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in areas where most of the species’ habitat occurs outside protected areas. In 2021, sign surveys
were conducted along 1277 km of transects distributed among 145 grid cells of 7x7 km within a
7105 km? study area, where 226 leopard signs (pugmarks and scats) were documented. We used
an occupancy modeling framework to evaluate the influence of environmental and anthropogenic
factors on leopard habitat use. We found that leopard occupancy (y = 0.73 + 0.17 CI) was
strongly and positively associated with areas used by wild prey such as red muntjac (Muntiacus
muntjak), rhesus macaques (Macaca mulatta), chital (Axis axis), and wild boars (Sus scrofa). Our
results provide evidence that large carnivores like leopards can persist in human-dominated
landscapes when native prey remains abundant, underscoring the need for community-based
conservation that sustains both prey and predator populations beyond protected areas. By esti-
mating leopard occupancy outside of protected areas, the research establishes a baseline for
developing management strategies to ensure the continued existence of leopards in Nepal's multi-
use landscapes.

1. Introduction

Large carnivores play critical roles in the structure and function of ecosystems, yet they are threatened globally (Hovardas et al.,
2021), with many species experiencing dramatic population declines and range contractions (Ripple et al., 2016). Declines have been
attributed to the combined pressures of habitat loss, poaching, declining prey, and persecution due to conflict with humans (Karanth
and Chellam, 2009). Despite these challenges, some large carnivore populations have recovered in recent decades, notably, in the
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human-dominated landscapes of Europe (Chapron et al., 2014) and South Asia (Lamichhane et al., 2018; Jhala et al., 2021). These
recoveries in multi-use human-modified landscapes have challenged longstanding assumptions regarding the pristine habitat re-
quirements of large carnivores (e.g. Mech, 1996). Considering the planetary-scale effect of human modification of landscapes, with
over 95% of the globe's land being modified by humans (Theobald et al., 2020) and projections of human populations to increase up to
12 billion by 2100 (Gerland et al., 2014), there is a pressing need to understand patterns of large carnivore habitat use in
human-modified landscapes to inform future carnivore conservation efforts globally.

Due to their trophic position, large carnivores typically occur at low density and display wide-ranging behaviors, resulting in
expansive space requirements for population persistence (Linnell et al., 2008). The requirement for large landscapes contrasts with the
global trend of diminishing “wilderness” spaces (Watson et al., 2016), making it challenging for large carnivore populations to exist
solely within protected areas (Linnell et al., 2001). Instead, they must navigate fragmented multi-use landscapes that are heavily
utilized by humans (Holland et al., 2018; Habib et al., 2021; Carter et al., 2023).

Big cats (Panthera spp.) are among the most iconic and threatened large carnivores worldwide (Macdonald & Loveridge, 2010).
Large felids are hypercarnivores, relying primarily on large prey due to their energetic constraints (Carbone et al., 1999). This
specialized diet poses challenges for adapting to multi-use landscapes where more generalist carnivores often thrive (Chapron et al.,
2014). Leopards (Panthera pardus) are noted for their adaptability among big cats, demonstrating the capacity to inhabit diverse
landscapes across Africa and Asia (Odden and Wegge, 2005; Odden et al., 2014; Athreya et., al., 2015; Kshettry et al., 2017; Gubbi
etal., 2020). Leopards have the broadest dietary niche among the big cats, primarily preferring medium-sized prey (mean body weight
< 25 kg, Hayward et al., 2006). This dietary flexibility enables leopards to exploit a variety of species including wild ungulates,
livestock, and free-ranging dogs (Aryal et al., 2009; Athreya et al., 2014; Shehzad et al., 2015; Kshettry et al., 2018; Kandel et al., 2020;
Puri et al., 2020), which enhances their adaptability to different ecosystems. The ability of leopards to coexist with humans in densely
populated regions highlights the complex dynamics between large carnivore occurrence and human development (Braczkowski et al.,
2018), an aspect that remains little studied and poorly understood. Approximately 83% of the leopard’s extant global range occurs in
multi-use landscapes outside protected areas (Jacobson et al., 2016), underscoring the importance of understanding leopard habitat
use and ecology beyond the borders of protected areas (Stein et al., 2020). However, the traits of low density and wide-ranging
behavior present substantial challenges when attempting to understand fundamental aspects of large carnivore ecology, such as
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Fig. 1. Chitwan Annapurna Landscape (CHAL), Nepal, and 145 sample units where sign surveys were conducted in 2021 for leopard (Panthera
pardus fusca) occupancy estimation.
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abundance and habitat use at spatial scales relevant for effective management and conservation (Karanth et al., 2011).

