al 2021, 2022, 2023a, 2023b).

A comprehensive understanding of the dynamics within
tropical carnivore communities is of utmost importance for
effectively managing and conserving these ecosystems
(Rabinowitz & Walker 1991). The Manas National Park
(MNP), situated in the Indo-Gangetic, Indo-Malayan, and
Indo-Bhutan biogeographical realms, is a UNESCO World
Heritage Site, a tiger reserve, an elephant reserve,
a biosphere reserve, and a biodiversity hotspot.
Most of the previous studies in MNP predominantly focused
on aspects such as species diversity (Borah et al. 2012) and
abundance (Borah et al. 2013; Borah et al. 2014; Goswami &
Ganesh 2014) and sympatric associations among large and
medium-sized carnivores (Lahkar et al 2021). Some
exceptions, such as the research by Bhatt et al. (2021), have
explored temporal interactions and lunar cycle influence on
the entire terrestrial mammalian community. However, a
critical gap exists, as no prior studies have
investigated co-occurrence patterns and habitat use dynamics,
specifically within the carnivore assemblage. The study
region was ideal for examining such aspects, as it holds
diverse carnivore guilds (17 species) with body sizes varying
from large (>50 kg, three species), medium (>10-50 kg, two
species), and small (<10 kg, 12 species) (Bhatt et al. 2022).

Numerous studies have elucidated distinct spatial and habitat
utilisation patterns among carnivore species (Grassman et al.
2005; Davis et al. 2011; Gompper et al. 2016; Chutipong et al.
2017; Chatterjee et al. 2020; Vernes et al. 2022). In this study,
we employed camera traps to explore co-occurrence patterns
(positive, negative, and random) within carnivore communities,
encompassing large, medium, and small species, in the tropical
forest of MNP, situated in northeast India, a vital abode in South
Asia. Additionally, we examined the influence of various factors,
such as habitat characteristics, anthropogenic variables, food
abundance (bottom-up effects), and predation risk (top-down
effects), on the habitat usage of carnivores. Our specific
objectives were threefold: (i) to assess the composition
of the carnivore community, (ii) to analyse co-occurrence
patterns among carnivore species, and (iii) to
identify the key factors driving habitat selection for each
carnivore species. The information derived from this study
cotributes to a deeper understanding of carnivore dynamics
within tropical forest systems and holds significant potential in
developing more effective management and conservation
measures.

The primary aim of this study was to investigate if there was any
spatial avoidance among sympatric carnivores captured at the
same camera sites and if the detection of subdominant species
was related to the detection of dominant species. Accordingly,
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we hypothesised random or negative co-occurrence between
sympatric  carnivores.  Specifically, we  predicted
mesopredators, such as dholes and clouded leopards,
would be less likely detected at camera sites where larger
predators like tigers and leopards had been recorded.
Moreover, we anticipated small carnivores would show reduced
detection frequencies in areas occupied by mesopredators.

Six hypotheses were tested for carnivore habitat use:
(1) As habitat degradation, agricultural expansion,
overhunting, and poaching threaten Asian carnivores
(Ashrafzadeh et al 2020; Marneweck et al 2021), we
hypothesised a negative association between carnivore
occurrence and anthropogenic variables (human
settlements and roads). (2) As Human-induced large-scale
fragmentation negatively affects the canopy cover and
vegetation, which is a proxy for forage biomass and the
distribution of large carnivores, and small forest patches
provide refuge for small carnivores (Pettorelli 2013;
Mallegowda et al 2015), we hypothesised a positive
relationship between carnivore species and forest cover
(NDVI and canopy cover). We also anticipated the impact of
forest cover on carnivore species would vary based on their
specific ecological requirements. (3) As the elevation of the
MNP, ie., 40-200 m asl, is not a proximal factor but a distal
factor that likely influences carnivore habitat use, we
hypothesised that elevation would not affect carnivore
species occurrence. (4) As resources (prey availability) are
crucial determinants of carnivore habitat use (Chutipong et al.
2017), we hypothesised a positive relationship between the
occurrence of large and medium-sized carnivores and
prey availability. (5) As interspecific killing risks or
predation risk effects (dominant predators) influence carnivore
habitat use (Chutipong et al. 2017), we hypothesised a negative
association of carnivore species with predators dominant to
them. (6) As the risk effect from mesopredators potentially
weakens in the presence of apex predators (Steinmetz et al.
2013), we hypothesised a positive relationship between small
and large carnivores.

Through testing these hypotheses, the study
aimed to shed light on the spatial dynamics and potential
interactions between different carnivore species and their
habitat use in the context of habitat variables, anthropogenic
pressures, and ecological factors (such as prey availability and
predation risk). These findings have valuable implications for
the conservation and management of carnivores in the
study area and beyond, as they provide insights into the
critical threats these species face and offer guidance for
developing effective conservation measures. Furthermore, these
insights deepen our understanding of the co-existence
of carnivores.

