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ABSTRACT

Multi-use landscapes are now recognized for their value in supporting biodiversity and aiding species conservation, including
charismatic megafauna. However, semi-arid open-canopy human-use landscapes have faced multiple anthropogenic stressors
over the past centuries and have received meager conservation attention, especially in South Asia. A growing body of evidence
suggests that such ecosystems, even with intermittent human use, can provide habitats for globally threatened species and sup-
port their conservation. To understand the role of semi-arid multi-use landscapes in supporting populations of large-bodied
wildlife in India's Deccan Peninsula, we used key informant interviews with pastoralists and a single-season single-species oc-
cupancy modeling framework and examined the distribution of three species: striped hyena Hyaena hyaena, sloth bear Melursus
ursinus, and blackbuck Antilope cervicapra. Hyena, sloth bear and blackbuck occupied 52%, 26% and 63% of the landscape,
respectively, despite the absence of intensively managed protected areas. Conservative estimates suggest that Indian gray wolf
(Canis lupus pallipes) was present in at least 76% of the landscape. ONEs favored occupancy of hyena and sloth bear, while
low-intensity agriculture supported blackbuck presence. Our results highlight the conservation potential of agro-pastoral land-
scapes and challenge the narrative of characterizing semi-arid open ecosystems as “wastelands”. We also demonstrate how ex-
periential knowledge of communities can be applied to ecological research when using traditional methods is infeasible. Under
global change scenarios, misclassification and mismanagement of critical socio-ecological systems, such as the ONEs of Deccan
Peninsula, will not only jeopardize the survival of populations of threatened species but also weaken the land-sharing potential

of these regions.

1 | Introduction

Large carnivores and herbivores, despite their ecological sig-
nificance and cultural veneration, have experienced drastic
declines in their global distribution over the past century of
the Anthropocene (Ripple et al. 2015, 2014). Until recently,

conservation of these species has primarily revolved around
earmarking patches of “intact” natural habitats, thought to be
of high ecological value, as inviolate protected areas (Carter and
Linnell 2016; Krishnadas et al. 2018; Woodroffe 2000). However,
protected areas account for only 16% of the global landmass,
and in developing nations, the placement of protected areas
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is often unjust towards communities (Barr et al. 2011; Ghosh-
Harihar et al. 2019; Palfrey et al. 2022; Srivathsa et al. 2023).
Moreover, even the placement of protected areas does not ade-
quately cover all ecosystems and is often opportunistic and bi-
ased towards areas with low human population density (Baldi
et al. 2017; Joppa and Pfaff 2009; Sayre et al. 2020). Although
protected areas may play crucial roles in supporting popula-
tions of endangered flora and fauna and preserving essential
species interactions, they fall short of conserving species that
are wide-ranging and adaptable to several small and large-scale
anthropogenic activities (Brashares et al. 2001; Ghosh-Harihar
et al. 2019; Packer et al. 2013; Warrier et al. 2020). But conserva-
tion research and practice now have increasingly encompassed
areas beyond contiguous native habitats and focused on the
co-occurrence of large wildlife with humans in multi-use land-
scapes for understanding the ecology and distribution of adapt-
able species (Athreya et al. 2013; Barton et al. 2019; Bateman
and Fleming 2012; Madhusudan et al. 2015; Paul et al. 2024;
Suraci et al. 2020; Valeix et al. 2012).

Arid and semi-arid human-use landscapes in the global south
are no exception when it comes to supporting populations of
threatened species (Athreya et al. 2013; Brown et al. 2023;
Connolly et al. 2021; Farhadinia et al. 2018; Kannan et al. 2022;
Khan et al. 2025; Majgaonkar et al. 2019; Srivathsa et al. 2020).
While some semi-arid human-use landscapes with low human
densities can serve as connectivity corridors between source
populations in protected areas (Kabir et al. 2017, Rezaei
et al. 2022), some have documented their gross effectiveness in
the conservation of threatened species (Mohammadi, Almasieh,
et al. 2021; Mohammadi, Lunnon, et al. 2021; Ogutu et al. 2017).
However, not all semi-arid regions in the global south have sim-
ilar socio-ecological conditions and this is expected to shape
species ecology and conservation in these regions. For instance,
regions in West Asian and sub-Saharan African countries have
a considerable area with low human density, which is either un-
suitable for cropland development or not yet intensively culti-
vated (Baldi et al. 2017; Cunningham and Beazley 2018; Sayre
et al. 2020; Watson et al. 2016) and may allow for effective
land-sharing for biodiversity conservation (Karimi et al. 2023;
Kiffner et al. 2020).

In semi-arid regions of India however, agricultural land tenures
dominate and human densities are much higher. Populations
of species like the blackbuck (Antilope cervicapra), chinkara
(Gazella bennettii), Indian wolf (Canis lupus pallipes), sloth
bear (Melursus ursinus), and striped hyena (Hyaena hyaena),
which depend on native semi-arid habitats like “Open Natural
Ecosystems” (ONEs; Madhusudan and Vanak 2023) persist to
differing extents in these mixed-use semi-arid regions (Jangid
et al. 2023; Majgaonkar et al. 2019; Manoj Kumar et al. 2025;
Rahmani 1990). Assessments of the potential of such landscapes
to support animal populations are more frequently undertaken
across regions that contain protected area networks, with areas
managed at differing intensities (Gubbi et al. 2020; Manoj
Kumar et al. 2025; Puri et al. 2022). Therefore, biophysical driv-
ers of large mammal assemblages in regions devoid of intensively
managed protected areas and dominated by agriculture-ONE
matrices are poorly known. Additionally in India, non-forested
arid and semi-arid regions (Figure 1) are governed primarily
from the perspective of either agricultural production or forestry