Recent advancements in hierarchical modeling have revolutionized wildlife population studies by tackling the ubiquitous issues of
observation error and heterogeneity in detection (Kery and Royle, 2015; 2020). The choice of the specific modeling framework de-
pends on project objectives, spatial and temporal scales of interest, and available resources (Yoccoz, Nichols and Boulinier, 2001;
Twining et al., 2022). Spatial-capture recapture (SCR) models (Royle et al., 2014) provide robust abundance estimates but are often
cost-prohibitive for large-scale studies of large carnivores due to their reliance on detection data that includes the individual identity of
animals (Seidlitz et al., 2021). Non-invasive survey methods such as non-invasive genetic sampling and camera trapping have
increased our ability to monitor carnivores at large scales (Long et al., 2008), yet challenges remain in obtaining sufficient data for SCR
in many wildlife management contexts. The use of occupancy as a surrogate for abundance has become widespread (MacKenzie et al.,
2006) and can be highly effective for species and scenarios where occupancy-abundance relationships may be relatively linear (Linden
etal., 2017; Fuller et al., 2022). Occupancy models leverage detection/non-detection data in a hierarchical framework to estimate the
occupancy probability of a species at a site while explicitly accounting for imperfect detection (MacKenzie et al., 2002). Occupancy
models provide the means to produce robust inferences into large-carnivore habitat use and ecology on very large scales relevant to
their management and conservation (Chanchani et al., 2016).

In Nepal, limited research has focused on estimating leopard (Panthera pardus fusca) occupancy and its drivers, while studies that
have been conducted are site specific and do not assess landscape scale occupancy (Sigdel et al., 2025). Most previous studies have
been conducted within protected areas (Thapa et al., 2014; Carter et al., 2015 Kandel et al., 2020; Thapa et al., 2021), despite the
majority of viable leopard habitat in Nepal occurring outside these protected areas (Jnawali et al., 2011). The objectives of our study
are to (a) estimate leopard occupancy outside of protected areas, and (b) identify environmental (forest cover, mosaic, wild prey,
terrain ruggedness) and anthropogenic (dogs, livestock) determinants of leopard occupancy in a multi-use landscape in Nepal. By
quantifying leopard occupancy across a gradient of human influence extending from the peripheries of protected areas into intensively
used landscapes, we establish a baseline for understanding large carnivore persistence in human-modified systems and contribute to
broader insights into carnivore conservation in multi-use environments globally.

2. Methods
2.1. Study area and design

We conducted the study in an approximately 32,057 km? region in central Nepal, known as the Chitwan-Annapurna Landscape
(CHAL, Fig. 1). This landscape extends from the southern lowlands (Terai) to the Himalayan Mountain Range (Ministry of Forest and
Soil Conservation, 2015).

Our sampling area consisted of a survey grid (~7105 km?, Fig. 1) that lies within the larger CHAL and is a multi-use forested
landscape including lowland plains and steep-sided hills (altitude 200 m - 4000 m) that lies between two protected areas i.e., Chitwan
National Park (CNP) in the south and Annapurna Conservation Area (ACA) in the north. We divided the study area into 145, 7 x 7 km
grid cells (Fig. 1) to approximate the average home range size of leopards in Nepal (17 and 48 km?, for females and males respectively,
Odden and Wegge, 2005). In each grid cell (hereafter “sites”), we surveyed 9 km of transects, divided into 200-meter sections. Each
200 m section was considered a spatial replicate in which leopard and other wildlife signs were recorded. Leopard habitat use is highly
variable at fine spatial scales, with individuals commonly using specific microhabitats such as ridge lines for resting, scent-marking,
and travel (personal field observations). Thus, the 200 m scale was considered reasonable to reflect variation in sign deposition across
microhabitat types, which coarser sampling intervals (e.g., >500 m) would likely obscure. Transects were conducted along trails and
potential routes that carnivores such as leopards use. The 9 km survey length was comparable with the survey lengths used in the tiger
(Panthera tigris) monitoring protocol described by the Government of Nepal (DNPWC, 2017). Thus, our detection matrix consisted of a
total of 45 200-m spatial replicates for each of the 145 grids, except in some grids (n = 13) where a complete length of 9 km was not
feasible due to logistical constraints such as inaccessible terrain. Although 13 grids were not fully accessible due to terrain constraints,
they were retained in the analysis; survey effort within grids ranged from a minimum of 4 km to a maximum of 9 km. Sampling was
conducted proportional to the land use composition within each grid cell (Barber-Meyer et al., 2013; Thapa et al., 2021). For example,
if a site consisted of 50% forest and 50% agricultural field, we surveyed 4.5 km in each category which allowed us to produce a
representative sample of each grid, and thus the landscape.