Material and methods

Study area:

We conducted the study in an area of 500 km?
within MNP (26°80’-26°50° N, 90°45’-91°15" E), a
UNESCO World Heritage Site, in the state of Assam, India. MNP
lies on the borders of the Indo-Gangetic, Indo-Malayan, and
Indo-Bhutan biogeographical realms on a gentle alluvial slope
in the foothills of the Himalayas, where wooded hills give way
to grasslands and tropical forests. The climate exhibits four
seasons: (1) Pre-Monsoon: March-May, (2) Monsoon:
June-September, (3) Retreating Monsoon: October-November
and (4) Winter: December-February. The mean temperature
ranges from 5-37 °C. The elevation ranges from 40-200 m asl
(Bhattacharjya et al. 2015). The Park is home to a variety of
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important mammal species, including the tiger Panthera tigris,
pygmy hog Porcula salvania, hispid hare Caprolagus hispidus,
and Asiatic elephant Elephas maximus (Wikramanayake et al,
2002). Also, it supports 22 of India’'s most threatened
mammal species, as listed in Schedule-I of the Wildlife
(Protection) Act of India (DebRoy, 1991). Together with the
Royal Manas National Park in Bhutan, the Park forms one of
the largest areas for conservation significance in South Asia,
representing the full range of habitats from the subtropical
plains to the alpine zone (Wang, 2001). The habitat in
the area was mainly intact and had only been mildly
impacted by some cattle grazing and the sustainable
collection of firewood, timber, and non-wood forest
products by local people at the edges of the National Park.

Field sampling design:

We used camera traps to photograph carnivores and prey
species within strictly forested habitats of MNP. We selected
camera trap locations based on accessibility, terrain features,
animal trails, and nallahs (seasonal drainages) with carnivore

signs (Marinho et al, 2018). At each location, we set up a single
Cuddeback X-Change™ colour model (Cuddeback, Green
Bay, WI, USA) with motion sensors and a time lag of 1s
between animal detections. We fastened the cameras to trees
approximately 30-45 cm above the ground for 24 days on
average (Range: 16-45). We utilised 473 camera trap locations
in a grid-based approach with a grid size of 1 km? during three
sampling periods: April 2017-June 2017 (n=101),
December 2017-May 2018 (n=152), and November
2018-May 2019 (n=220) (Figure 1). We chose these months
explicitly for greater accessibility and minimal variance in
weather conditions. To optimise capture probability, we
maintained a mean distance of 672 meters (SE %15.73)
between neighbouring camera traps. Previous studies have
shown that the small Indian mongoose, the region’s smallest
carnivore, has a home range of 0.450 km? (Berentsen et al,
2020). Therefore, we believe this inter-trap distance
adequately covered the home ranges of all carnivores in
our study area. The average temperature and humidi-
ty during the entire sampling period were 24°C (SE +0.29)
and 79.4% (SE #0.54), respectively (Time and Date 2021).
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Figure 1: The study area (Manas National Park) map shows camera trap locations (n=473), drainage, and forest cover.
Camera traps were deployed in a grid-based approach (grid size: 1 km?) during three sampling periods:
April - June 2017 (n=101), December 2017-May 2018 (n=152), and November 2018 - May 2019 (n=220).
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Species richness, composition, and relative
abundance index:

We estimated species richness as the total number of
species detected during the study period. We obtained
species-specific body masses from the literature and
calculated them as the average male and female adult body
masses. We classified mammals into three body-size
classes: large (>50 kg), medium (>10-50 kg), and small
(<10 kg) (Prater & Barruel, 1971; Menon, 2003;
Wilson &  Mittermeier, 2011; Menon, 2014). We
calculated the relative abundance index (RAI) as the
total number of independent photographs for each species
divided by the total trap nights and multiplied the result by
100 (Carbone et al. 2001). We considered animal detections
independent if the time between consecutive photographs
of the same species was > 30 min (O’Brien et al, 2003). We
conducted the analysis using Windows based MS Office Excel.

Carnivore co-occurrence and interactions:

We used a statistical co-occurrence test to evaluate the
spatial interactions among carnivores. We created capture
histories using daily capture events to determine the
presence or absence 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, 2013; Griffith
et al 2016). We Dbased these models on two
probabilities (Veech, 2013). (1) Probability of lower
co-occurrence frequency (P,): This probability represents the
likelihood that two species co-occur at a frequency lower
than what was observed in the data. It indicates whether the
observed co-occurrence between the species is less common
than expected by chance. (2) Probability of higher co-occurrence
frequency (ng): This  probability  represents the
likelihood that two species co-occur at a frequency
higher than what was observed in the data. It indicates
whether the observed co-occurrence between the speciesis more
common than expected by chance. P,<0.05 and Pg[<0.05 indicate
negative co-occurrence (competitive interaction) and positive
co-occurrence (no antagonism) between the considered
species pairs, respectively. Conversely, when P >0.05 and
ng>0-05' co-occurrence is considered genuinely random,
implying an independent distribution of the species (Veech,
2013; Griffith et al, 2016).

We also determined the standardised effect sizes (range -1
to 1) as the difference between the observed and expected
co-occurrence frequencies divided by the number of
sampling points (Veech 2013). Additionally, we compared
the relative abundances of carnivores to investigate
spatial overlap (O’Brien et al. 2003). We considered each
camera-trap site as spatially independent and used the
relative abundance for each camera site to calculate the
spatial overlap index (range 0-1; O=no overlap;
1=complete overlap of the niche category by the species).

Carnivore habitat use
Habitat and anthropogenic variables:

We focused on three habitats and two anthropogenic variables
for carnivore habitat use: canopy cover, elevation, normalised
difference vegetation index (NDVI), distance to the nearest
settlement, and distance to the nearest road. We quantified tree
canopy cover (30m resolution) using global tree cover data
(Hansen et al, 2013). We determined the elevation at each
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camera trap site using a digital elevation model based on
NASA's ASTER Global Emissivity Datasets (USGS Earth
Explorer 2021), with a spatial resolution of 30m. For NDVI,
we downloaded Landsat images (30m resolution) from the
Landsat 8 Operational Land Imager (OLI) sensor in bands 4 and
5. We then computed the NDVI as 3-8 (USGS Earth Explorer
2021). We quantified distances to the nearest settlement and
road for each camera trap site using Euclidean distance and
performed these calculations using ArcMap v. 10.2 (Esri, 2011).

