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Small population sizes, low densities, and large area requirements make large carnivores particularly sensitive to habitat degradation and land-use change. In fragmented landscapes, many protected areas cannot accommodate viable wildlife populations in themselves, which brings the surrounding human-dominated matrix that may extend wildlife habitats or serve as corridors into focus. Such areas are typically excluded from the conservation portfolio and are subject to rapid land -use change in many areas. This study investigates the occurrence of tigers, sloth bears, leopards and striped hyenas and assesses community use of natural resources and attitudes towards wildlife in a 3,384 km2 portion of semi-arid multiple-use landscape in Western India that also serves as an important wildlife corridor. This area abuts Ranthambore Tiger Reserve, a preeminent protected area in Western India. Sign surveys spanning 1,039.22 km of trails were conducted in 94, 36 km2 grids spanning agricultural land, forests and other land use types to collate information on wildlife occurrence and associated environmental and human factors. Analysis using occupancy models revealed that tiger and sloth bear occurrence probabilities (0.093 ± 0.05), and (0.13 ± 0.02) were considerably lower than those for leopards (0.72 ± 0.22) and striped hyenas (0.91 ± 0.08). Lack of sufficient cover and limited food availability renders these multiple-use habitats poorly suited for tigers and sloth bears, while leopards and hyenas are able to adapt better to multi-use areas. Concurrently, 66 villages were surveyed across the study landscape, where data on broad socio-economic attributes of communities and their attitudes towards wildlife were assessed through questionnaire surveys. More respondents expressed negative attitudes than positive attitudes which vary as a function of education levels, occupation and land holding sizes. Ongoing landscape transformation through mining, agricultural expansion, infrastructure development, and negative attitudes towards wildlife conservation among people living in the agricultural matrix threatens the long-term functionality of these corridors. Therefore, immediate measures are needed to develop and implement corridor conservation strategies and plans, with a focus on land use planning and human-wildlife conflict mitigation. In the absence of decisive and timely action, wildlife populations may increasingly get relegated to fragmented patches, jeopardising their persistence.
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INTRODUCTION

Large terrestrial carnivores are among the most threatened species globally, having experienced large range contractions and population declines (Wolf and Ripple, 2017). These declines have been especially acute where populations of carnivores or their ungulate prey face high poaching pressures and where their habitats have been diminished, fragmented, and degraded by land use change and other processes (O'Brien et al., 2003; Nyhus and Tilson, 2004; Chapron et al., 2014). With most of the biosphere impacted by human modification (Kennedy et al., 2019), large carnivore populations have increasingly been relegated to protected areas, which have helped sustain breeding populations. Yet given that many protected areas are small, carnivores also extensively use multiple-use forests, agro-ecosystems and sometimes even in peri-urban areas (Athreya et al., 2013; Chapron et al., 2014; Chanchani et al., 2016; Ghosh-Harihar et al., 2019; Bista et al., 2021). A greater emphasis on conservation in multiple-use areas is thus warranted in nations like India where people and wildlife extensively share space within forests, agro-ecosystems, and other land use types (Srivathsa et al., 2019; Puri et al., 2020; Warrier et al., 2020).

Multi-use landscapes encompass diverse land use including agriculture, settlements, mines, grasslands, and forests beyond protected area boundaries. Despite extensive human presence in these areas, they often serve as extensions of available habitats for mammals residing in protected areas (Chapron et al., 2014; Warrier et al., 2020). They may also serve as vital corridors enabling dispersal between source populations maintaining gene flow, and therefore the long-term viability of meta-populations (Saunders et al., 1991; Harris and Silva-Lopez, 1992; Dutta et al., 2015; Thapa et al., 2017; Thatte et al., 2020). As essential as multiple-use areas are for wildlife conservation, they are also areas where wildlife face disproportionate risks of death or injury from retaliation or other anthropogenic causes because of the extensive interface with people and livestock and the high potential for conflict (Gervasi et al., 2014; Acharya et al., 2017). Such interactions may be exacerbated on account of forest fragmentation, which has progressively reduced forest patch size in India often rendering it impermeable for wildlife movement (Jayadevan et al., 2020).