2.2. Field Survey

We conducted field surveys in the spring of 2021 (10 February- 31 March), prior to the start of the monsoon season, to minimize the
effect of heavy and consistent rain that could wash away wildlife signs. The research was conducted under permit number 2077/78/
824 from the Department of Forest and Soil Conservation, Government of Nepal. The field survey was conducted by a team of 12 field
surveyors, divided into 4 groups, with 3 surveyors in each group. In each grid cell, surveyors recorded signs of leopard (scat, tracks,
scrape and scratch marks), wild prey (tracks, pellet droppings), livestock (hoof marks, dung), and free ranging dogs (tracks, scat, direct
observation). To minimize false positives due to misidentification of wildlife signs, surveyors were instructed only to record signs
identified with high confidence (following a field guide developed by Jhala et al. (2021)). Although tigers (the most likely species to be
confused with leopards) were not detected in any of our study grids during large-scale camera trapping efforts (personal observation),
we still made efforts to avoid potential confusion between tiger and leopard signs. We adopted a protocol based on the morphological
characteristics of signs between leopards and tigers as explained in the field protocol by Singh LAK (2000). Leopard pugmarks are
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smaller: front foot width (~mean 8-9 cm for leopard, 12.5-14.2 cm for tiger); pad size width (<6.5 cm for leopard, 8.8-10 cm for
tiger), adult stride length (~mean 90 cm in leopard, > 100 cm in tiger), scrapes (<25 cm long and <15 cm wide for leopard, > 35 cm
long and >19 cm wide for tiger), and scats (2-4 c¢m for leopard, > 11 cm in diameter at widest part of the scat for tiger) (McDougal,
1999; Singh et al., 2014; Rostro-Garcia et al., 2018; Lamichhane et al., 2021). Tiger scats are also usually less coiled than leopard scats
with longer distances between successive narrowing coils (Wang and Macdonald, 2009).

2.3. Covariates for leopard occupancy and detection probability

We used field surveys and remotely sensed data to derive a range of covariates for modeling detection probability and occupancy of
leopards (Table 1). To explain variation in detection probability, we considered two survey covariates: livestock presence and track
type (forest tracks, dirt roads, farmland trails). Livestock grazing (cattle and goat flocks) is widespread across the altitudinal gradient of
Nepal's hill region (Thapa et al., 2016). During livestock herding/grazing people often use established farmland trails, dirt roads, and
forest tracks which might obscure wildlife signs (including leopards) through trampling. Thus, we hypothesized that the detection of
livestock presence may negatively impact the ability to detect leopard signs. We also hypothesized that leopard detection probability
may be higher on tracks within forests as compared to farmland trails and dirt roads as they are comparatively less used/disturbed by
vehicles, making signs available for a longer period to be detected. We also hypothesized that detection would be higher in trails within
farmlands than dirt roads as farmland trails are primarily for people to travel and will have less disturbance compared to dirt roads
which are used by vehicles.