Ecological variables:

We comprehensively reviewed the literature on carnivore
diets to identify potential prey species in the study area
(Supplementary Table S1). Our camera traps detected these or
related species of this size range that are likely to be
prey. We associated the presence of carnivore species
with the relative abundance of prey species of a certain
size class (ie, large: >50 kg, medium: >10-50 kg, small:
1-10 kg) and based on carnivore diet literature (Supplementary
Table S1). However, we excluded prey species weighing <1 kg
and arboreal mammals from the analysis. We decided to exclude
these species because camera trapping studies indicated their
low detection probability, which would not accurately represent
their actual abundance (Tobler et al. 2008). Consequently, we
could not quantify the prey species available for small
carnivores. Furthermore, to investigate predation risk
effects, we focused on understanding how dominant predators
influence the habitat use of mesopredators and how both
dominant and medium-sized predators affect the habitat use of
lesser carnivores.

Data analysis:

We investigated the habitat use of carnivores by creating
generalised linear models (GLMs) (Chatterjee et al, 2020;
Chaudhary et al, 2020), using camera trap station-specific
carnivore presence or absence (1,0) data, along with
continuous covariates (habitat, anthropogenic, and ecological)
(Table 1). To model carnivores’ habitat use, we standardised all
continuous covariates using a z-transformation and reduced
multicollinearity by removing highly correlated predictor
variables (Spearman rank correlation |r?|>0.7) (Nath et al,
2019). We fitted GLMs with a binomial link function and
selected the model with the lowest Akaike information
criterion (AIC) value and the highest Akaike model weights as
the best-supported model (Anderson 2008). We predicted the
potential habitat of carnivores using the coefficients from
the best-fit model with the lowest AIC (Hijmans et al, 2013).

We performed all statistical analyses in R software v. 3.1.2
using packages MuMIn (Barton, 2016), co-occur (Griffith et al. ,
2016),spaa (Zhangetal, 2013), and raster (Hijmans et al, 2013).

Results

Species richness, composition, and relative
abundance index (RAI):

We recorded 37 species (17 carnivores and 20
non-carnivores), with 24,840 independent records over the
entire sampling period of 11,388 trap nights (Supplementary
Table S2). Independent records (n) and RAI for the
photo-captured species varied, ranging from clouded leopard
(n=21, RAI=0.18) to tiger (n=466, RAI=4.09) for large-medium
carnivores, from Chinese pangolin (n=2, RAI=0.02) to small
Indian civet (n=402, RAI=3.53) for small carnivores, from chital
(n=1, RAI=0.01) and Himalayan goral (n=1, RAI=0.01) to Asiatic
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Table 1: Selection of covariates (habitat, anthropogenic, and ecological) employed in generalised linear modelling of carnivores in Manas National Park.

Carnivores

Covariates

Tiger

Habitat and Anthropogenic variables: canopy cover, NDVI, elevation, distances to nearest road and settlement

Ecological variables (prey availability): gaur, wild water buffalo, sambar, wild boar, barking deer

Leopard

Habitat and Anthropogenic variables: canopy cover, NDV], elevation, distances to nearest road and settlement

Ecological variables (prey availability): sambar, wild boar, barking deer, Indian hare, Himalayan crestless
porcupine, Indian peafowl, red junglefowl, kalij pheasant, rhesus macaque, leopard cat, large Indian civet, small
Indian civet, Asiatic palm civet, crab-eating mongoose, small Indian mongoose, Indian grey mongoose,

yellow-throated marten

Ecological variables (predation risk): tiger

Dhole

Habitat and Anthropogenic variables: canopy cover, NDV], elevation, distances to nearest road and settlement

Ecological variables (prey availability): gaur, sambar, wild boar, barking deer, Indian hare, Himalayan crestless

porcupine, Indian peafowl, red junglefowl, kalij pheasant, rhesus macaque

Ecological variables (predation risk): tiger, leopard

Clouded
leopard

Habitat and Anthropogenic variables: canopy cover, NDV], elevation, distances to nearest road and settlement

Ecological variables (prey availability): barking deer, Indian hare, Himalayan crestless porcupine, Indian peafowl,

red junglefowl], kalij pheasant, rhesus macaque, large Indian civet, small Indian civet, Asiatic palm civet, crab-eating

mongoose, small Indian mongoose, Indian grey mongoose, yellow-throated marten

Ecological variables (predation risk): tiger, leopard

Asiatic black
bear

Habitat and Anthropogenic variables: canopy cover, NDV], elevation, distances to nearest road and settlement

Leopard cat

Habitat and Anthropogenic variables: canopy cover, NDV], elevation, distances to nearest road and settlement

Ecological variables (predation risk): tiger, leopard, dhole, clouded leopard

Large
Indian civet

Habitat and Anthropogenic variables: canopy cover, NDV], elevation, distances to nearest road and settlement

Ecological variables (predation risk): tiger, leopard, dhole, clouded leopard

Small
Indian civet

Habitat and Anthropogenic variables: canopy cover, NDV], elevation, distances to nearest road and settlement

Ecological variables (predation risk): tiger, leopard, dhole, clouded leopard

Asiatic palm
civet

Habitat and Anthropogenic variables: canopy cover, NDV], elevation, distances to nearest road and settlement