(Baka 2017; Department of Land Resources, National Remote
Sensing Centre 2019; Hanumantha Rao 1994; Watve et al. 2021).
However, these landscapes have historically neither supported
year-round agrarian activities nor a dense forest cover (Ratnam
et al. 2016, 2011; Riedel et al. 2021). They are often misclassified
as “wastelands” (Sankaran and Ratnam 2013; Whitehead 2010)
or perceived as “degraded forests” (Lahiri et al. 2023; Ratnam
et al. 2016, 2011) and this has either constrained conservation
interventions in these landscapes or threatened the ecological
integrity of these regions, both of which are essential for support-
ing wide-ranging species. This has undeniably led to rapid land
use and tenurial changes (Tian et al. 2014; Whitehead 2010),
which have been structural or functional in nature. These
changes have reduced the contiguity of ONEs to an extent where
94% of ONE patches in India are now between 1 and 100ha in
size (Madhusudan and Vanak 2023). Interestingly, in some re-
gions, the same changes have contributed to the replacement
of species adapted to semi-arid landscapes with newer species
assemblages, particularly those that adapt to irrigated agricul-
tural landscapes (Athreya et al. 2013; Majgaonkar et al. 2019;
Rahmani and Soni 1997). It thus becomes essential to undertake
research and monitoring of species populations in these rapidly
transforming landscapes to understand how ecological change
may impact land sharing between humans and wildlife.

In India, the agro-pastoral non-forested landscapes of the
Deccan peninsula have remained a geographic gap in biodiver-
sity assessments of semi-arid regions. This is likely because of
the dominance of private agricultural tenures over contiguous
native habitats, the latter especially under the forest depart-
ment (Ghosh-Harihar et al. 2019), high soil erosion rates (Singh
et al. 1992) leading to depauperation and relatively low diversity
of wide-ranging species (Srivathsa et al. 2022; Sudhakar Reddy
et al. 2016). Additionally, the neglect also indicates a form of
presentism, wherein current land use characteristics have ob-
scured the historically richer ecological characteristic of these
landscapes. Thus, we lack baseline knowledge about how frag-
mented semi-arid agro-pastoral ONEs support large mammal
assemblages in these regions, while being situated in a matrix of
human-use landscapes. This becomes highly pertinent as these
landscapes are being transformed to achieve developmental and
climate change mitigation goals through intensification of ag-
riculture, afforestation and green-energy initiatives (Baka 2017;
Whitehead 2010). Koppal district in the state of Karnataka is
deemed suitable for such enquiry as it covers large swathes of
agriculture-ONE matrix, a characteristic of the Deccan penin-
sula where land use is dominated by private agricultural ten-
ure. Our objective was to understand the relative role of ONEs
(most of which are classified as wastelands under land use plan-
ning; Department of Land Resources, National Remote Sensing
Centre 2019) and agricultural lands in sustaining large mam-
mals which are wide-ranging and whose persistence hinges on
land sharing in semi-arid areas.

In human-dominated multi-use areas, such as the agro-pastoral
landscapes of the Deccan Peninsula, detecting animal presence
using traditional methods such as sign surveys and camera traps
becomes difficult due to heavy anthropogenic traffic, erasure of
animal signs and the risk of theft (Paul et al. 2024). Additionally,
using camera traps in such landscapes raises ethical concerns
about photographing people without their consent, leaving them
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FIGURE1 | Semi-arid agro-pastoral open ecosystems of Koppal, typical of the Deccan Peninsula, supports a wide range of native large

mammals, livestock and human livelihoods. Photo credits: Indrajeet Ghorpade & Dheeraj Aithal.

vulnerable to digital surveillance (Simlai and Sandbrook 2025).
Interview-based detection methods, paired with well-suited
modeling frameworks, are hence useful to understand animal
distributions in such shared landscapes (Kachel et al. 2022;
Majgaonkar et al. 2019; Miller et al. 2013; Pillay et al. 2014;
Ratnayeke, van Manen, Pieris, and Pragash 2007). Extensive
pastoralism is one of the major livelihoods in our study site
and is largely dependent on ONEs. Movement of these nomadic
pastoralists through the landscape enable them to encounter
and observe wildlife very often (Madsen et al. 2020). Hence,
we leveraged pastoralists’ experiential knowledge of animal
occurrence and employed key informant surveys with them to
investigate the distribution and space-use patterns of five spe-
cies whose populations are threatened in India—Indian leopard
(Panthera pardus fusca; TUCN status: Near Threatened), Indian
gray wolf (IUCN status: Vulnerable), striped hyena (IUCN sta-
tus: Near Threatened), sloth bear (IUCN status: Vulnerable) and
blackbuck (IUCN status: Least Concern).

2 | Materials & Methods
2.1 | Study Site

We studied the distribution of carnivores in Koppal district in the
state of Karnataka, which lies between 15.46797° N 75.78361° E,
15.53451° N 76.81866° E and 16.02940° N 76.03027° E, 15.12940°
N 76.006105° E, and is part of the Deccan Peninsula (Figure 2).
The Deccan is a distinct semi-arid biogeographic zone covering

the south-central parts of the Indian peninsula, supporting
native habitats such as deciduous forests, open savanna grass-
lands, and rocky scrublands (Banerjee et al. 2022). The annual
rainfall received ranges from 500 to 700mm, and census data
records a 5.73% forest cover in the district, much of which is
scrubland (Directorate of Census Operations 2011). Koppal
district has an area of 5570km?, out of which primary ONEs
cover 8%, that is, 448km? (Madhusudan and Vanak 2023), and
are characterized by rocky inselbergs, open savannas and scrub
vegetation (Koulgi and Madhusudan 2024) (Figure 1). Koppal
has two distinct soil types: black clayey soils and red sandy soils.
These support paddy, jowar and bajra (millets), which are the
principal food crops of the district, in addition to commercial
crops such as oilseeds and cotton. Small (sheep and goat) and
large (cow) ruminant pastoralism is a primary livelihood in the
district, which is seasonally dependent on the ONEs and agri-
cultural lands. The district population is 13.89 lakh (Directorate
of Census Operations 2011). As of 2021, 74.63% of Koppal's area
is sown for at least one cropping cycle and de jure “permanent
pasture” covers 3.23% of the district (Directorate of Economics
and Statistics 2021).