We used literature to identify and select covariates that we a priori hypothesized were important to explain heterogeneity in leopard
occupancy. Leopards use a variety of land cover types but extensively use forest areas that are interspersed in human-dominated
landscapes as habitat refugia (Harihar et al., 2011; Gubbi et al., 2020; Thapa et al., 2021). Leopards are also adept in using other
land use categories such as tea estates (Kshettry et al.,2017), farmlands (Athreya et al., 2013, 2015), and peri-urban areas (Bista et al.,
2022). Our study area is characterized by a mosaic of farmlands which could potentially supplement the available natural habitat for
leopards. Thus, we hypothesized that forested areas (deciduous, or mixed forest with tree height > 2 m and > 60% tree cover) and
mosaics (patches covered by small-scale cultivation with >40% natural vegetation or tree cover) would be positively associated with
leopard occupancy. We used freely available land cover data (30-meter resolution) from MODIS (ORNL DAAC, 2018. MODIS and VIIRS
Land Products Global Subsetting and Visualization Tool. ORNL DAAC, Oak Ridge, Tennessee, USA). We hypothesized that terrain
ruggedness would be positively associated with leopard occupancy, as leopards are ambush hunters and exploit rocky escarpments for
cover to launch attacks on their prey species (Sari et al., 2020). In the Churia hills of Nepal, the ruggedness of the landscape has also
been found to positively influence leopard occupancy (Lamichhane et al., 2021) while in India leopard occupancy has been positively
affected by the presence of rocky escarpments and boulders (Athreya et al., 2015). We used the terrain ruggedness index developed by
Riley and Degloria (1999).

The distribution of predators is often positively influenced by the distribution of their primary prey species (Palomares et al., 2001;
Spong, 2002; Broombhall et al., 2003). Among the large carnivores in the genus Panthera, leopards have the broadest dietary niche and
are known to prefer medium-sized prey (mean body weight < 25 kg) (Hayward et al., 2006). In Nepal and other similar ecological
regions of South Asia, leopard diet consists of both wild and domestic prey (livestock and dogs, Aryal et al., 2009; Shehzad et al., 2015;

Table 1
Covariates affecting leopard (Panthera pardus fusca) detection (p) and occupancy (y) in the Chitwan-Annapurna Landscape, Nepal. The “+ ” and “-”
signs indicate the a priori predictions regarding the hypothesized direction of the effect. “Na” is Not Applicable.

Covariate Type Description Value range minimum- A priori
maximum (average) relationship
p psi
(v
Forest Continuous  Percentage of the survey grid covered by forest (evergreen, deciduous, or ~ 4.89-78.75 +
mixed forest) with tree height > 2 m and 60% tree cover. (36.39) Na
Mosaic Continuous  Percentage of the survey grid covered by small-scale cultivation with 0-17.33 (1.46) Na +
greater than or equal to 40% of natural vegetation or tree cover.
Topographic Continuous  The average terrain ruggedness index of each grid was calculated usingan ~ 4.70-54.71 (33.18) Na +
Ruggedness Index SRTM digital elevation model (30 m; Riley and Degloria, 1999). Lower
(TRI) values represent flat surfaces, higher values represent rugged surfaces
Wild Prey Continuous ~ The probability of site use (occupancy) of medium-sized prey (chital, red 0.24-0.96 (0.66) +
muntjac, rhesus macaques, wild boar) in each grid. Na
Dogs Continuous  The proportion of the number of replicates (200 m) with signs of dogs 0-0.61 +
(direct obs., scats, and marks) to the total number of surveyed replicates in (0.17) Na
each grid.
Livestock Continuous  The proportion of the number of replicates (200 m) with livestock (cattle,  0-1 Na +

goat, buffalo) signs (direct obs., dung, hoof marks) to the total number of  (0.49)
surveyed replicates in each grid.

Livestock Categorical Detection/non-detection of livestock signs (direct observation, dung, hoof 0,1 - Na
marks) in each survey replicate (200 m) in each grid.
Track type Categorical Three different segment types - forest tracks (0), dirt roads (1), and 0,1,2 + /- Na

farmland trails (2) surveyed in each grid.
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Kshettry et al., 2018; Kandel et al., 2020). Leopards also hunt rhesus macaques (Macaca mulatta) and other primates where available
(Puri et al., 2020). Our study system is diverse in terms of wild prey availability for leopards with the presence of medium-sized
ungulates such as chital (Axis axis), red muntjac (locally refered to as barking deer) (Muntiacus muntjak), wild boar (Sus scrofa),
and rhesus macaques (Ministry of Forest and Soil Conservation , 2015). Leopards also predate on livestock and feral species, this is
thought to occur when the availability of wild prey is low (Athreya et al., 2014; Shehzad et al., 2015). Local livelihood within our
landscape is heavily reliant on income from livestock husbandry, particularly goats, which in terms of body weight and size are like the
prey preferred by leopards. The ubiquitous presence of free ranging dogs in our study region, which leopards are known to predate
(Athreya et al., 2014), further expands the prey base for leopards in our study system.

