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The Trans-Himalayan landscape is an extreme cold desert with limited diversity and a low density of wild prey. The landscape has three widespread carnivores—the wolf Canis lupus chanco, snow leopard Panthera uncia, and red fox Vulpes vulpes—competing for similar prey. We studied predation patterns, dietary competition, and niche segregation of three sympatric carnivores in the Indian Trans-Himalayas. The Himalayan or wooly wolf is one of the oldest lineages and has adapted to extreme cold. We further studied the prey selection of the wolf in the high-altitude environment. We collected 1,600 carnivore scats (wolf = 542, snow leopard = 31, and red fox = 1,027), and additional data on 573 snow leopard scats from literature was used in the analyses. We found that livestock was a major contributor to the wolf (56.46%) and snow leopard diet (30.01%). The wolf consumed blue sheep (8.26%) and ibex (3.13%), whereas the snow leopard subsisted on blue sheep (30.79%) and ibex (17.15%), relatively more frequently. The red fox preyed upon small species like pika and marmots (18.85 %); however, livestock carrions (16.49%), fruits and seeds (15.05%), and human-derived material (11.89%) were also consumed frequently. The dietary niche of three carnivore species highly overlapped (Pianka's index = 0.503, simulated mean = 0.419, p = 0.15) due to livestock. The carnivores segregated their diet in prey items originating from the wild. We tested a relationship between carnivore diet variations and prey/predator functional traits using RLQ ordination. Predator morphology traits like body size, weight, and habitat preference significantly affected the prey selection (p < 0.05). The wolf and snow leopard avoided the competition through habitat selection, while the red fox coexisted by exploiting a broader niche. The wolf showed site-specific variation in prey preferences albeit no prey selection at the landscape level (G2 = 6.79, df = 12, p = 0.87). The wolf preferred wild prey over domestic species at the wild prey rich site. The carnivores in this pastoralist landscape have adapted to exploit livestock resources despite facing persecution. Therefore, managing livestock and simultaneously restoring wild prey is crucial for the conservation of the carnivore guild in the Trans-Himalayan ecosystem.

Keywords: diet competition, himalayan wolf, Ladakh, prey selection, RLQ ordination


INTRODUCTION

Predation and competition are key interactions that contribute to shaping the carnivore community, their distribution, and in turn the ecology of the region (Chase et al., 2002; Caro and Stoner, 2003; Andheria et al., 2007). The species with similar resource requirements have a high niche overlap (Chase and Leibold, 2003), and negative interactions could lead to competitive exclusion (Hardin, 1960). Therefore, co-occurring carnivore species are expected to have evolved morphological and behavioral adaptations to reduce risks of intraguild competition (Schoener, 1982; Hunter and Caro, 2008). Competitive interactions among the carnivores can result in top carnivores limiting the populations of subordinate carnivores (Creel and Creel, 1996; Donadio and Buskirk, 2006; Bhandari et al., 2021), feeding interference (Linnell and Strand, 2000), or even intraguild predation (Creel and Creel, 1996; Holt and Polis, 1997). Specializing on different food resources is an effective strategy to reduce the predation competition in coexisting carnivores over a long evolutionary time (Connell, 1980; Jones and Barmuta, 1998).

The Trans-Himalayan landscape is roughly demarcated as the northern watershed of the Brahmaputra and the upper Indus rivers spread between the Himalayan mountain range in south and the Bangong-Nujiang Suture zone in north (Sven Hedin's “Trans-Himalaya”, 1910). It is an extreme cold desert with limited diversity and a low density of wild prey species (Namgail, 2009; Mishra et al., 2016). Two large carnivores- the gray wolf Canis lupus and snow leopard Panthera uncia- coexist in the Trans-Himalayan landscape of India, Pakistan, Nepal, and Tibet (Jackson and Wangchuk, 2000; Namgail et al., 2007; Bocci et al., 2017; Chetri et al., 2020). The two predators compete for the same prey base across their distribution from Central Asia to the Himalayas (Jumabay-Uulu et al., 2014; Lyngdoh et al., 2014, 2020; Chetri et al., 2020). However, the mechanism that allows their coexistence despite the consumption of similar prey species remains unclear. The Trans-Himalayan landscape in India also harbors small populations of large and meso-carnivore species such as brown bear Ursus arctos, dhole Cuon alpinus, Eurasian lynx Lynx lynx, beech marten Martes foina, and Tibetan fox Vulpes ferrilata in limited areas (Chundawat and Qureshi, 1999; Pfister, 2004). However, the red fox Vulpes vulpes is another generalist small carnivore species found throughout the landscape and lives as a subordinate predator (Pfister, 2004; Reshamwala et al., 2018). Hence, the wolf, snow leopard, and red fox form the most widespread carnivore guild of the Trans-Himalayan landscape in India.