Varying life history and behavioural traits of large carnivores including territoriality and foraging ecology shape whether and where these species have persisted (Kinnaird et al., 2003; Carter and Linnell, 2016; Srivathsa et al., 2020). Four large carnivores, tigers (Panthera tigris), leopards (Panthera pardus), sloth bears (Melursus ursinus), and hyenas (Hyaena hyaena) that co-occur extensively across peninsular India exemplify such variations (Joshi et al., 2013; Chanchani et al., 2016; Majgaonkar et al., 2019; Thatte et al., 2020). Of these, both felines occur across a diverse array of habitats, from dense forests to more arid open woodlands and savannas where they occupy home-ranges from <10 to >2,000 km2 (Simcharoen et al., 2008, 2014; Grant, 2012; Chundawat et al., 2016; Hunter and Barrett, 2019; Naha et al., 2021). Though both felines achieve their highest densities in Protected Areas, they persist in many multi-use landscapes (Joshi et al., 2013; Chanchani et al., 2016; Karanth et al., 2020), including forests and agro-ecosystems, where the smaller leopard, with its wider dietary niche can sometimes occur at relatively high densities as well (Athreya et al., 2013; Stein et al., 2016). However, proclivity to prey on domestic animals, and proximity to people make both felines susceptible to persecution in such landscapes, where there are still critical knowledge gaps about their occurrence (Harihar et al., 2011; Athreya et al., 2013; Stein et al., 2016; Bista et al., 2021). Similarly, there are many knowledge gaps on the ecology of the striped hyena in multi-use areas. This species prefers arid landscapes, where it occupies 14–70 km2 home ranges (Wagner, 2006; AbiSaid and Dloniak, 2015). These are often considered to be of low conservation value in India and continue to be extensively transformed for human-use (Vanak et al., 2017; Majgaonkar et al., 2019). Hyenas often co-occur in human dominated land-use types including agriculture-scrubland mosaics and are known to forage on garbage and carrion near human habitations (Tourani et al., 2012; Alam et al., 2014). Sloth bears have the smallest area requirements among the study species, usually occupying <15 km2 home-ranges (Yoganand et al., 2005; Ratnayeke et al., 2007). Their omnivorous diet is linked to the phenology of flowering and fruiting plant species and these bears are highly myrmecophagous as well (Akhtar et al., 2004; Sukhadiya et al., 2013; Palei et al., 2020; Philip et al., 2021). Sloth bears are heavily dependent on the availability of forest cover and generally shun areas with high levels of anthropogenic disturbance (Ramesh et al., 2012; Das et al., 2014; Puri et al., 2015).

Diverse ecological factors only partially determine the occurrence and persistence of carnivores in multi-use landscapes. Socio-cultural factors, including people's attitudes towards wildlife conservation significantly influence wildlife distribution and survival as well as habitat availability and quality, particularly in multi-use-landscapes where space sharing between people and wildlife is especially pronounced (Redpath et al., 2017; Athreya et al., 2018; Srivathsa et al., 2019; Naha et al., 2020). Attitudes are commonly shaped by costs associated with cohabiting with carnivores, such as human injury and death, livestock predation, and various transaction and psychological costs. When economic and other losses and costs are high and generally unmitigated, the risk of retaliation against wildlife or destruction of wildlife habitats are very real and can be especially deleterious for wildlife occurring in fragmented landscapes with extensive exposure to people and livestock.



OBJECTIVES

The main aim of this study is to inform multi-species habitat-use in human-modified landscapes. We assess anthropogenic and ecological factors that govern the habitat-use of four threatened large carnivores in the 3,384 km2 Ramgarh - Ranthambore - Kailadevi and Kuno-Sheopur complexes in North West India. Since ecological factors only partially determine the carnivore occurrence in shared spaces, where local tolerance often plays just as much of a role in carnivore occurrence, we also assess local attitudes towards wildlife across these corridors. Tigers only occur sporadically and there is little information on the status of the other carnivores (Pawar et al., 2019). This region is adjacent to Ranthambore Tiger Reserve, which harbours the most significant source population of tigers in western India (Jhala et al., 2019). This population is isolated from other population clusters in Central India and elsewhere, and thereby genetically distinct (Natesh et al., 2017). Ranthambore and the surrounding landscape also support populations of leopards, sloth bears and hyenas, but little is known about the status of these species beyond the protected area's boundary. By analysing and interpreting ecological and social data that were concurrently collected, this study aims to create a more comprehensive profile of these corridors to inform conservation planning.