To quantify spatial variation in wild prey availability, we estimated site-use probability () for key prey species (chital, red
muntjac, wild boar, and rhesus macaques) using an occupancy modeling framework that accounts for imperfect detection (see Sup-
plementary Table S1 for full model results). Across the study area, wild prey site-use probability was relatively high but spatially
heterogeneous, with values ranging from 0.24 to 0.96 (mean = 0.66), indicating substantial variation in prey use among sites. We
interpret prey site-use probability as a detection-corrected proxy for spatial variation in prey availability, reflecting the likelihood that
prey species used a site during the sampling period. In contrast, occupancy models for domestic species (livestock and dogs) were not
estimable due to near-ubiquitous presence across sites. Therefore, we used a Relative Abundance Index (RAI), defined as the pro-
portion of sampled segments with signs, as a proxy for their relative availability (Puri et al., 2020; Thapa et al., 2021. RAI values for
livestock and dogs also showed variation across sites (Table 1) but represent relative sign frequency rather than detection-corrected
site use. Wild prey site-use probability was subsequently used as a covariate in leopard occupancy models.

2.4. Data analysis

We employed an occupancy modeling framework (MacKenzie et al., 2002) to estimate leopard occurrence. Given the large home
ranges of leopards relative to grid cell size, we interpret the estimated occupancy probability (y) as probability of site use (Mackenzie
& Royle, 2005). Accordingly, hereafter occupancy is used to refer to the probability that a site was used during the sampling period,
rather than being continuously occupied. We used the Hines et al. (2010) occupancy model that explicitly considers spatial auto-
correlation in detections along the 200 m segments of transects within each site, and accounts for the spatial dependence between
detections (Thapa et al., 2021; Lamichhane et al., 2021; Paudel et al., 2022). The Hines et al. model tests for dependence in sign
detection through a spatial dependence parameter, 6. We used Akaike information criteria (AIC) based model ranking and a two-stage
model fitting procedure (Karanth et al., 2011), in which first we used the AIC value-based ranking to find the best-fit model for
detection probability while keeping the occupancy parameter constant (i.e., y (.)) (Morin et al., 2020). In the subsequent stage, we
fixed the top-ranked detection model (i.e., p(top)) and considered a priori-defined ecologically meaningful combinations of our hy-
pothesized covariates (n = 19, Table 2) to explain variation in leopard site use probability. To prevent variable-selection ambivalence
resulting from using 95% confidence intervals with an information theoretic approach, we used 85% confidence intervals while
considering our parameter estimates (Arnold, 2010; Sutherland et al., 2023). All covariates were assessed for multicollinearity
(Pearson’s correlation coefficient and variance inflation factor (VIF), Supplementary Information, Figure S1). Wild prey availability

Table 2

Ecologically meaningful combinations (n = 19) of predictors
used in the occupancy model to explain leopard (Panthera
pardus fusca) occupancy in the Chitwan-Annapurna Land-
scape (CHAL), Nepal.

Covariate combinations

Habitat models

1 Forest

2 Mosaic

3 Forest and mosaic

Prey models

4 Wild prey

5 Dog

6 Livestock

7 Wild prey and dog

8 Wild prey and livestock
9 Dog and livestock

10 Prey, dog, and livestock
Habitat and prey combination models

11 Forest and wild prey

12 Mosaic and wild prey

13 Forest and dog

14 Mosaic and dog

15 Mosaic and livestock

16 Mosaic, prey, and dog

17 Mosaic, prey, and livestock
18 Forest, dog, and livestock
19 Mosaic, dog, and livestock
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and TRI were found to be highly correlated (i.e., r > 1 0.701), and thus TRI was dropped from the analysis. No other evidence of
collinearity was found. All covariates used in modeling were scaled and centered to have a mean of zero and unit variance. We explored
model fit and overdispersion using goodness of fit tests (MacKenzie and Bailey, 2004) on the global model to a subset (n = 7 replicates)
of our data (Bayandonoi et al., 2021). The dataset was reduced as the number of replicate surveys varied and the goodness of fit
estimation procedure can produce unreliable results in such circumstances (MacKenzie et al., 2017). We found no evidence for lack of
fit and overdispersion (p = 0.27, ¢=0.75) in our goodness of fit test. The occupancy analysis and model ranking were conducted in R
version 4.2.1 (R Core Team, 2021) using package RPresence (MacKenzie and Hines, 2023) and its associated functions.