The body size of predators influences the community structure and resource sharing between species (Simberloff and Dayan, 1991; Hayward et al., 2006; Gómez-Ortiz et al., 2015; Monterroso et al., 2020). While large predators could push away the small predators from the best resources (Linnell and Strand, 2000), they could also provide an additional resource through carrion provisioning (Sivy et al., 2018; Ferretti et al., 2021). Therefore, we hypothesized that the red fox shifts its diet as a subordinate predator to avoid competition with the wolf and snow leopard while exploiting the carrion resource. We further postulated that the two large-bodied carnivores—snow leopard and the wolf—have evolved a behavioral or physical niche separation mechanism to allow coexistence. The primary research objective of this study was to investigate the niche breadth, dietary overlap, and strategies of food resource partitioning among three carnivore species of the Trans-Himalayan landscape in India.

The wolves in the high-altitude ecosystem of the Himalayas and the Tibetan Plateau are an ancient lineage that evolved in isolation from other wolves (Sharma et al., 2004). This sub-species of wolves, C. l. chanco—often termed the Himalayan wolf, Tibetan wolf, or Woolly wolf—has evolved a genetic adaptation to cope with the cold and hypoxic environment (Werhahn et al., 2018; Wang et al., 2020). The wolves of the Trans-Himalayan landscape generate special interest because of their unique evolutionary history. The gray wolf occupies a wide range of habitats, including open scrublands, grasslands, deserts, boreal forests, high arctic, and mountains across the northern hemisphere (Mech and Boitani, 2003; Busch, 2018). As a top predator, their prey selection in different habitats has had a transformative effect on local ecosystems through a trophic cascade (Ripple and Beschta, 2005; Wikenros, 2011; Ripple et al., 2015, but see also MacNulty et al., 2016). Wolves in different habitats have varying prey species, and they adapt their dietary spectrum accordingly (Mech and Boitani, 2003; Newsome et al., 2016). Studying the prey selection of the unique wolf lineage, the Himalayan wolf, is important to understand its dietary adaptations in the Trans-Himalayas. Even though the Trans-Himalaya is often described as a homogenous landscape (Singh et al., 2010), topographical and climatic variations within the landscape change the composition of prey assemblages (Namgail, 2009). Further, interferences from human societies through livestock availability and retaliatory persecution could also impact the feeding behavior of the wolves living in human landscapes (Meriggi and Lovari, 1996; Newsome et al., 2016). Therefore, we expected geographic variations in the prey choices of the wolf within the Trans-Himalayan landscape of India. Understanding the geographic pattern in prey choices of these high-altitude wolves was the second objective of this study.



MATERIALS AND METHODS


Study Area

The Trans-Himalayan landscape forms the northernmost part of India, spanning over 186,000 km2 area along the International border with China and Nepal. The largest area of the Trans-Himalayas falls in the Ladakh Union Territory of India. The landscape also expands to south of Ladakh into the Spiti valley, Himachal Pradesh. This study covered Ladakh and Spiti regions (31.5–35.2° N, 76–79° E) (Figure 1). The Trans-Himalayas have dry land of rugged mountains and open plains where the elevation ranges from 2,800 m in the valleys to 7,000 m high peaks. The mean annual precipitation rarely crosses 100 mm, and mainly occurs in the form of snow during the winter season. The temperature ranges from −30°C in winter to 35°C in summer (Namgail et al., 2009). Although sparse, the vegetation in Ladakh is a combination of steppe vegetation and shrubland (Rawat and Adhikari, 2005). The alpine meadows are dominated by Kobresia spp., Carex spp., Potentilla spp. and Nepeta spp., and shrublands are dominated by Hippophae spp., Salix spp. and Myricaria spp. (Kachroo et al., 1977). Eight species of ungulates provide the main source of wild prey- blue sheep or bharal Pseudois nayaur, Asiatic ibex Capra ibex sibirica, Ladakh urial Ovis vignei vignei, Tibetan argali Ovis ammon hodgsoni, Kiang Equus kiang, Tibetan gazelle Procapra picticaudata, Tibetan antelope Pantholops hodgsoni, and wild yak Bos mutus (Fox et al., 1991; Chundawat and Qureshi, 1999). The Ladakh region is one of the least populated areas with a human density of 4.9 individuals/km2 (Chandramouli, 2013). Most people are agro-pastoralists and can be classified into nomadic, semi-nomadic, and settled villagers. Livestock grazing and associated use of rangelands is widespread across the Trans-Himalayan landscape and has played an important role in the ecological history of the region (Mishra et al., 2001; Bagchi et al., 2004).
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FIGURE 1. Geographic distribution of the scats of three carnivore species collected from the Trans-Himalayan landscape of Ladakh and Spiti valley, India. The study area was divided into four sub-regions- (A) Western Ladakh, which includes Hemis National Park, Zanskar and Kargil, (B) Nubra-Shyok Wildlife Sanctuary, (C) Changthang Wildlife Sanctuary, and (D) Spiti valley, Himachal Pradesh.