MATERIALS AND METHODS


Study Area

The study area encompasses Sawai Madhopur, Boondi, Tonk, and Karauli districts of the north-west Indian state of Rajasthan and the Sheopur district of the central Indian state of Madhya Pradesh. It lies under varying administrative jurisdictions including the Ranthambore Tiger Reserve, National Chambal Wildlife Sanctuary, Sheopur Forest Division and various land managed by revenue departments and gram sabhas (village councils) of both aforementioned states. In terms of its terrain, the study area is heterogenous. Undulating terrain comprising low rugged hills and gorges characterise Kailadevi and Ranthambore (elevation 200–500 m) (Singh et al., 2021). The surrounding areas have extensive plains where mustard, rape seed, soyabean, wheat and chickpeas are cultivated. The north-flowing Chambal river bisects the study area, and its banks are characterised by intricately carved scrubby ravines, which are a mosaic of stunted-thorny forests and farmlands. The dry deciduous forests of Sheopur Division and Kuno - Palpur national park are distributed over an undulating terrain as well. Temperatures range from winter lows of about 2°C to a summer maximum of over 47°C (Singh et al., 2021). The area receives ~700 mm of precipitation each year, largely in the monsoons between June and August. Dhonk (Anogiesus pendula) is the dominant tree in the dry deciduous forests, with stands of kadaya (Sterculia urens), salai (Boswellia serrata), raunj (Acacia leucophloea), amaltas (Cassia fistula), palash (Butea monosperma), tendu (Diospyros melanoxylon), gurjan (Lannea coromandelica), and jamun (Syzygium cumini) trees also populating these forests (Singh et al., 2021). The open scrublands contain shrubs such as Euphorbia spp., with extensive areas dominated by the invasive Mesquite (Prosopis juliflora) as well. The flora and fauna of Ranthambore, Kailadevi and Sheopur blocks are similar. The National Chambal Wildlife Sanctuary comprises predominantly scrubby ravine habitat, which are interspersed with farmlands in the areas surrounding the sanctuary. These form the connecting habitats between the Ranthambore, Kailadevi and Sheopur blocks (Ranganathan, 2017; Shah et al., 2015). The area harbours a carnivore guild that includes six felids, three canids, four viverrids, and one mustelid, ursid and hyena species each. The local communities primarily belong to agro-pastoral communities, such as the Gujjars and Meenas that both practise agriculture and raise livestock (primarily buffaloes) for dairy production.



Study Design and Data Collection
 
Occupancy Sampling

Carnivores frequently use human trails and paths to move through forests, scrubland and human-dominated areas, and therefore, sampling for animal signs on trails is an efficient method of surveying large areas for carnivores (Karanth and Suinquist, 2000; Wilson and Delahay, 2001; Thorn et al., 2010). Given the wide expanse of the study area, we delineated 94, 36 km2 grids for surveys (Figure 1). Within each grid, we carried out foot-surveys along trails that were on average ~10 km in length (Supplementary Table 4) during February 2019 and collected data on detection (1) and non-detection (0) of target species along 1 km segment of each trail (Hines et al., 2010). Our total survey effort was 921 km.


[image: Figure 1]
FIGURE 1. The study landscape abuts the Ranthambore Tiger Reserve, and encompasses a multi-use landscape corridor that connects Ranthambore and Kuno National Parks.


Prior to walking the trails, all the surveyors were trained on pugmark, scat, and scrape-mark identification for the four target species. This was done by walking trails within Ranthambore National Park, along trails known to be regularly used by all four target species, along with forest department staff, and senior WWF staff who were well trained in animal sign identification. Each trail was sampled by two observers, along with at least one forest department personnel, and care was taken to ensure that each trail sampling team had at least one person who was experienced in species sign identification. If there was ambiguity on pugmark or scrape-mark identification then the sign was discarded. All carnivore scats were genetically identified to confirm species. Scats were collected using swabs (HiMedia Inc.) and stored in vials containing Longmire's buffer (Longmire et al., 1997). DNA was extracted using QIAamp DNA Stool Mini Kit (QIAGEN Inc.) and species was identified using a combination of a generic carnivore primer and a felid specific primer (Farrell et al., 2000; Mukherjee et al., 2016).

We also collected information on relevant covariates: wild ungulate (prey) presence for tigers, leopards and hyenas, food resources (termite and ant signs, and fruiting trees) for sloth bears, human disturbances (people seen, lopping signs, grass/bamboo cut, vehicles, trash on the trail), construction/mining, and livestock. We recorded observer footprint visibility and signs of livestock along the trails as both could obscure wildlife signs. Additionally, we derived remotely sensed covariates (such as NDVI, forest cover, agricultural land, built-up area, waterbodies, terrain-ruggedness, built-up area and human population) but only retained those with correlation r < 0.7 (Supplementary Table 1; Supplementary Figure 1).