3. Results

We surveyed 1277 km of transects and recorded leopard signs in 69 of 145 grids, recording 226 leopard signs (pugmarks=154,
scats=72) which resulted in a naive occupancy of 0.48 i.e., before accounting for heterogeneity in the detection process. Based on AIC
values, the spatial autocorrelation model (Hines et al., 2010) was more parsimonious than the standard single-season model
(MacKenzie et al., 2002) [Supplementary Information Table S2]. This confirmed our a priori expectation of a lack of independence in
the detection of leopard signs across the spatial replicates. Detection of leopard signs on our survey transects was spatially correlated
©° = —3.40, 85% CI = —3.68- —3.12; ol= 4.03, 85% CI = 3.47-4.59), where 0° denotes the probability that a species is available in a
survey segment given that it was not available in the previous segment; and 6" denotes the probability that a species is available in a
transect segment given that it was available in the previous segment.

The top model for detection probability [Table 3] indicated that the detection of leopard signs was positively influenced by
livestock presence [Bysik = 0.91, 85% CI = 0.17-1.66] and forest tracks [Bs = 0.71, 85% CI = 0.07-1.35]. Detection probability was
negatively influenced by vehicle roads [B4- = -1.76, 85% CI = -2.77 - —0.75] and farm field tracks [fq = -2.54, 85% CI = -3.58 -
—1.50]. The mean detection probability of leopard signs from the top-ranked detection model was p = 0.55 (85% CI = 0.39-0.69).
Fig. 2 shows values of leopard sign detection probability in different track types with and without livestock presence.

At the scale of the study grids, model selection results with the top detection parameter fixed [Table 4], show that leopard oc-
cupancy was positively associated with wild prey occupancy (Byrey= 0.75, 85% CI = 0. 15-1.35) (Fig. 3). The landscape-scale pre-
dictions of how wild prey site use probability affects leopard occupancy across the landscape are presented in Fig. 4. The top model
predicted a mean occupancy probability by leopards of y = 0. 73 (85% CI = 0. 52-0.86).

The model selection results for prey site use clearly indicate that cropland is an important predictor of site-use probability () for
leopard prey species. The top-ranked model includes cropland as the sole covariate on occupancy. The positive coefficient for cropland
(B =1.71, 85% CI: 0.07-3.35) suggests that prey species are more likely to use sites with higher cropland cover. Although the con-
fidence interval is relatively wide, it does not overlap zero, indicating a moderately strong positive effect.

4. Discussion

Our study offers compelling evidence that the distribution of large carnivores, such as leopards, is positively influenced by the
presence of wild prey. In the Chitwan Annapurna Landscape of Nepal, leopards are more likely to occupy areas utilized by their native
wild prey such as red muntjac, rhesus macaques, chital, and wild boars. This emphasizes the critical importance of conserving native
wild prey species to ensure the long-term persistence of leopards outside of conservation areas and national parks. Our study evaluated
a priori hypotheses regarding the influence of habitat structure, prey availability, and anthropogenic factors on leopard occupancy in a
multi-use landscape. Of these, only the presence of wild prey was supported, whereas habitat and anthropogenic covariates were not
retained in top models. Interpreting these results in the context of prior expectations provides important insight into the ecological
processes shaping leopard distribution and their implications for conservation outside protected areas.

Consistent with our a priori prediction, leopard occupancy was positively associated with wild prey occurrence. This finding aligns
with a broad body of work demonstrating the role of prey species in determining the distribution of large carnivores in several big cat
species, including tigers (Thapa et al., 2016, Duangchatrasiri et al., 2019), lions (Everatt et al., 2019), snow leopards, and jaguars
(Rabelo et al., 2019). In our study landscape, which extends beyond protected areas, leopards exhibited higher occupancy in regions
with a greater presence of their native wild prey. Furthermore, the occupancy of these prey species was positively associated with
agricultural lands. The use of agricultural lands by ungulates to avoid predation is well documented (Krishna et al., 2016; Khara et al.,

Table 3

Model selection results for survey covariates influencing the detection probability of leopard signs in the Chitwan-Annapurna Landscape, Nepal. p is
the detection probability of leopard (Panthera pardus fusca) signs, K is the number of model parameters, —2logL is the logarithm of the negative
likelihood function; AIC is Akaike's information criterion used for model ranking, AAIC is the difference in AIC value between the top model and other
models in the set and ®AIC is the relative likelihood of the model in the set. Occupancy, theta, and theta prime were kept constant across all models
and thus are not shown.