2.2 | Field Sampling Method

We divided the entire Koppal district into Skmx5km grid
cells to conduct key informant interviews with pastoralists.
The grid cell was bigger than the average home range sizes of
Indian leopards (Odden et al. 2014), striped hyenas (Athreya
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FIGURE2 | Mapshowingland cover in Koppal district overlaid with the grid design for our study. The land cover map of Koppal has been sourced

from Madhusudan and Vanak (2023).

et al. 2013), sloth bears (Joshi 1995; Ratnayeke, van Manen, and
Padmalal 2007), and blackbucks (Mahato et al. 2010), but was
much smaller compared to that of Indian wolves (Habib 2007;
Jhala et al. 2022; Jhala and Giles 1991; Sadhukhan et al. 2024).
Thus, the cell size was adequate to examine site occupancy for
leopards, hyenas, sloth bears, and blackbucks, and habitat use
for wolves.

Pastoralist systems in this landscape involve people taking their
animals on daily grazing routes in different directions around
the village or camp to access fodder and water. This allows
them to regularly cover native habitats around their villages, in-
creasing their likelihood of encountering wild animals (Madsen
et al. 2020). To keep the survey effort manageable, we sampled
every alternate grid (Figure 2) to obtain detection data for all
five focal species between December 2017 and March 2018. If
more than half of a grid cell was situated outside the district or
was covered with waterbodies, it was not sampled. Using geo-
referenced Survey of India, 2010 toposheets (scale: 1:50,000),
all village names were digitized in QGIS 2.16.0. The ArcView
3.2 software was then used to generate physical maps for each
sampling grid and its eight neighboring grids, including all vil-
lage names and locations on the map, so that the survey team
could refer to these maps while conducting the interview. Each
sampling grid (focal grid) was divided into four sub-grids to
accurately describe the boundaries to key informants. In case

focal grids did not contain villages/settlements, the surveyors
interviewed pastoralists in neighboring grids, and responses
were elicited for the focal grid. The survey team visited villages
in each grid to locate key informants, either by enquiring inside
the villages or by approaching pastoralist camps in crop fields
around the village. Interviews were conducted in two grids
daily, between 0630 and 1100h.

Responses were primarily collected from a single respondent
at a time; however, in some cases, two pastoralists were in-
terviewed together, and their responses were combined into a
single entry. If the interviewee pastoralist was in a group con-
taining non-pastoralists, others were requested not to respond
during the interview. Because pastoralists move camps and
graze livestock in a certain radius around it, we confirmed
the geographical extent of the key informant's movement over
the last year in and around the focal grid to assess the pro-
portion of the focal grid they covered regularly. We did not
conduct an interview if the pastoralist had not covered at
least two sub-grids within the focal grid. Depending on the
number of villages inside a focal grid, we ended up sampling
a variable number of villages per grid to achieve a minimum
of four interviews per grid. If a pastoralist covered at least
three of the four subgrids inside a focal grid, the interview
was considered an independent replicate. In cases where they
covered two of the four subgrids, it was ensured that another
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pastoralist, who covered the other one or two subgrids, was
interviewed. These two interviews were then combined and
treated as a single response. We obtained approval from the
Human Subjects Committee of Centre for Wildlife Studies
and Wildlife Conservation Society, India, following which we
conducted all surveys in the local language, Kannada, after
obtaining verbal consent from respondents.

2.3 | Occurrence Data Collation

We initially decided to employ false-positive occupancy mod-
els to estimate detection probability (p) and occupancy (¥),
as interview data is likely to have some possibility of false-
positive detection of species (Madsen et al. 2020; Pillay
et al. 2014; Royle and Link 2006). Thus, we aimed to classify
all the reported detections into “CERTAIN” (zero probabil-
ity of false-positive detections to occur) and “UNCERTAIN”
(non-zero probability of false-positive detections to occur) cat-
egories, following the detection framework of type III false-
positive occupancy models. Each survey began by asking
pastoralists to list all wildlife species they had seen in the focal
grid. We then showed photos of our five focal species: Indian
leopard, Indian gray wolf, striped hyena, sloth bear and black-
buck. The leopard photo was paired with a photo of a tiger
and the wolf photo with a jackal, species of similar appear-
ances as our focal species to further investigate the credibil-
ity of each detection for the false-positive model. A detection
was considered “CERTAIN” only if the respondent could
correctly identify all species of the paired sets as well as the
focal species, without requiring any hint from the interviewer
(Figure S1). If the respondent was successful in identifying
the species of the paired sets but needed hints from the inter-
viewer about the morphology and behavior of the focal species
to identify it, the detection was recorded as “UNCERTAIN”
(Figure S1). If the respondent failed to identify one or more
species of the paired set but could identify the focal species
with or without any hint, the detection was also considered as
“UNCERTAIN” (Figure S1). However, despite getting a hint
from the interviewer, if the respondent failed to identify one or
more of the focal species, it was recorded as “Failed to ID” and
the interview was not considered as a replicate while model-
ing occupancy for that species (Figure S1). We enquired if the
pastoralist had spotted the species (dead or alive) in the focal
grid in the previous year alone. We recorded the village name,
cardinal position of the detection site from a closest village,
approximate distances from nearby villages and prominent
landscape features to confidently ascribe the detection to the
focal grid. We also noted down descriptions about the sighting,
such as number of individuals, their behavior, time of day, pas-
toralist activity at the time and surrounding habitat features.
In cases where two pastoralists were interviewed together,
we ensured that the above-mentioned identification criteria
were fulfilled for each pastoralist for all the focal species.
Following this protocol, we constructed detection histories for
all five species for each sampled grid, where “0,” “1” and “2”
referred to non-detection, uncertain detection, and certain de-
tection, respectively (irrespective of the number of sightings
and individuals spotted) (Majgaonkar et al. 2025). However,
despite taking utmost care and due diligence to ensure that
recorded detections pertained to the focal cell from the past

lyear, there remains a minor non-zero probability of error in
spatiotemporal assignment of these detections. This could be
due to factors like deliberate falsification or accidental mises-
timation of distance by respondents, and/or inadvertent mis-
takes by the surveyor in calculation of distances. However, we
also considered a reported animal sighting as a non-detection
for the focal cell when sightings fell either on the border or
immediately outside it. Thus, we have strong reason to assume
that our method was effective and conservative in assigning
detections to focal cells vs. neighboring cells.