Social Survey

Semi-structured questionnaire surveys were conducted across 1,962 households in 66 villages. At least 25% of all the households in each village were sampled, where a single respondent 18 years or older participated in these verbal surveys after providing prior consent. Houses were selected at random across the village starting near the centre and moving outwards in at-least three different directions. Our survey was divided into 3 main sections, the first was focussed on social and demographic characteristics, such as education, occupation, land, and livestock holdings. Education was divided into 5 levels p1- illiterate, 2-Primary school, 3-Secondary school (grade - 6–10), 4-Higher Secondary school (grade 11–12), and 5-Graduate/Post-graduate degree]. Occupation of the respondents was divided into 5 categories (1-Agriculture, 2-Livestock husbandry, 3-Business, 4-Other and 5-labourer). Land-holding size of the respondents was taken in Bhigas (1 Acre = ~1.6 Bhigas in the study landscape) and along with livestock holding sizes and composition. The second section focused on natural resource dependency and local perceptions of wildlife populations. Natural resource use of various forest produce, including timber, leaves, fruits, vegetables, firewood, glue, and medicinal plants, which was measured in kilograms collected per day. And the last section pertained to the attitudes of the respondents towards wildlife. These involved open-ended questions about their encounters and relationships with wildlife, the damages, costs, or lack thereof incurred by them, and their perceptions towards living alongside said wildlife. The attitude related questions focused solely on large carnivores and herbivores and whether these species were important for ecosystems and warranted protection. Surveys were conducted by WWF's community-conservation project staff and community resource persons associated with WWF, local to the study area. Further details on the social surveys can be found in Appendix 1.




Data Analysis
 
Occupancy Analysis

The occupancy model used accounts for spatially clustered animal-sign data along trails (Hines et al., 2010). The key parameter of interest from these surveys was occupancy/habitat use (Ψ) probability for all four focal species. Given that a trail segment is occupied, there are two additional parameters of interest that relate to finer scale spatial use by the target species – the probability that a segment is used given that the previous segment was not used (θ), and the probability that a segment is used given that the previous segment is used (θ'). We adopted a two-stage modelling strategy wherein we first assessed variation in detection probability as a function of combinations of relevant covariates. For this step, we maintained a “global” model structure for Ψ (e.g., Karanth et al., 2011) (Table 1). In the next stage, we carried forward the best supported detection model from the first step and used additive and interactive combinations of the covariates to build between 21 and 44 models per species to assess factors influencing species' habitat use in Program MARK (White and Burnham, 1999) (Table 2). We evaluated model support using Akaike Information Criterion adjusted for small sample sizes (Burnham and Anderson, 2002).


Table 1. Model comparisons to estimate detection probability as a function of observer footprint visibility and livestock.
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Table 2. Model comparisons to determine influence of ecological and anthropogenic covariates on species's occupancy/habitat use.
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For three of the four focal species, θ' values were roughly four times higher than θ values, indicating pronounced spatial structuring in the animal sign data from these trail surveys. Since sloth bear detections were extremely sparse, the correlated detection model did not converge and we generated estimated parameters using the single species occupancy model instead (Srivathsa et al., 2019). Given that the average home ranges of tigers, leopards and striped hyenas exceeds 36 km2, the occupancy parameter (Ψ) is interpreted as “habitat-use probability” (Wagner, 2006; Simcharoen et al., 2008, 2014; Wagner et al., 2008; Grant, 2012; Chundawat et al., 2016). Sloth bear home ranges are on average smaller than 36 km2 (Joshi et al., 1995; Yoganand et al., 2005; Ratnayeke et al., 2007), and hence, Ψ is interpreted as the occupancy probability.



Social Data Analysis

Attitudes towards wildlife was the primary response variable for our social surveys (Dickman and Hazzah, 2016), which was scored on a five point likert scale. Responses that entailed wildlife as needing to be eradicated or controlled lethally were scored as emphatically negative (1). When responses tended to characterise wildlife around them predominantly as a nuisance, these were scored as negative (2). Responses that were ambivalent towards wildlife, revealing neither preferences (or benefits) nor antagonism (or costs) were assigned to the neutral category (3). When responses spoke favourably of wildlife or testified the importance of sustaining wildlife to protect their habitats from which important ecosystem services emanate, a positive score was assigned (4). And last, responses that expressed that the wildlife around enriches the experiences of their daily lives, and their lives and the landscape would be irreversibly damaged without them were scored as emphatically positive (5). These were rescaled to a 3-point scale for the ANOVA analysis (1-negative, 2-positive, 3-neutral). For further details on how responses were scored, and other social data were collected please refer to Supplementary Table 2.