Ecological variables (predation risk): tiger, leopard, dhole, clouded leopard

Crab-eating
mongoose

Habitat and Anthropogenic variables: canopy cover, NDV], elevation, distances to nearest road and settlement

Ecological variables (predation risk): tiger, leopard, dhole, clouded leopard

Small Indian
mongoose

Habitat and Anthropogenic variables: canopy cover, NDV], elevation, distances to nearest road and settlement

Ecological variables (predation risk): tiger, leopard, dhole, clouded leopard

Indian grey

Habitat and Anthropogenic variables: canopy cover, NDV], elevation, distances to nearest road and settlement

mongoose Ecological variables (predation risk): tiger, leopard, dhole, clouded leopard

Yellowthroated Habitat and Anthropogenic variables: canopy cover, NDVI, elevation, distances to nearest road and settlement
marten Ecological variables (predation risk): tiger, leopard, dhole, clouded leopard

elephant (n=6386, RAI=56.08) for large-medium cat-crab-eating mongoose, large Indian civet-small Indian

herbivores, and from Asiatic brush-tailed porcupine (n=3,
RAI=0.03) to red junglefowl (n=1162, RAI=10.20) for
small herbivores. We excluded species with less than ten
detections and habitat specialist species from the analysis.

Carnivore co-occurrence and interactions:

We analysed 78 species pairs of 13 carnivores. We excluded
ten pairs (12.82% of the 78 combinations) from the analysis
because the expected co-occurrence for these pairs was less
than one. Three species pairs in the large-medium carnivore
guild (tiger-leopard, tiger-dhole, leopard-dhole), eleven in the
small carnivore guild (leopard cat-large Indian civet, leopard
cat-small Indian civet, leopard cat-Asiatic palm civet, leopard
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civet, large Indian civet-crab-eating mongoose, small Indian
civet-Asiatic palm civet, small Indian civet-small Indian
mongoose, small Indian civet-crabeating mongoose, small
Indian civet-yellow-throated marten, Asiatic palm civet-
crab-eating mongoose), and five in the inter-guild (tiger-
leopard cat, tiger-large Indian civet, leopard-leopard cat,
leopard-large Indian civet, clouded leopard-leopard cat)
showed positive co-occurrences (Figure 2). The Pianka's
index values between these pairs were low, with the highest
value reported between Asiatic palm civet and crab-eating
mongoose, which was 0.392 (0.239-0.535) (Table S3). We did not
observe clear co-occurrence patterns for the remaining 59
species pairs, indicating the random distribution of these
species pairs across the study area.
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Figure 2: Heat map shows the positive, random, and negative species associations determined by the probabilistic co-occurrence mod-
el for carnivores in Manas National Park. Species are positioned to indicate the columns and rows that represent their pairwise relationships
with other species. 78 pairs were analysed, of which 19 were positive (no antagonism), while 59 showed random (independent) distribution.

Carnivore habitat use

Large-medium carnivores:

The analysis of habitat use patterns through GLMs revealed
distinct habitat preferences among carnivore species
(Table 2, Supplementary Table S4). While examining predictor
variables, we found no significant relationships; therefore,
we retained all variables for further analysis. For tiger, habitat
use intensity showed positive associations with distance to
roads, the presence of gaur, wild water buffalo,
sambar, and wild boar, and a negative association with
elevation. In the case of leopard, predictor variables
included tiger, wild boar, red junglefowl, and leopard cat.
Dhole habitat utilisation showed positive associations with
tiger and rhesus macaque and a negative association with
kalij pheasant. Clouded leopard showed higher habitat use
in areas with more prevalent canopy cover, NDVI, red
junglefowl, and kalij pheasant. Asiatic black bear habitat use
exhibited a positive relationship with elevation and a
negative association with distances to roads and settlements.

Three models exhibited the best performance for tiger and
leopard, while two for dhole, clouded leopard, and Asiatic
black bear with AAIC<2 (Table 3, Supplementary Table S5).

Small carnivores:

Canopy cover and NDVI influenced the habitat utilisation of
leopard cat, Asiatic palm civet, and yellow-throated
marten (Table 2, Supplementary Table S6). The habitat use
of large Indian civet and Asiatic palm civet showed positive
associations with elevation. Leopard cat, large Indian civ-
et, Asiatic palm civet, and yellow-throated marten exhibited
a preference for habitats situated farther away from human
settlements. Crab-eating mongoose habitat showed a
positive relationship with the proximity of human settlements.

The analysis produced nine best-performing models for
yellow-throated marten, five for Asiatic palm civet, four
for each large Indian civet and small Indian civet, three for

leopard cat, two for Indian grey mongoose, and one
for each crab-eating mongoose and small Indian
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mongoose, all with AAIC<2 (Table 3, Supplementary Table S7).

We then generated spatial prediction maps for large,
medium, and small carnivores using the best-fit
model with the lowest AIC and highest weights (Figures 3, 4).

Discussion

We conducted a comprehensive camera trap survey in MNP
to document the community of small, medium, and large
mammalian carnivores and understand their habitat
associations. Our fine-scale modelling approach incorporated
various variables, including habitat, anthropogenic influence,
and ecological factors, revealing species-specific environmental
responses. These findings reaffirmed our knowedge about
carnivores and provided valuable insights into their
habitat preferences. By analysing co-occurrence patterns and
environmental drivers, this research offers crucial
information for carnivore conservation and management,
contributing significantly to our understanding of their
ecology and behaviour in MNP.