2.4 | Covariate Extraction

For each interview (with either an individual or a pair of pasto-
ralists), we recorded (i) “years of experience with herding” and
(ii) proportion of the grid that the pastoralist covered (Brittain
et al. 2020; Petracca et al. 2018). We used these two covariates
to model detection probability. The number of interviews where
two shepherds were together was negligible (4/235 for hyena,
10/488 for sloth bear, 6/491 for blackbuck, 9/424 for leopard,
10/456 for wolf). Such few samples were unlikely to influence
the detection process, and hence we did not include “number of
respondents” as a covariate for detection. A few indirect species-
specific habitat covariates, likely to influence abundance (and
hence, detection), were also included as detection covariates
(Table 1). In cases where two responses were combined into one
interview, we retained the experience of the shepherd with lon-
ger herding experience. Grid area covered by single or combined
pastoralists was converted into one of two values: “0” (when
three out of the four subgrids were covered) and “1” (when all
the subgrids were covered) (Majgaonkar et al. 2025). In cases
where the pastoralists approximated their years of experience,
we took an average of the reported range of years (Majgaonkar
et al. 2025).

To model occupancy probability, we extracted three site-level
covariates for all the sampled and unsampled grids—(i) area
under three different land covers (in km?), viz. kharif cropping
(monsoon cropping), double/triple cropping (irrigated crop-
ping), and ONEs (ii) major road network length (in km) (iii)
total biomass of small and large-bodied domestic livestock (in
kg) (Majgaonkar et al. 2025). For land cover classes, we used
2015-2016 1:50,000 LULC raster from Indian Space Research
Organization's Bhuvan portal (https://bhuvan-appl.nrsc.gov.
in/thematic/thematic/index.php). To extract area under ONEs
for each grid, we used the raster developed by Madhusudan
and Vanak (2023) and counted all pixels with probability
values > 0.5 as ONEs. Road lengths from the year 2019 were
obtained from the open-access datasets by Geofabrik GmbH
and OpenStreetMap contributors (https://download.geofa
brik.de/asia/india/southern-zone.html). Village-wise num-
bers of the four common livestock types—cow, buffalo, sheep,
and goat (Department of Animal Husbandry and Veterinary
Services 2019)—were multiplied by their average weights avail-
able in the literature to estimate biomass (Hussain et al. 2019;
Mundinamani et al. 2024; Siddalingamurthy et al. 2017).
Livestock-wise biomass was added to obtain village-wise total
livestock biomass. In cases where a village was spread across
multiple grids, we divided the livestock numbers from that vil-
lage among the respective grids in proportion to the village's
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TABLE1 | Listof covariates used to model detection probability (p) and occupancy probability (¥) of five species.

Expected relationship

Covariate Covariate type Leopard® Wolf?® Hyena® Slothbear?! Blackbuck®
Large and small-bodied livestock biomass L4 + NA + NA NA
Small-bodied livestock biomass v NA + NA NA NA
Road length L4 - - - - -
Area under double/triple crop Y&p + NA + NA NA
Area under kharif crop Y&p NA + NA + +
Area under ONE Y&p + + + +
Grid-covered by the respondent p + + +
Years of shepherding experience of p + + + +
respondent

Note: “+” represents an expected positive relationship, “~” represents an expected negative relationship.

3Athreya et al. (2015); Athreya et al. (2013); Gubbi et al. (2020); Naha et al. (2021).

bHabib (2007); Habib et al. (2021); Jhala et al. (2022); Mukherjee et al. (2021); Singh and Kumara (2006).

CAthreya et al. (2013); Mukherjee et al. (2021); Singh et al. (2010); Singh et al. (2014).

dBargali et al. (2004); Puri et al. (2015); Ratnayeke, van Manen, Pieris, and Pragash (2007); Rot et al. (2023).
¢Asif and Modse (2016); Delu et al. (2024); Jhala and Isvaran (2016); Krishna et al. (2016).

area in each grid. The proportions were then added to obtain
grid-level livestock biomass, which was calculated separately
for small-bodied livestock (sheep and goats) and large-bodied
livestock (cows and buffaloes). All covariates were extracted
using QGIS 3.22.9 and R version 4.2.2 (R Core Team 2024).
We expected that ONEs in the form of rocky outcrops and
savanna grasslands would support occupancy of all species
because of their ruggedness and the infrequent presence of
humans. Similarly, we expected monsoon cropping to support
open-habitat species like wolves and blackbucks and sloth
bears because of low human presence for much of the year.
Irrigated cropping, because of its densely vegetated cover, was
expected to support leopard and hyena presence while road
length was thought to have a negative impact on the occu-
pancy of all species because of increased human movement.
We expected livestock biomass to support leopard, wolf, and
hyena occupancy in the study area because it is a major part of
their diet outside protected areas. Specific predictions for each
species are provided in Table 1.

2.5 | Occupancy Analysis

Our false-positive models exhibited convergence errors and
yielded very low false-positive estimates, associated with high
standard errors. Hence, we shifted to using standard single-
season single-species occupancy models to model occupancy for
all five species in the landscape (MacKenzie et al. 2018,2002). As
single-season single-species occupancy models cannot correct
for false-positive detections but can consider the false-negatives,
we converted the detection history of all the species in a way
so that we could minimize the chances of having false-positive
detections in the data. All non-detections (0) of the false-positive
detection history were retained as non-detections (0). The un-
certain detections (1) of the false-positive detection history were
also converted to non-detections (0) to avoid false-positive er-
rors. And finally, all certain detections (2) of the false-positive

detection history were converted to detections (1) to be modeled
in a single-season single-species occupancy model framework
(Majgaonkar et al. 2025).