Predictor variables were education level, occupation, livestock holdings, land holdings, and natural resource dependency. We conducted a one-way ANOVA for livestock holdings, land holdings and natural dependency, and a Kruskal-Wallis sum rank test for education level and occupation categories followed by the Dunn's post-hoc test, in R (version 4.0.3), to ascertain if there were variations among these groups of predictor variables.





RESULTS


Animal-Habitat Relationships

We encountered 57 tiger signs, which included 46 pugmarks, 6 scats, 3 scrape marks and 1 direct sighting, 149 leopard signs were encountered, including 95 pugmarks, 48 scats, 3 scrape marks and 2 claw mark signs on trees. Four hundred and forty six signs of striped hyenas were encountered, including 389 pugmarks, 55 scats, and 2 direct sightings. Of the 91 sloth bear signs encountered, there were 30 pugmarks, 30 scats, 27 digging signs, and 2 claw mark signs on trees. Tiger, leopard, hyena, and sloth bear signs were encountered in 14, 45, 69, and 32 of the ninety four 36 km2 grids, respectively. The naïve occupancy of the four target species was therefore 0.15 for tigers, 0.48 for leopards, 0.73 for hyenas, and 0.34 for sloth bears.

Observer footprint visibility and livestock sign encounter rates did not influence detection probability for tigers and leopards (Table 1). However, the footprint visibility was found to significantly explain variation in hyena sign detection, with higher detection probability in segments where footprints were more visible (β = 2.03, CI = 0.72–3.34). Estimated model averaged detection probabilities were 0.57 (SE = 0.19) for tigers, 0.74 (SE = 0.55) for leopards. For sloth bears and hyenas, segment specific detection probabilities were estimated as a function of covariates. Segment specific p estimates for sloth bears ranged between 0.14 (SE = 0.02) and 0.16 (SE = 0.02), while those for hyenas ranged between 0.63 (SE = 0.14) and 0.75 (SE = 0.14). Estimated habitat-use/occupancy (Ψ) probabilities were 0.09 (SE = 0.07; CI = 0.02–0.32) for tigers, 0.75 (SE = 0.21; CI = 0.25–0.97) for leopards, 0.93 (SE = 0.09; CI = 0.47–0.99) for hyenas, and 0.19 (SE = 0.21; CI = 0.02–0.78) for sloth bears (Table 2).

Forest area and distance from Ranthambore had the strongest influence on tiger habitat-use probability at a site (Ψ) as indicated by the best-supported model (Table 3; Figure 2). Tigers were 2.5 times more likely to occur in forests from 0 to 2 km from Ranthambore, than greater distances from the park boundary; the probability of tiger occurrence beyond 10 km from the park boundary was negligible but >0. While forest cover also positively influenced leopard and striped hyena habitat-use probability, both species were far more widespread across the study area than tigers (Table 3; Figure 2). Leopard habitat-use too declined with increasing distance from Ranthambore, with leopards 1.5 times more likely to occur between 0 and 5 km from Ranthambore, than 5 and 10 km from the park boundary, and less than a third as likely to occur 10–15 km from Ranthambore. The striped hyena was the most widespread of the four focal species, with the highest habitat-use probability, nearly three orders of magnitude higher than leopards across the study area (Table 3; Figure 2). The open, sparsely vegetated landscape is used extensively by hyenas, even though its natural scrubby habitats are now interspersed with farmlands. Sloth bears showed a high fidelity to forests, and the species occurrence probabilities drop sharply beyond the protected area boundaries. Sloth bear occupancy was positively associated with the availability of ants, termites, and fruiting trees, and declined with increasing human disturbance (Table 3; Figure 3).


Table 3. Estimates of coefficients along with standard error for covariates influencing the species' occupancy/habitat use.
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FIGURE 2. All four target species' Ψ were positively associated with forest area, with tiger habitat-use significantly associated with forest area. Ψ decreased with increasing distance from Ranthambore Tiger Reserve for all four species.



[image: Figure 3]
FIGURE 3. Sloth bear occupancy increases with food resources (ants, termites, and fruiting trees), and water availability, but decreases with increasing human disturbance. Both food availability and human disturbance have a significant influence of sloth bear occupancy across these multi-use areas.