As hypothesised, negative or random co-occurrences were
expected between intra- and inter-guild carnivores. However,
a few pairs (n=19) revealed positive co-occurrences, while
most pairs (n=59) showed random cooccurrences or an
independent distribution (Rota et al, 2016), partially
supporting the spatial avoidance hypothesis. This suggests

that species with positive co-occurrence must be
differentiated along other niche dimensions, such
as time and diet, to facilitate their co-existence. For

instance, Bhatt et al, (2021) found evidence that these
carnivore species avoided each other by displaying
low temporal overlap or having distinct activity peaks.
Additionally, variations in their diet patterns (e.g., carnivore,
omnivore, and insectivore) further contribute to species
co-occurrence by enabling niche partitioning on a
microhabitat  scale. However, further research is
required to identify the specific variables governing their
co-occurrence  and  potential  interactions at  this
fine-scale level.
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Table 2: Species-specific significant beta coefficients with standard errors, Z-scores, and P-values of habitat, anthropogenic,
and ecological variables influencing habitat use of (a) large-medium carnivores and (b) small carnivores in Manas National Park. Beta
coefficients represent the strength and direction of the relationship between variables and carnivore habitat use. Standard errors
provide an estimate of the variability in the beta coefficients. Z-scores indicate the number of standard deviations a beta coefficient is from
the mean. P-values determine the statistical significance of the beta coefficients, with lower values indicating stronger evidence against
the null hypothesis. Significance levels: ** p < 0.05, * p < 0.10 (where ** denotes high significance and * denotes moderate significance).

Covariates B estimate Std. error VA P
(a) Large-medium carnivores

Tiger

elevation -0.26 0.10 -2.59 0.010 **
distance to roads 0.00012 0.000043 2.87 0.0041 **
gaur 0.53 0.17 3.19 0.0014 **
wild water buffalo 0.43 0.12 3.47 0.00052 **
Sambar 0.18 0.10 1.81 0.070 *
wild boar 0.50 0.18 2.72 0.0066 **
Leopard

tiger 0.34 0.11 3.25 0.0011 **
wild boar 0.40 0.18 2.29 0.022 **
red junglefowl 0.22 0.10 2.15 0.032 **
leopard cat 0.22 0.095 2.38 0.018 **
Dhole

tiger 0.31 0.11 2.70 0.0070 **
kalij pheasant -2.22 1.31 -1.70 0.089 *
rhesus macaque 0.19 0.10 1.87 0.061 *
Clouded leopard

canopy cover 2.37 0.68 3.47 0.00052 **
NDVI 1.71 0.45 3.85 0.00012 **
red junglefowl 0.31 0.13 2.38 0.018 **
kalij pheasant 0.44 0.16 2.80 0.0052 **
Asiatic black bear

elevation 0.75 0.16 4.58 0.000005 **
distance to settlements -0.67 0.24 -2.76 0.0058 **
distance to roads -0.00014 0.000051 -2.83 0.0047 **

(b) Small carnivores

Leopard cat

canopy cover 0.44 0.11 4.00 0.00006 **
NDVI 0.39 0.11 3.60 0.00031 **
distance to settlements 0.33 0.10 3.38 0.00072 **
tiger 0.29 0.10 2.83 0.0046 **
clouded leopard 0.27 0.12 2.22 0.03 **
Large Indian civet

elevation 0.30 0.10 2.90 0.0037 **
NDVI -0.20 0.11 -1.82 0.069 *
distance to settlements 0.37 0.12 3.24 0.0012 **
Small Indian civet

canopy cover -0.16 0.10 -1.68 0.093 *
elevation -0.18 0.11 -1.67 0.10*
tiger 0.28 0.10 2.82 0.0048 **
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Asiatic palm civet

canopy cover 0.74 0.15 4.86 0.0000010 **
elevation 0.21 0.10 2.08 0.038 **
NDVI 0.41 0.12 3.39 0.00070 **
distance to settlements 0.19 0.11 1.78 0.076 *
Crab-eating mongoose

canopy cover 0.35 0.16 2.18 0.030 **
distance to settlements -0.25 0.14 -1.85 0.06 *
Small Indian mongoose

NDVI -0.53 0.20 -2.62 0.0089 **
Indian grey mongoose

NDVI 0.21 0.37 0.57 0.02 **
Yellow-throated marten

canopy cover 1.28 0.64 2.02 0.043 **
NDVI 0.77 0.41 1.89 0.059*
distance to settlements 0.62 0.33 1.87 0.061*
tiger 0.32 0.17 1.88 0.060 *

Table 3: Best-fit generalised linear models for assessment of habitat use of (a) large-medium carnivores and (b) small carnivores in Manas
National Park. The models were selected based on their goodness-of-fit statistics, with AAIC<2 indicating strong support for model fit

Covariates df AIC AAIC Weight
(a) Large-medium carnivores

Tiger

distance to roads + gaur + wild boar + wild water buffalo 5 600.34 0.00 0.29
distance to roads + elevation + gaur + wild boar + wild water buffalo 6 601.17 0.84 0.19
distance to roads + gaur + sambar + wild boar + wild water buffalo 6 601.79 1.46 0.14
Leopard

leopard cat + red junglefowl + tiger + wild boar 5 626.05 0.00 0.30
leopard cat + tiger + wild boar 4 626.30 0.24 0.26
red junglefowl + tiger + wild boar 4 627.17 1.11 0.17
Dhole

kalij pheasant + rhesus macaque + tiger 4 326.19 0.00 0.56
kalij pheasant + tiger 3 327.26 1.07 0.33
Clouded leopard

canopy cover + kalij pheasant + ndvi 4 112.59 0.00 0.47
canopy cover + kalij pheasant + ndvi + red junglefowl 5 112.69 0.10 0.45
Asiatic black bear

distance to settlements + elevation 3 150.40 0.00 0.72
distance to roads + distance to settlements + elevation 4 152.25 1.84 0.28