All covariates were standardized using z-scores and examined
for cross-correlations; covariates with a Pearson's correlation
(r) of > 10.6] were excluded from the same model. We used a
two-step process to predict the parameters of interest: p and ¥
(Doherty et al. 2012). We first performed model selection for p
while keeping the null model of ¥ constant. We fitted a global
additive model of p and simplified it by excluding the covari-
ates whose SE values were greater than or equal to their cor-
responding (3 estimates. We then refitted the simplified global
model and built competing models with singular and additive
effects of the remaining covariates. A goodness-of-fit test was
conducted on the simplified global model to test for overdisper-
sion (¢ > 1). The model with the best relative fit for p was chosen
using Quasi Akaike Information Criterion corrected for small
sample size (QAICc), incorporating the value of the overdisper-
sion parameter (¢) from the simplified global model (Burnham
and Anderson 2002). The best-fit model was kept constant
while building models to estimate W. In the case of ¥, we used
a similar model-building approach where we simplified the ad-
ditive global model by comparing (3 estimates of each parame-
ter with their corresponding SE values and subsequently built
singular and all possible additive combinations of the remain-
ing covariates. If any model built using this approach exhibited
any convergence issues, it was not considered for model com-
parison (one model for hyena detection and another for hyena
occupancy). The goodness-of-fit tests and model comparisons
were performed following the similar approach as that of de-
tection probability (p). The top models were selected based on
a AQAICc <2.0 from the best-performing model. We predicted
occupancy estimates for the whole district by model averaging
across the models with AQAICc <2. We excluded predicted
occupancy estimates for five grid cells as more than 3/4th of
these cells were covered by waterbodies. All analyses were done
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FIGURE 3 | Map depicting the spatial distribution of the observed detection rate (number of detections/total number of replicates) of leopard in

the study area.

using the package “unmarked” in R version 4.4.2 (Fiske and
Chandler 2011; R Core Team 2024).

3 | Results

We created detection/non-detection matrices for the five focal
species, with data from 118 sites for leopard (424 interviews, 1-6
interviews per site), 119 sites for wolf (456 interviews, 1-6 inter-
views per site), 101 sites for hyena (235 interviews, 1-5 interviews
per site), 119 sites for sloth bear (488 interviews, 1-6 interviews per
site), and 119 sites for blackbuck (491 interviews, 1-7 interviews
per site). Leopard presence was detected in 10 sites (naive occu-
pancy 0.09, Figure 3), wolf presence was detected in 90 sites (naive
occupancy 0.76, Figure 4), hyena presence was detected in 21 sites
(naive occupancy 0.21), sloth bear presence was detected in 14 sites
(0.12), and blackbuck presence was detected in 45 sites (naive oc-
cupancy 0.39). We did not use occupancy models with a covariate
structure to predict the spatial distribution of leopard and wolf,
as the null occupancy was very low (Table 2, Figure 3) and very
high (Table 2, Figure 4), respectively, for these two species. We
compared three models for hyenas (Table 3), four models for sloth
bears (Table 4), and four models for blackbucks (Table 5) to predict
their occupancy probability in Koppal. No single model supported
the data substantially better than the other competing models.
Two models for hyena (cumulative QAIC wt. =0.93, Table 3), four
models for sloth bear (cumulative QAIC wt. =1.00, Table 4), and
two models for blackbuck (cumulative QAIC wt. =0.91, Table 5)

ranked within AQAIC <2, thus indicating that these models were
similar in their performance to predict occupancy of the corre-
sponding species.

Model-averaged W for hyena across the study area was 0.52 (SE
0.01, Figure 5). Model-averaged W for sloth bear across the study
area was 0.26 (SE 0.01, Figure 6). Model-averaged ¥ for black-
buck across the study area was 0.63 (SE 0.01, Figure 7). Area
under irrigated agriculture best explained the detection probabil-
ity of hyena (Table 3). Area of the grid under ONE best explained
the detection probability of sloth bear (Table 4). Detection prob-
ability for blackbuck was best explained by the additive effect of
respondents’ experience, area of the grid under ONE, and area of
the grid under monsoonal (kharif) cropping (Table 5).

Hyena presence was positively influenced by the extent of
area under ONE (1.66, SE 1.58) and road length (1.05, SE 0.72)
(Table 2). Livestock biomass and area under irrigated (double/
triple) agriculture did not appear as good predictors for hyena
occupancy (Table 2). Sloth bear occupancy was favored by the
extent of area under ONE (1.06, SE 0.87) and the total road
length (0.85, SE 0.41), but area under monsoonal (kharif) crop-
ping was not a good predictor (Table 2). Blackbuck presence
was positively influenced by the extent of area under the mon-
soonal (kharif) crop (1.30, SE 0.99) and negatively influenced
by the total road length (-1.20, SE 0.40), while area under ONE
appeared not to be a good predictor for blackbuck occupancy
(Table 2).
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the study area.

TABLE 2 | pestimates and associated standard error values for the single-season single-species Null model (¥(.), p(.)) and all covariates from the

top models of the candidate set of models in which they first appear.