Social Profile and Attitudes Towards Wildlife Among Local Communities

Overall, 1,955 residents of 66 villages, with a cumulative population of about 6,000 people were interviewed. Agriculture is the primary occupation for most of the local population (77% of respondents), with a much lower proportion of people engaged in pastoralism, labour, business, other livelihoods and being unemployed (7, 2, 2, 5, and 7%, respectively). Only 5% of respondents were college level educated or higher, 7% higher secondary educated, with 24% with either a primary or secondary level of education, while 40% were illiterate. Thirty four percent of the respondents owned livestock, buffaloes were the predominant livestock species reared (62.7%), followed by cattle (29.7%) and goats (9.2%). Less than one percent of people reported keeping other domestic animals – i.e., poultry, camels, or dogs. The average number of livestock per household was 4.12 (SD = 15.12). The average land holding of respondents was 5.35 (SD = 7.21) bighas (1 acre = ~3.25 Bighas in the study area), and a sizable proportion (20%) of the respondents surveyed were landless. Respondents reported extracting six primary types of resources from the region's forests: fuelwood, grass, and leaves (fodder), tubers and vegetables, fruit, glue, medicinal plants, and timber for house construction. Some of these items (the first two) were extracted daily in many households, while other items were extracted less frequently. The mean quanta of resources cumulatively extracted (all values converted to daily estimates) was 7 kg (SD = 11), but there was considerable variation among households (Figure 4). Fuelwood was prominent among resources accessed daily, and only 45.8% of households reported having LPG connexions.


[image: Figure 4]
FIGURE 4. Attribution of attitudes towards carnivores and herbivores on a three-point likert scale to respondents, summarised under various socio-economic and livelihood categories. Values are all proportions of the total respondents in each category. The percent of total respondents (n = 1,962) in each category are reported as percent values.


Twenty-eight percent of respondents believed that livestock numbers had increased in the region, 62% believed it had decreased and 10% believed it was stable. Sixty eight percent of people surveyed believed that carnivore populations had increased across the landscape, 25% believed carnivore populations had decreased and 7% believed it was stable. Sixty five percent of respondents believed that wild herbivore populations had increased across the landscape, 23% believed it had decreased, and 12% believed it had remained stable across the landscape. Responses towards wildlife, both carnivores and herbivores, generally seemed to reflect that negative or ambivalent attitudes were expressed considerably more than positive attitudes. However, there appear to be some differences across categories of respondents based on education, occupation, and some other parameters.

Among the occupation categories, unemployed respondents expressed significantly more ambivalent attitudes towards wildlife than employed respondents in all other categories. Pastoralists were significantly more negative towards both carnivores and herbivores than those engaged in other forms of occupation. While those engaged in agriculture and labour were significantly more negative towards herbivores than respondents in other forms of employment. The views of respondents in business and other forms of employment did not significantly differ from other respondents (Supplementary Figure 2). Twenty to thirty percent of respondents who had completed senior secondary school, or college (graduation and beyond) expressed negative attitudes significantly more than those whose terminal education was up till secondary school or lower (Supplementary Figure 2). Views towards wildlife also differed among respondents with varying land-holdings; respondents with larger land holdings expressed positive views towards wildlife more than those with smaller land holdings (Figure 4). These observations or differences were also statistically validated (Supplementary Tables 3, 5–8).




DISCUSSION

The importance of multi-use landscapes, as wildlife habitat and for connectivity, is increasingly being recognised. Such landscapes are used by carnivores to different extents and in different ways, and carnivores have behaviourally adapted to occurring in human-land use types to varying levels (Chapron et al., 2014; Majgaonkar et al., 2019). Our findings about heterogenous occurrences of four large carnivores and associated actors in this multi-use landscape both provide several new insights to guide connectivity planning, and raise some questions for future research to identify strategies to sustain wildlife in this landscape, while also building community support for conservation.

First, low probabilities of occurrence of tigers and sloth bears in much of the study area, especially at greater distances from Ranthambore TR, suggests that these species don't use the study area extensively as habitat, but may still use it for dispersal. In contrast, extensive striped hyena occurrence indicates that the species uses the area as habitat, and is likely a corridor dweller, given that areas with scrub and agriculture provide suitable habitats. While leopard occurrence was more widespread than sloth bears and tigers, it was largely associated with forest tracts, with only low occurrence probability in agricultural areas, which is the dominant land-use. Figure 5 shows how the variability of space use between these four large carnivores maps out across these multi-use corridors. These results suggest the need for at least two overlapping conservation strategies. For corridor dwellers, like the striped hyena, conservation value of non-protected areas and small scrub patches that provide refuge and prevent persecution is high, despite being embedded in a human-modified surrounding. Such species often have more-or-less continuous distribution and breeding populations within the areas identified as movement corridors for larger species, like the tiger. Given that tiger use of the corridor may be more infrequent, it is crucial that conservation efforts focus on keeping the corridor functional for their dispersal to nearby habitat patches in north-west India. This is imperative for the recovery of this isolated tiger sub-population. So long as land use types that are permeable to movement (including) agriculture are maintained, the priority may be to influence the design and location of infrastructure projects, mines, and urban development, to ensure that impediments like major highways do not severely erode connectivity (Thatte et al., 2020).