(b) Small carnivores
Leopard cat

canopy cover + clouded leopard + distance to settlements + ndvi + tiger 6 586.97 0.00 0.43
canopy cover + distance to settlements + ndvi + tiger 5 588.03 1.07 0.25
clouded leopard + distance to settlements + ndvi + tiger 5 588.73 1.77 0.18
Large Indian civet

distance to settlements + elevation 3 482.54 0.00 0.32
distance to settlements + elevation + ndvi 4 483.15 0.61 0.24
distance to settlements 2 483.80 1.26 0.17
distance to settlements + ndvi 3 483.83 1.29 0.17
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Small Indian civet

canopy cover + tiger 3 571.18 0.00 0.33
tiger 2 571.91 0.73 0.23
elevation + tiger 3 572.24 1.07 0.20
canopy cover + elevation + tiger 4 572.33 1.15 0.19
Asiatic palm civet

canopy cover + elevation + ndvi 4 506.86 0.00 0.23
canopy cover + ndvi 3 507.22 0.37 0.19
canopy cover 2 507.83 0.97 0.14
canopy cover + distance to settlements + ndvi 4 508.07 1.22 0.13
canopy cover + distance to settlements + elevation + ndvi 5 508.35 1.50 0.11
Crab-eating mongoose

canopy cover + distance to settlements 3 373.53 0.00 0.80
Small Indian mongoose

Ndvi 2 131.14 0.00 0.88
Indian grey mongoose

Null 1 91.14 0.00 0.70
Ndvi 2 92.80 1.66 0.30
Yellow-throated marten

canopy cover + distance to settlements + tiger 4 100.23 0.00 0.14
canopy cover + distance to settlements + ndvi + tiger 5 100.45 0.22 0.13
canopy cover + distance to settlements + ndvi 4 100.78 0.56 0.11
distance to settlements + ndvi + tiger 4 101.04 0.82 0.10
canopy cover + distance to settlements 3 101.20 0.98 0.09
canopy cover + tiger 3 101.33 1.10 0.08
distance to settlements + ndvi 3 101.46 1.24 0.08
canopy cover 2 101.81 1.58 0.07
canopy cover + ndvi 3 102.19 1.97 0.05

(a) Tiger (b) Leopard

(c) Dhole (d) Clouded Leopard
8 o
- 3 " ’.\
‘'

»r v

(e) Asiatic Black Bear
Figure 3: Spatial prediction for potential habitat use of large-medium
; J‘ carnivores using best-fit model with lowest AIC and highest model weight
b in Manas National Park.
(a) Tiger: distance to road + gaur + wild water buffalo + wild boar,
(b) Leopard: tiger + wild boar + red junglefowl + leopard cat,

Hab:iz:‘_ulse (c) Dhole: tiger + rhesus macaque + kalij pheasant,
R e (d) Clouded leopard: canopy cover + NDVI + kalij pheasant, and
- . (e) Asiatic black bear: elevation + distance to settlements.

Journal of Wildlife Science 24 https://doi.org/10.63033 /JWLS.GCTQ1198


https://doi.org/10.63033/JWLS.GCTQ1198

Bhatt & Lyngdoh

(a) Leopard Cat
‘:‘y- : '.)“v
e f
-, o 4 V

(c) Small Indian Civet

h“"a

R oA R

(e) Crab-eating Mongoose

"'; o 7 | A
' o8 .«
‘V o 5

(h) Yellow-throated Marten

(b) Large Indian Civet
-
o

T

(d) Asiatic Palm Civet

(f) Small Indian Mongoose

N

(g) Indian Grey Mongoose

) S
o‘ <\‘H’ "‘_' _‘ \ '}.
q '.‘" ‘ N v’ o
_ ey
i.-'. ; -A ‘
—#<

/ i

Habitat Use
-High: 1

- Low: O

Figure 4: Spatial prediction for potential habitat use of small
carnivores using best fit model with lowest AIC and highest model
weight in Manas National Park.

(a) Leopard cat: canopy cover + NDVI + distance to settlements

+ clouded leopard + tiger,

(b) Large Indian civet: elevation + distance to settlements,

(c) small Indian civet: canopy cover + tiger,

(d) Asiatic palm civet: canopy cover + NDVI + elevation,

(e) Crab-eating mongoose: canopy cover + distance to settlements,

(f) Small Indian mongoose: NDVI,

(g) Indian grey mongoose: null,

(h) Yellow-throated marten: canopy cover + distance to settlements + tiger.

Tiger, known for its adaptability across diverse landscapes
(Goodrich et al, 2022), displayed no significant correlation
with habitat variables except for elevation. Given the limited
elevation range within MNP, elevation is unlikely to influence
tiger habitat use significantly. Notably, the study revealed a
negative impact of forest roads on tiger (Linkie et al, 2006).
These roads, frequented by tourists, locals, and patrolling staff,
pose challenges to tiger conservation efforts, necessitating
careful management and monitoring to mitigate their

adverse effects. In terms of prey preferences, tigers
have a strong affinity for specific species, including wild
boar, deer species, wild buffalo, gaur, elephant, rhino,

primates, and porcupines (Supplementary Table S1).
Intriguingly, the availability of these preferred prey species,
such as gaur, wild water buffalo, sambar, and wild boar,
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appeared to influence tiger habitat usage. This highlights the
role of prey availability in shaping the tiger's habitat selection
within the park.