Covariate Leopard Wolf Hyena Sloth Bear Blackbuck
Null 0.11 0.94 0.70 0.18 0.44
(0.04) (0.05) (0.25) (0.06) (0.5)
Large and small-bodied livestock biomass NA NA — NA NA
Small-bodied livestock biomass NA NA NA NA NA
Major road length NA NA 1.05 0.85 -1.20
(0.72) (0.41) (0.40)
Area under double/triple crop (irrigated NA NA — NA NA
agriculture)
Area under kharif crop (monsoonal NA NA NA — 1.30
agriculture) (0.99)
Area under ONE NA NA 1.66 1.06 —
(1.58) (0.87)
Note: “—” represents that the covariate was not used in modeling the occupancy of the focal species, as the SE was greater than the f estimate for the corresponding

covariate in the global occupancy model of the species.
4 | Discussion

Wide-ranging species populations in the semi-arid agro-pastoral
landscapes of peninsular India are data deficient (Ghosh-Harihar
et al. 2019; Srivathsa et al. 2022), which weakens evidence-based
conservation governance in these human-use regions (Sengupta

et al. 2024). Our work produces baseline knowledge on the dis-
tribution of three large bodied species: striped hyena, sloth bear
and blackbuck—known to depend on open ecosystems—from a
representative landscape of the Deccan Peninsula. Our results
also indicate the potential of agro-pastoral lands in supporting
populations of another globally “vulnerable” species, the Indian

8 of 18

Ecology and Evolution, 2026



TABLE 3 | Additive models run to predict detection probability (p) and occupancy probability (¥) for hyena. Detection probability (p) was
modeled by keeping the Null structure for occupancy probability (¥) constant.

QAICc Cumulative Quasi-log
K (#Parameters) QAICc AQAICc weight weight likelihood
Detection probability
¥ (), p (double/triple) 4 142.59 0.00 0.67 0.67 —67.09
w(),p0) 3 144.05 1.46 0.33 1.00 —68.90
Occupancy
¥ (one), p (double/ 5 143.47 0.00 0.47 0.47 —66.42
triple)
¥ (one, road), p 6 143.55 0.07 0.45 0.93 —65.33
(double/triple)
¥ (), p (double/triple) 4 147.18 3.71 0.07 1.00 —69.38

Note: The relative best-fit model structure of detection probability (p) was kept constant while modeling occupancy probability (¥). Double/triple =area under irrigated
agriculture, one =area under open natural ecosystems, road =length of major road network.

TABLE 4 | Additive models run to predict detection probability (p) and occupancy probability (W) for sloth bear.

QAICc Cumulative Quasi-log
K (#Parameters) QAICc AQAICc weight weight likelihood
Detection probability
W (), p (one) 4 82.06 0.00 0.37 0.37 —36.86
¥ (.), p (one, kharif) 5 82.76 0.70 0.63 0.63 -36.12
w(,p0) 3 82.93 0.87 0.87 0.87 —38.36
W (), p (kharif) 4 84.20 2.13 1.00 1.00 -37.92
Occupancy
W (), p (one) 4 71.53 0.00 0.28 0.28 -31.59
¥ (one, road), p (one) 6 71.61 0.07 0.27 0.55 -29.43
¥ (road), p (one) 5 71.68 0.15 0.26 0.81 -30.57
¥ (one), p (one) 5 72.26 0.73 0.19 1.00 —-30.87

Note: Detection probability (p) was modeled by keeping the Null structure for occupancy probability (¥) constant. The relative best-fit model structure of detection
probability (p) was kept constant while modeling Occupancy probability (¥). Double/triple =area under irrigated agriculture, kharif=area under monsoonal
agriculture, one =area under open natural ecosystems, road =length of major road network.

gray wolf (Hennelly et al. 2025) which is adapted to semi-arid
ONEs. This addresses a key gap in our understanding of which
biophysical factors support ONE-dependent wide-ranging spe-
cies in semi-arid rural landscapes, while highlighting the poten-
tial of these neglected regions in conserving species populations.

4.1 | Wildlife in Agro-Pastoral “Wastelands”

We estimated occupancy for three large mammals—striped
hyena, sloth bear and blackbuck—in north Karnataka's Koppal
district. While our study design involved making a distinction
between “certain” and “uncertain” detections for use of false
positive models (Madsen et al. 2020; Miller et al. 2013; Pillay
etal. 2014), we chose to use standard single-season single-species
models (MacKenzie et al. 2018, 2002) while being conservative

in constructing detection histories (refer to results section) be-
cause of non-convergence issues.

Our findings show that blackbucks are more widespread (dis-
tributed across 63% of the region) compared to sloth bears and
hyenas, which were distributed over 26% and 52% of the study
area, respectively. Areas with high occupancy probabilities for
blackbuck were scattered throughout Koppal district indicat-
ing that their spatial overlap with people was relatively higher
(Figure 7). On the other hand, high-occupancy cells for sloth
bears and hyenas were concentrated in and around ONEs in
the landscape indicating a lower spatial overlap with people
(Figures 5 and 6). Blackbuck occurrence was favored by low-
intensity agriculture (monsoon cropping, “kharif”) and areas
with low road connectivity (Table 2), a result aligned with find-
ings from other human-use landscapes (Asif and Modse 2016;
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TABLE 5 | Additive models run to predict detection probability (p) and occupancy probability (¥) for blackbuck.

QAICc Cumulative Quasi-log
K (#Parameters) QAICc AQAICc weight weight likelihood
Detection probability
¥ (), p (exp, one, kharif) 6 228.71 0.00 0.53 0.53 —107.98
¥ (), p (one, kharif) 5 229.03 0.32 0.45 0.98 -109.25
¥ (.), p (one) 4 237.38 8.67 0.01 0.99 —-114.51
W (), p (exp, one) 5 237.44 8.73 0.00 0.99 —113.46
¥ (), p (exp, kharif) 5 239.13 10.42 0.00 1.00 -114.30
W (), p (kharif) 239.20 10.49 0.00 1.00 —115.42
Y(),pO) 3 247.01 18.30 0.00 1.00 —-120.40
W (), p (exp) 4 247.36 18.65 0.00 1.00 ~119.50
Occupancy
¥ (road), p (exp, one, 7 200.92 0.00 0.58 0.58 -92.95
kharif)
¥ (road, kharif), p (exp, 8 201.99 1.07 0.34 0.91 -92.34
one, kharif)
W (.), p (exp, one, kharif) 6 205.31 4.39 0.06 0.98 —96.28
¥ (kharif), p (exp, one, 7 207.47 6.55 0.02 1.00 -96.23
kharif)

Note: Detection probability (p) was modeled by keeping the Null structure for occupancy probability (¥) constant. The relative best-fit model structure of detection
probability (p) was kept constant while modeling occupancy probability (¥). Double/triple =area under irrigated agriculture, exp. =years of shepherding experience of
the respondent, kharif=area under monsoonal agriculture, one =area under open natural ecosystems, road =length of major road network.