[image: Figure 5]
FIGURE 5. Estimated probabilities of habitat-use/occupancy for all four focal species. Striped hyenas are widespread across the landscape, followed by leopards, sloth bears, and tigers. Leopards are largely concentrated around the forest edges and sparse across most of the landscape whereas sloth bears and tigers are restricted to the edges of the forest areas and are negligibly present across the landscape.


Second, recent evidence from North India (Warrier et al., 2020) and Central India (Sarkar et al., 2021) suggest that tigers may spend extended periods of time in multi-use corridors. Yet, this appears not to be the case in our study area in Western India. How has this come to be? Our finding that carnivore use is largely being restricted to the areas around Ranthambore, especially for tigers and sloth bears, suggests that the matrix may be hostile for these species (Ranganathan et al., 2008). This could be an outcome of several factors in combination. Numerous studies have demonstrated that the spatial distribution of predators is primarily affected by the spatial distribution of their wild prey (Carter et al., 2019). For instance, prey densities are the key determinant for tiger presence across a 38,000 km2 landscape in Southern India (Karanth et al., 2011). However, in this study landscape, the presence of wild prey did not determine the habitat-use of leopards, tigers, and striped hyenas. Since wild prey have a limited distribution across the agricultural matrix, relative to protected areas and reserve forests (for example Ranthambore and Sheopur), they may support dispersing animals, but are likely too sparsely distributed for tigers to include large agricultural tracts in their territories. Domestic animals that are preyed on by tigers and other carnivores may also be an attractant, especially closer to forest edges. Prey distribution may be sparse both because cover may be sparse for many months of the year, and because wild ungulates may be hunted outside protected areas. Further, the availability of forest cover is crucial for carnivores, particularly ambush predators like tiger and leopard, and for concealment against anthropogenic risks especially in multi-use landscapes. While there are extensive tracts of scrub habitats in the ravines along the Chambal and smaller patches embedded elsewhere, it appears that these patches may be too disturbed or too small to provide refuges for large carnivores, other than hyenas. Alternately, wildlife in these areas may be especially vulnerable to poaching. This contrasts with other regions, where leopards can be found at densities as high as 4.8/100 km2 in agro-ecosystems (Athreya et al., 2013), and their presence is strongly associated with irrigated crop fields and high livestock densities (Majgaonkar et al., 2019; Warrier et al., 2020). The crops of arid Rajasthan and western Madhya Pradesh do not provide the same cover as sugarcane plantations elsewhere in India.

Resource availability and cover played out differently for sloth bears and hyenas, with the former showing a positive relationship with fruiting trees, ants and termites within its forest habitats, and the latter being widely distributed. The hyena's relative success in this multi-use landscape may be attributed, at least in part, to ubiquitously high livestock densities, which provide ample opportunity for scavenging (Majgaonkar et al., 2019). Our analysis did not yield hyena occurrence to be strongly associated with livestock presence. However, several cattle carcass disposal are distributed across the landscape, which we did not document and hyenas are known to routinely visit these, an aspect that needs further investigation. Striped hyenas are not a forest dwelling species but still showed higher occurrence probabilities near Ranthanmbore's boundaries. This may be because more secure den sites are to be found within the rugged slopes of the reserve, than in agricultural fields or the ravines, which are more disturbed. Hyenas are also known to den in agricultural fields in this landscape, but it is unknown if they are able to successfully rear pups in disturbed areas. By increasing habitat diversity and food resources, low-density urbanisation may benefit some species, while being permeable for travelling and foraging (Riley et al., 2010). However, anthropogenic disturbance within these urban and peri-urban areas can reduce habitat quality and suitability (Hansen et al., 2005; McKinney, 2008).

Third, observed patterns of carnivore occurrence in the landscape are also a reflection of their populations within the region's protected areas. Ranthambore remains the sole source population of tigers in this landscape. Reddy et al. (2012) indicated tiger movement between Ranthambore, Kuno and Madhav National Parks, as well as in the opposite direction, indicating that these areas contained source populations that have been extirpated in the recent past. Evidence of this is seen in the low occurrence probabilities of tigers around the Kuno-Sheopur forest block, even as probabilities were higher around Ranthambore Tiger Reserve. The same may apply for sloth bears and leopards, though specific data is lacking. A more detailed study on the population ecology of sloth bears, leopards and hyenas in this region would be extremely useful in this regard.