Leopard, renowned for its adaptability to various
landscapes (Stein et al, 2020), did not exhibit significant
correlations ~ with  habitat  variables, affirming its
ability to thrive across diverse environments. Its diet mainly
comprises of medium-sized prey (10-50 kg body mass)

but also includes a diverse range of species, such as
primates, rodents, lagomorphs, pangolins, small
carnivores, gallinaceous birds, insects, reptiles, and birds

(Table S1). The study also revealed that medium and small
prey species influenced leopard habitat usage. In contrast
to the expectations, a positive relationship was observed
between leopard (subdominant predator) and tiger
(dominant predator), suggesting a unique co-existence
strategy. This association might be attributed to overlapping
prey availability, habitat suitability, or the arboreal
behaviours of leopard. The findings indicate the pivotal role
of prey availability rather than predation risk in shaping
leopard's habitat preferences.

Asiatic black bear inhabits various forested habitats,
ranging from near-sea level to 4,300 m in elevation
(Sathyakumar et al, 2011; Garshelis & Steinmetz, 2020).
Despite the narrow elevation range within the MNP, a
positive  relationship ~ with elevation was observed
(Sathyakumar et al, 2013). One reason could be that
black bear may prefer higher elevations for denning to
avoid potential predators. Another possible reason for
its preference for higher elevations could be the earlier
appearance of herb and grass sprouts in those areas than at
lower elevations. Moreover, we found a positive association
between Asiatic black bear and human settlements and
roads. This could be attributed to bear's learned tolerance for
humans (human habituation) and its association of humans
with readily available high-quality food (food conditioning)
(Elfstrom et al., 2014).

Dholes, with a preference for various habitats and elevations
(Kamler et al, 2015), displayed no significant relationship
with habitat variables. Dhole diet encompasses a wide range
of prey species, including small rodents, hares, and gaur
(Selvan et al, 2013a, 2013b; Hayward et al, 2014). Their
hunting success is influenced by various factors such as pack
size, prey species, and habitat characteristics (Acharya, 2007).
In tropical semi-evergreen forests, dholes persist in smaller
packs and primarily consume small-to-medium-sized prey
as they offer energetic advantages (Kawanishi & Sunquist,
2008). The findings of this study supported this pattern and
suggested that the occurrence of dhole is influenced by small
prey species, specifically rhesus macaque, highlighting the im-
portance of conserving small sized species for the long-term
viability of dhole. The negative relationship between dhole
habitat use and pheasant could be attributed to habitat
requirements and ecological preference differences. Pheasants
are ground-dwelling birds that prefer dense undergrowth and
shrubby areas (Miller, 2010), whereas dhole is a cursorial
predator that requires more open spaces for hunting
(Johnsingh, 1992). The contrasting habitat preferences
of pheasants and dhole could have resulted in a negative
association between them.

Clouded leopard has shown positive associations with
NDVI and canopy cover (Austin et al, 2010; Brodie &
Giordano, 2012; Penjor et al, 2018), and our
findings align with these findings. While previous research
suggested a preference for high elevations (Ngoprasert
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et al, 2012; Haidir et al, 2013; Mohamad et al, 2015),
we found that the elevation of MNP is a distal factor that
likely influences its habitat use. Grassman et al (2005)
speculated, based on their radio telemetry data, that
clouded leopard hunts smaller prey (<2.5 kg) and
assumed it would move less if it killed larger prey.
The study supported this assumption, suggesting that
prey species of <10 kg body mass, specifically galliformes
(kalij pheasant, 1.1 kg; red junglefowl, 1.25 kg; Indian
peafowl, 5.0 kg), had a significant influence on clouded
leopard occurrence. However, a study in 13 protected
areas in Thailand showed that clouded leopards is
associated with wild boar and southern red muntjac
(Ngoprasert et al., 2012); it did not test for the effect of smaller
potential prey species.

Our findings suggest that conserving small-sized species
such as primates, porcupines, hares, and galliformes is critical
to increasing the viability of mesopredators (dhole and
clouded leopard). In addition, high tiger and
leopard densities in MNP (Borah et al, 2014; Supplementary
Table S8) increase competition for larger prey and could
further increase the relative importance of smaller prey for
both medium-sized carnivores. However, dietary studies are
required to examine whether these species form a part of
their diet. Our prediction that medium-sized predators
avoid larger apex predators behaviourally is based on the
notion that the local distribution of a top predator is
determined by resource availability, but the distribution of a
mesopredator is influenced primarily by predation risk
(Thompson & Gese, 2007). Although we did not detect a
substantial influence of large predator on the habitat use of
clouded leopard, our findings found a positive relationship
between dhole and tiger. The positive association could be
attributed to factors such as overlapping prey availability or
habitat suitability, which may facilitate co-existence or even
cooperative behaviour between dhole and tiger. Moreover,
the findings suggest that dhole and clouded leopard choose
habitats based on high prey abundance.