Delu et al. 2024; Krishna et al. 2016). However, it did not show
any relationship with the area under ONEs which are primar-
ily in the form of rocky inselbergs with scrub vegetation. The
presence of both sloth bears and hyenas, however, was positively
influenced by ONEs (Table 2), which offer rugged hilly terrain
for both species in a multi-use landscape (Jangid et al. 2023; Puri
et al. 2015; Singh et al. 2014).

Contrary to our predictions, irrigated cropping and monsoonal
cropping were found to be poor predictors of hyena and sloth
bear occupancy, respectively. However, both species show a
strong preference for ONEs compared to other land uses (Puri
et al. 2015; Singh et al. 2010). Consistent with previous studies,
livestock biomass was not a good predictor for hyena presence,
suggesting that carrion availability might not be driven by live-
stock biomass (Singh et al. 2010). Contrary to our a priori ex-
pectations that roads will negatively impact occupancy because
of intensified human use, longer major road networks appeared
to favor the occupancy of sloth bears and hyenas (Tables 1 and
2). This pattern may have been observed because major road
networks in Koppal are denser in and around ONEs (coincid-
ing with the presence of major towns) compared to the black
cotton soil plains, owing to the soil morphology of the latter.
While hyenas have been known to persist close to human hab-
itation because of carrion availability (Panda et al. 2022; Singh
et al. 2014) and sloth bear activity also has been seen to occur
close to human habitation (Akhtar et al. 2004; Palei et al. 2020;
Rot et al. 2023), we do not have enough causal evidence to con-
clude that major road networks support the occupancy of these
species. Moreover, road characteristics (surroundings, traffic

intensity, etc.) are also likely to influence how species use them
(St-Pierre et al. 2022) and further inquiry is needed to under-
stand whether road networks in the study area facilitate species
presence through, say, nocturnal movement (Dickie et al. 2022).
Due to sparse data and high detection rates, we were unable
to model occupancy for leopards and wolves, respectively.
However, in the case of the latter, despite being conservative
and treating uncertain detections as non-detections, it was ev-
ident that wolves are widespread in the Koppal district and are
present in both low-intensity agricultural areas (kharif) as well
as ONEs, a finding common to their populations in other re-
gions of India (Habib et al. 2021; Khan et al. 2022; Majgaonkar
et al. 2019; Mukherjee et al. 2021).

4.2 | Agro-Pastoral Lands as Shared Landscapes

It is noteworthy that not only is Koppal district devoid of
Protected Areas (wildlife sanctuaries or national parks), but it
also has a minor 7.64% of its area under the jurisdiction of the for-
est bureaucracy (https://aranya.gov.in/). However, at least four
large mammal species (blackbuck, striped hyena, sloth bear, and
wolves) are present in the matrix of private land tenure—in the
form of agricultural lands—interspersed with land under the
forest department jurisdiction, primarily in the form of differ-
ent types of ONEs like rocky inselbergs, scrublands, and open
savannas (Koulgi and Madhusudan 2024). ONEs in the form of
private and public lands in this region are seasonally used for
pastoralism and hence support human and livestock activity
throughout the day. We argue that in addition to being adapted
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FIGURE 5 | Map depicting the spatial distribution of occupancy probabilities of hyena in the study area.

to semi-arid rocky habitats, a combination of intermittent, sea-
sonal anthropogenic use of ONEs, their rugged topography, and
relative “intactness” over the years offers refugia for at least
three of our focal species (striped hyena, sloth bear, and wolf)
and allows opportunity for spatial segregation from human ac-
tivity during the day (Grilo et al. 2019; Oeser et al. 2023; Schuette
et al. 2013). Moreover, most large carnivores in human-use
landscapes modify activity patterns (Frey et al. 2020; Shamoon
et al. 2018). Thus, the presence of seasonally used open agri-
cultural lands around ONEs, which are devoid of human ac-
tivity after daylight, may allow these species to persist outside
Protected Areas in the absence of large wild prey (for striped
hyena and wolf) and high-quality food sources (for sloth bear)
in ONEs (Johnson et al. 2020). For species like blackbuck, whose
distribution encompasses large swathes of private land tenures,
we argue that a mix of low-intensity monsoonal agriculture
and year-round fallows, combined with low road connectivity,
has enabled their populations to persist. Some of these fallow
agricultural lands are also interspersed with alluvial streams,
regionally called “hallas” (part of the dendritic water drainage
pattern in this region), which dry post-monsoon and likely offer
refuge to blackbuck herds in open agricultural lands despite in-
termittent human activity (IM pers. obs.). Koppal district's rel-
atively low rate of urbanization, as evidenced by a mere 1.35%
increase in urban cover between 1991 and 2011 (Eswar and
Roy 2018), may also have contributed to the persistence of these
species. Since permanent pastures account for a scant propor-
tion—3.23% of the district's geographical area—and are highly