The realised population sizes and long-term persistence of large carnivores in protected areas within human dominated landscapes may intrinsically be linked to the hostility of the surrounding matrix (Ranganathan et al., 2008; Chapron et al., 2014). While communities in the matrix could threaten the survival of carnivores through direct hunting pressure within protected areas, risks to animals outside protected area boundaries and within may also play a critical role in the survival and recovery of metapopulations. Our attitudes assessment suggests predominantly negative attitudes towards both large carnivores and wild ungulates in this landscape. Such attitudes can engender hostility towards wildlife (Dickman and Hazzah, 2016), but we do not have specific evidence to link it to poaching or other forms of retaliation, which are usually silent crimes. Given the high level of reliance on rain-fed and subsistence agriculture and small livestock holdings, such attitudes may stem from the loss of crops and livestock, with limited or no mitigation. Although this is only a preliminary analysis, it suggests that in addition to habitat suitability and ecological resistance for wildlife presence and movement, social resistance may also have played a role in the species fortunes within the matrix and may determine future conservation outcomes. Our results indicate that increased literacy, which potentially shifts people away from agriculture and animal rearing towards other occupations – may potentially engender more positive attitudes (Holmern et al., 2007; Karanth and Nepal, 2012; Karanth et al., 2019). Thus, interventions that aim to raise literacy levels among local communities both through the formal education process and sustained awareness campaigns could help engender more positive attitudes towards wildlife. Such activities, though important, are unlikely to yield conservation dividends in themselves unless root causes of unfavourable attitudes towards wildlife are thoroughly assessed and systematically addressed, for example, through well-functioning crop and livestock compensation and insurance programs.



DIRECTIONS FOR FUTURE RESEARCH

Even as our study advances knowledge of wildlife use of a significant and understudied corridor and some attributes of communities in the region, it has several limitations which can guide the design of future research. First, a single season study only provides a snapshot of wildlife use of the area, which may be dynamic, following cropping cycles (e.g., Warrier et al., 2020). A longer-term dataset is also a priority given significant land use change—primarily through agricultural expansion, sand mining and ravine flattening in critical portions of the corridor (Ranganathan, 2017). Future studies can provide specific spatially explicit guidance. Second the use of other sampling methods in addition to sign surveys—for example camera traps and genetic analysis of scat—would potentially have added data and strengthened inference from the occupancy models, and potentially also cast more light on the origin, movement, and numbers of individually marked animals within the study area (tigers, leopards, and hyenas). These methods would also provide reliable information on other species of conservation importance in the corridor including caracals (Caracal caracal), wolves (Canis lupus) and various small cats like the rusty-spotted cat (Prionailurus rubiginosus) and Asiatic Wild Cat (Felis silvestris ornata). Future socio-ecological studies could further investigate the interface and relationships between human-wildlife conflict and wildlife occurrence and tolerance (e.g., Warrier et al., 2021). Additionally, more open-ended interviews, focal group discussions and qualitative data analysis could further illuminate the factors underlying tolerance and cohabitation (Ogra, 2009; Austin et al., 2010). Furthermore, information on compensation, including the status of current claims and an assessment of the efficiency of compensation payment mechanisms is also important.

The state of Rajasthan does not currently have a policy for crop compensation and property damage (Karanth and Kudalkar, 2017). Continued economic losses to wildlife have been seen to drive people to engage in retaliatory killing in some areas (Holmern et al., 2007). There also appears to be a lack of understanding or assessment of crop damage by the forest administration in Rajasthan. Economic losses to wildlife may be a major driving factor of the locals' negative attitudes towards wildlife in this multi-use landscape. Effective assessments of crop damage and compensation mechanisms for damage by wildlife may go a long way towards quelling negative attitudes towards wildlife, and promote greater tolerance, and in turn allow wildlife conservation to receive a higher priority in these multi-use areas.

A diverse array of unique and threatened wildlife cohabits with people with a litany of social problems including poverty, low education levels and gender inequality. This makes setting aside resources for wildlife preservation in this region, an extremely challenging proposition, similar to much of the developing world. However, prioritising development at the expense of natural habitats and the wildlife they harbour not only imperils wildlife but also compromises the ecosystem services that local people also depend on. Therefore, prioritising natural habitat conservation across multi-use habitats is imperative, to facilitate wildlife conservation alongside socio-economic development, and co-existence in healthy ecosystems.
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