Model K —2logL AIC AAIC ®AIC
p (~trail type + livestock) 7 1454.13 2894.26 0 0.77
p (~trail type) 6 1458.67 2905.34 2.54 0.23
pQ) 4 1469.50 2931.00 9.37 0.00
p (~livestock) 5 1469.27 2928.54 11.14 0.00
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Fig. 2. Detection probability (with 85% CI) of leopard (Panthera pardus fusca) signs along the survey transects in different transect types (dirt roads,
farm tracks, forest tracks) with and without livestock presence.

Table 4

Model selection results for landscape covariates influencing the probability of leopard (Panthera pardus fusca) occupancy across 145 sample sites
surveyed in the Chitwan-Annapurna Landscape, Nepal. Models with uninformative parameters are not shown (see supplementary information
Table S3 for full model ranking). y = probability of occupancy of leopards at the grid cell level; K is the number of model parameters, —2logL is the
logarithm of the negative likelihood function; AIC is Akaike's information criterion used for model ranking, AAIC is the difference in AIC value
between the top model and other model and wAIC is the relative likelihood of the model. The top detection model (From Table 3: top detection
covariates i.e., p (trail type + livestock), theta, and theta prime were held constant for all models.

Model K —2logL AIC AAIC @AIC
y (~prey) 8 1448.89 1464.89 0 0.84
y () 7 1454.12 1468.12 3.23 0.16

2021; Tizanni et al., 2022; Blum et al., 2023;), and the increasing incidents of crop depredation by ungulates in our study area (Bist and
Song., 2021; Baral et al., 2021) might suggest that these fields offer accessible, high-nutrient forage (Mekonen S., 2020).

Our findings support the human shield hypothesis, which posits that prey species may use human-dominated landscapes as refuges
from predators (Berger J., 2007; Lamichhane et al., 2023). This behavior aligns with the concept of a 'landscape of fear’, where prey
avoid areas, they perceive as dangerous due to predator activity (Laundre et al., 2010; Epperly et al., 2021). It is likely that leopards are
adapting their habitat use in response to their prey species’ preferences, using areas where prey is distributed. Optimal foraging theory
further supports this observation as predators are known to maximize foraging efficiency by occupying regions where prey species are
available (Blame et al., 2020; Everatt et al., 2023; Yadav et al., 2024).

Interspecific competition within the carnivore guild also influences the distribution and feeding strategies of the carnivore com-
munity (Ordiz et al., 2020; Prughand Sivy., 2020). Our findings highlight that the absence of a dominant carnivore shapes the habitat
selection strategies of a subordinate congener by eliminating the horizontal interaction within the carnivore guild (Smith et al., 2023).
There is well-documented evidence of interference competition between leopards and tigers, where leopards adjust their home range
to edge habitats to avoid tigers (Odden et al., 2010; Harihar et al., 2011; Steinmetz et al., 2013). Leopards often shift to sub-optimal
edge habitats with lower tiger densities and supplement their diet with livestock and free-ranging dogs (Harihar et al., 2011; Bhattarai
& Kindlmann, 2012; Pokheral and Wegge., 2019; Lamichhane et al., 2019). The absence of tigers in our study system releases leopards
from the constraints of competitive interactions, which allows them to more freely exploit available prey (Carter et al., 2015).

As leopards follow their prey to agricultural fields, the likelihood of human encounters increases, a trend already observed in rising
leopard attacks in such areas (Baral et al., 2021; Poudel et al., 2023). Leopards also rely on livestock as a significant (~1/3) part of their
diet (Athreya et al., 2014; Kshettry et al., 2018; Dhungana et al., 2019; Kandel et al., 2020; Lamichhane et al., 2023), which further
complicates human-wildlife interactions. Thus, given the prey availability in agricultural lands and the potential of prey switching by
leopards towards livestock (Shehzad et al., 2015), efforts to manipulate the foraging behavior of wild prey species from agricultural
fields is an important consideration for livestock and human safety. Manipulation may involve promoting less palatable crop varieties
to deter wild ungulates (Widen et al., 2023), and providing subsidies or buyback guarantees for these crops (Badola et al., 2021).
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Educating local communities about leopard behavior and prey dynamics can also help reduce conflicts by enabling residents to
implement preventive measures, reducing the need for lethal control.