fragmented (Directorate of Economics and Statistics 2021),
it is unlikely that they contribute to maintaining habitats for
wide-ranging species that were the focus of this study. While
our findings show that the existing ONE-agriculture matrix
landscape supports large mammals, the structure and quality
of these matrices are likely to determine source-sink popula-
tion dynamics (Gehr et al. 2017; Lamb et al. 2020; Nakamura
et al. 2021) and fitness of individuals (Johnson et al. 2020;
Lopez-Bao et al. 2019). Hence, our findings should not be con-
strued as supporting ONE fragmentation merely because the
species persist in ONE-agricultural matrices, which is likely fa-
cilitated by altered activity patterns (Frey et al. 2020; Shamoon
et al. 2018). Moreover, our results should also not be interpreted
as a cost-free coexistence between people and large-bodied
wildlife. Coexistence is a complex, multidimensional process
(Nyhus 2016; Pooley et al. 2021), and the mere occurrence of
a species cannot be interpreted as evidence of harmonious co-
existence. Needs of pastoralism can negatively impact wildlife
populations, say by pushing them out of high-quality habitats
(Okello 2005; Soofi et al. 2018). Even in Koppal, official records
document 149 cases of crop loss, livestock loss, and human in-
jury between 2007 and 2017 (data from Koppal Forest Division),
and these figures are likely to be underreported. However, it is
also noteworthy that the species occurrence data used in this
study were entirely derived from the experiential knowledge of
pastoralists and only a sustained co-occurrence between them
and large mammals could have allowed for that knowledge base
to exist. Differential degrees of coexistence between pastoralists
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FIGURE 6 | Map depicting the spatial distribution of occupancy probabilities of sloth bear in the study area.

and wildlife have been similarly observed in other regions of the
globe (Connolly et al. 2021; Kiffner et al. 2020; Mbise et al. 2020;
Ogutu et al. 2017).

4.3 | Pastoralism Central to Conservation of ONE
Biodiversity

Most ONEs in India are in the form of working landscapes with
approximately only 5% being inside protected areas (Madhusudan
and Vanak 2023). Pastoralists are directly dependent on these
ONEs to maintain seasonal mobility, a livelihood requirement,
which then leads to them sharing these geographies with threat-
ened wildlife (Kiffner et al. 2020; Madsen et al. 2020). The conser-
vation of many species is hence highly dependent on coexistence
with pastoralists. However, conversion of ONEs for “productive”
uses, such as agriculture, green energy initiatives and afforesta-
tion, is increasingly threatening the viability of these lands to func-
tion as shared landscapes for livelihoods and wildlife conservation
(Briske et al. 2025; Lahiri et al. 2023; Sheth et al. 2025). Continued
access to landscape heterogeneity is a cornerstone for the per-
sistence of semi-arid systems (Hobbs et al. 2008), and the smaller
the fragments of ONEs available for pastoralists, the higher the
recursive use of these ecosystems for pastoralism. This can lead
to pastoralist-wildlife conflict intensification as has been observed
in other semi-arid regions (Hobbs et al. 2008). Moreover, with the
loss of land sharing practices, the traditional ecological knowledge
acquired and held by pastoralists is likely to diminish, even before

it can be documented and applied to socially just conservation in-
terventions in these landscapes. Our findings highlight how ex-
periential knowledge of communities such as pastoralists can be
applied in biodiversity conservation research to inform species
ecology assessments in multi-use landscapes (Madsen et al. 2020;
Service et al. 2014).

4.4 | Challenging the “Wasteland” Discourse

Much has been discussed about India’s “wasteland” classifica-
tion systems, especially the use of this terminology as a social
and ecological category (Baka 2017; Watve et al. 2021), as well as
how the discourse justifies diversion of lands for developmental
purposes (Madhusudan and Vanak 2023). According to India's
most updated wasteland atlas, Koppal district consists of three
types of “wastelands™ land with dense/open scrub, underuti-
lized degraded scrub, and barren rocky/stony waste, and these to-
gether cover 1151.92km?, that is, 20% of the district (Department
of Land Resources, National Remote Sensing Centre 2019). Our
findings provide strong evidence against the use of these termi-
nologies by demonstrating that not only do these “wastelands”
or “marginal lands” function as habitat for endangered species
in human-dominated agrarian landscapes, but they are also not
“underutilized” or “degraded” from the perspective of biodiversity
conservation. These lands likely allow for a spatiotemporal sep-
aration between people and large-bodied wildlife, thereby facili-
tating their co-occurrence. Our work suggests that large mammal
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FIGURE 7 | Map depicting the spatial distribution of occupancy probabilities of blackbuck in the study area.

conservation in the Deccan Peninsula can be achieved within a
land-sharing framework if these mislabeled “wastelands” are rec-
ognized as ecologically important refugia and are appropriately
conserved within a low-intensity agricultural matrix.

5 | Conclusion

Our findings add to the growing body of research highlighting
the ecological role that ONEs play in the conservation of biodi-
versity (Misher and Vanak 2021; Srivathsa et al. 2020). Despite
its ecological and geological significance, the Deccan peninsula
of India has failed to attract as much conservation attention
as the ONEs in western India (Athreya et al. 2013; Jayadevan
et al. 2018; Misher and Vanak 2021), the savannas in western
ghats and central India (Jathanna et al. 2015; Puri et al. 2023,
2015; Ramakrishnan et al. 1999; Sankaran 2009; Sankaran
and McNaughton 1999) or high altitude grasslands in northern
India (Bhatia et al. 2017; Kohli et al. 2021; Naidu et al. 2022;
Namgail et al. 2007), possibly because of relatively lower spe-
cies diversity (Srivathsa et al. 2023; Sudhakar Reddy et al. 2016)
and higher fragmentation (Madhusudan and Vanak 2023).
While we recognize that conservation monitoring of generalist
species in native habitat-production matrices with high human
densities is presumably less exciting or lacks novelty, it remains
undeniably important as human use regions currently consti-
tute a large proportion of the earth's ice-free surface (Ellis and

Ramankutty 2008). If biodiversity assessments remain biased
towards species-rich and ostensibly “pristine” regions, this is
likely to skew conservation efforts and render them inadequate
to propose wildlife management strategies in multi-use land-
scapes (Ghosal et al. 2013; Joppa and Pfaff 2009). Additionally,
pastoral practices are increasingly being threatened by global
climate change and local policy interventions (Sheth et al. 2025).
Combined effect of such systemic biases against ONEs and peo-
ple dependent on them could lead to the weakening of the socio-
ecological integrity of these human-nature coupled systems and
pave the way for unsustainable development planning in “mis-
labeled” and “misunderstood” landscapes, such as the Deccan
Peninsula.
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