Leopard cat, typically considered ground-dwelling species, has
been observed resting high in the canopy (Rabinowitz, 1990).
Our research showing a positive association between leopard
cats and canopy cover and NDVI aligns with this
observation. Affinity for higher canopy and denser
vegetation indicates the preference for areas providing
suitable resting and hunting grounds. Large Indian
civet displays remarkable habitat adaptability, occupying
a wide range of environments, from primary forests to
secondary degraded forests, scrublands, and plantations
(Azlan, 2003; Jennings and Veron, 2011; Choudhury, 2013;
Chutipong et al., 2014). This diverse habitat use explains their
antagonistic relationship with ndvi, potentially resulting in
lower occurrences in areas with dense vegetation. Small Indian
civets, conversely, favours low elevations and open habitats
(Jennings & Veron, 2011), avoiding areas with dense
vegetation or higher elevations, reflecting their adaptability to
varying habitat conditions. Asiatic palm civet inhabits a
diverse range of habitats, spanning evergreen and deciduous
forests, seasonal peat swamp forests, mangroves, plantations,
villages, urban areas, and elevations up to 2500 m (Duckworth
etal, 2016). However, our study revealed a positive association
between Asiatic palm civet site preferences and the presence
of primary forests. This preference may be attributed to a
rich and diverse food supply, enhanced shelter and security,
and suitable conditions for breeding and reproduction.

Crab-eating mongoose,
Yellow-throated marten

Indian grey mongoose, and
preferred habitats characterised
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by dense vegetation. Such vegetation provides these small
carnivores suitable shelter, cover, and protection from
predators. Dense vegetation also facilitates a favourable
environment for hunting and foraging, as it harbours
various prey species and provides ample hiding spots for
these ambush predators.

Small felids, civets, and martens are hunted for their meat,
providing a vital protein source for numerous local tribal
communities in tropical regions (Corbet & Hill, 1992).
The study also revealed a negative relationship between
humans and leopard cats, large Indian civets, Asiatic palm
civets, and yellow-throated martens, indicating potential
threats to these species from human activities. On the other
hand, mongooses have a commensal relationship with
humans, as they benefit from scavenging on
carrion and human waste near human habitations
(Choudhury et al, 2011). These findings align with the
expected pattern, mainly for crab-eating mongoose.

The findings of this study demonstrated a positive association
between specific small carnivores, such as leopard cat,
small Indian civet, and yellow-throated marten, and the
presence of large carnivores, particularly tiger. Large
carnivores play a crucial role as apex predators, effectively
controlling meso predators, which benefits smaller
carnivores. This top-down regulation within the carnivore
community helps maintain a balanced ecosystem by reducing
predation and competition risks for smaller species, thereby
promoting their thriving. Consequently, conservation efforts
aimed at protecting and conserving large carnivores will have
positive implications for smaller ones and contribute to
maintaining the overall ecological balance of the ecosystem.

Regarding the interpretation of P-values, we acknowledge
the need to consider the broader context and effect sizes
rather than relying solely on arbitrary thresholds (Wasserstein
et al, 2019). Although the P-values for a few variables indicate
a lack of statistical significance according to traditional criteria,
we emphasise that these marginal results offer valuable
insights ~ and  warrant  further  investigation  or
consideration in future studies. The selection of the best fit
model for prediction purposes allowed us to gain valuable
insights into the factors influencing carnivore habitat use
and provided a spatial representation of their potential
habitat within MNP. This spatial mapping offers a valuable
tool for conservation planning and management efforts,
as it highlights the areas where carnivores are likely to thrive
and where conservation actions can be targeted to ensure the
long-term survival of this species.

The diet of the Asiatic black bear and small carnivores
encompasses a diverse range of prey items, including fruits
(cinnamon, pea, etc.), succulent vegetation (shoots, forbs, and
leaves), ants, bees, a variety of tree and shrub-borne fruits, hard
mast (nuts), rodents, birds, murids, fishes, carrion, reptiles,
amphibians, insects, arthropods, and crabs (Supplementary
Table S1). However, we could not analyse these prey
species as camera trapping rates would not
reflect their abundance due to low detection probability
(Ancrenaz et al, 2012). Therefore, habitat use for the prey
availability of these carnivorous species cannot be estimated.

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 habitat use. Manas National Park was affected by
unrest that occurred in the region from the mid-1980s
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until peace was restored in 2003 (Goswami &
Ganesh, 2014), leaving it vulnerable to logging,
hunting and poaching of fauna and resulting in habitat
degradation and significant loss of wildlife (George,
1994; Sarma et al, 2008). Nevertheless, our study
provides evidence that most carnivore species in Manas
use habitats rich in primary forests, abundant prey and
far from human disturbances. The observed relationships
between carnivore species and habitat characteristics are
likely shaped by a complex interplay of factors,
including food availability, shelter, competition avoidance, and
species-specific behaviour and adaptability. Understanding
these relationships is crucial for monitoring conservation
success, planning conservation intervention plans, and
implementing effective conservation strategies to ensure the
long-term survival of carnivores and their coexistence in their
habitats.

Conservation efforts in Manas National Park should prioritise
protecting and conserving primary forest habitats, which
are crucial refuges for many carnivore species due to their rich
biodiversity and ample prey availability. Measures to
mitigate human disturbances, such as managing forest roads
and minimising human-wildlife conflicts, are vital for reducing
habitat fragmentation, which can adversely affect carnivore
populations. Moreover, promoting co-existence between
humans and carnivores through community-based conservation
initiatives and sustainable land-use practices is essential.
Finally, it is critical to maintain healthy prey populations
within the Park, as they form the foundation of
the carnivore food chain and play a vital role in
sustaining  carnivore  populations. = Together,  these
conservation recommendations can contribute to the
long-term conservation success of carnivores in Manas
National Park.
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