Effective conservation of large carnivores like leopards requires expansive, connected habitats (Crooks et al., 2011), but increasing
human populations are creating significant land-use conflicts (Di Minin et al., 2016). This demand for land has led to significant habitat
degradation and fragmentation, resulting in global range contractions of large carnivores (Wolf and Ripple, 2017). While protected
areas are essential for biodiversity conservation (Karanth and Chellam, 2009; Terraube et al., 2020.), there is a growing consensus that
they are insufficient for sustaining viable populations of wide-ranging large carnivores in the long term (Ripple et al., 2014; Choki
etal., 2023). Climate change further complicates conservation efforts by altering species distributions including wild ungulates (Zhang
et al., 2022; Bhasin et al., 2024; Malpeli et al., 2024). Leopards are also affected by the changing climate in Nepal, and future con-
servation strategies might benefit from accounting for climate impacts while devising conservation strategies for leopards (Baral et al.,
2023). Therefore, transitioning from a traditional protected area-centric approach to also include habitat patches outside of protected
areas is crucial for the effective conservation of both carnivores and prey species in Nepal. Such conservation efforts will be most
effective if they include community engagement, habitat improvement, and conflict mitigation measures to ensure the safety of local
communities (Lamichhane et al., 2019). Implementing area based conservation measures such as Other Effective Area-Based Con-
servation Measures (OECMs) could provide some legal protection for leopards and their habitats while allowing sustainable and
pro-conservation land use planning (Chen et al., 2024; Dudley et al., 2018). OECMs are areas outside established protected areas that
ensure positive and sustainable biodiversity conservation outcomes (Jonas et al., 2024). Although no OECMs are currently designated
in Nepal, community forests in Nepal’s hill region could serve as potential OECMs, with leopards acting as indicators of ecosystem
health. Such novel conservation measures can offer better legal protection for leopards, prey, and habitat while allowing sustainable
local use of conserved areas.

We hypothesized that forest cover, mosaic habitats, and terrain ruggedness would positively influence leopard occupancy. How-
ever, these variables were not retained in top models. There are some non-mutually exclusive explanations for this result. First, habitat
effects may be mediated indirectly through prey distribution. In many systems, habitat structure influences carnivore occurrence
primarily by structuring prey availability (Palomares et al., 2001), which may explain why prey emerged as an important driver of
leopard occupancy. Indeed, terrain ruggedness was correlated with prey and removed from the analysis, suggesting that its ecological
effect may already be captured through prey distribution. Secondly, this result is consistent with evidence that leopards are highly
adaptable habitat generalists capable of using forests, agricultural mosaics, and peri-urban environments (Kshettry et al., 2017,
Athreya et al., 2015; Bista et al., 2022). In such systems, prey availability may override habitat constraints, leading to weak or
inconsistent habitat relationships.

Our study demonstrates that sign-based surveys of carnivores when properly combined with occupancy models, can establish
baseline estimates for tracking changes across large landscapes. As landscapes transform due to factors like urbanization, agriculture,
and climate change, monitoring carnivores’ adaptability becomes crucial for their long-term persistence (Wolf and Ripple, 2018
DeMars & Boutin., 2018; Takinami et al., 2021). Sign surveys are cost-effective and can cover extensive areas, providing continuous
data over time, which can complement more expensive methods such as camera trapping or genetics (McHenry et al., 2016) which
provide true occupancy or population density estimates at finer scales (Blanc et al., 2014). By combining these approaches, wildlife
managers can develop management plans that address both ecological dynamics and socio-economic shifts, ensuring the long-term
conservation of leopards and their prey in Nepal. Monitoring changes in prey abundance and site use over time can provide valu-
able insights into leopard distribution, informing targeted conservation interventions and context-specific strategies for reducing
human-leopard conflicts. Conserving large carnivores within multiple-use forested landscapes requires balancing human safety,
livestock protection, and conservation benefits (Bista et al., 2022). Evidence-based site-specific management strategies would help
conserve both leopards and wild prey species in Nepal’s non-protected areas. Our study underscores the global need to incorporate
multi-use landscapes into carnivore conservation planning.
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