There are three major high-altitude protected areas in Ladakh- Hemis National Park, Changthang Wildlife Sanctuary (WLS), and Karakoram (Nubra-Shyok) WLS. The protected areas in this landscape are typically large and vary in their topography, vegetation, and species assemblages (Chundawat and Qureshi, 1999; Namgail, 2009). We divided the study area into four sub-regions based on geographical features, wild prey species, and the variations of agro-pastoralist systems to understand geographic variations in prey choices of the wolf. The western Ladakh, including Hemis national park, is comparatively rugged with steep slopes of the Zanskar mountain range where blue sheep and Ladakh urial are sighted commonly (Figure 1A). Nubra-Shyok WLS, the northern Ladakh, is part of the Karakoram mountain range where river valleys form a typical desert system and glaciers cover a significant portion (Figure 1B). Most people in Nubra-Shyok WLS are settled villagers, and wild prey here includes mainly blue sheep and the Asiatic ibex. Changthang WLS forms the easternmost region characterized by rolling plains, higher prey diversity (six out of eight ungulates), and nomadic pastoralism (Figure 1C). The Spiti valley in Himachal Pradesh is a narrow river valley adjoining high elevation peaks in the south and Changthang plains in the north (Figure 1D). The agro-pastoralist community is settled in the villages; however, seasonal pastoralists migrate to the grasslands of the valley from the south during summer. Kibber WLS and Pin valley national park are two main protected areas in the Spiti valley where blue sheep and Asiatic ibex are common prey species.



Data Collection

Various field excursions were made to collect the scat samples of the targeted species from 2014 to 2018 in the Ladakh and Spiti regions of the north-western Trans-Himalayan landscape in India. The scats were collected throughout the year, covering the winter (November to April) and summer (May to October) seasons. We collected a total of 1,600 scats of the three carnivore species, which included 542 scats of the Himalayan wolf (winter- 43.36%, summer- 56.64%), 31 scats of snow leopard (winter- 67.74%, summer- 32.26%) and 1,027 scats of red fox (winter- 58.03%, summer- 41.97%) (Figure 1). Scats were searched and picked on naturally occurring trails and other conspicuous sites such as den and rendezvous sites. The trails were not repeated in order to maximize the effort. If more than one scat was present at the site, a single fresh scat was collected from the site. Scats of the carnivores were identified and distinguished in the field based on shape, size, odor, and quantity typical to that of the relative species, following a standard protocol (Vanak and Mukherjee, 2008; Reshamwala et al., 2018). A conservative, multi-criteria approach to differentiate wolf scats from those of other canids was used by Ciucci et al. (1996). Since the field samples of snow leopard scats were limited, we augmented data from published studies on the snow leopard diet in the study area (Lyngdoh et al., 2014) for comparative analyses. Information on a total of 573 additional scats of snow leopard was obtained from three studies-−95 scats from Spiti valley in winter (Bagchi and Mishra, 2006), 217 scats from Spiti valley in summer and 45 scats in winter, 43 scats from Ladakh in summer (Suryawanshi et al., 2017), and 173 scats from Hemis national park, Ladakh collected throughout the year (Chundawat and Rawat, 1994).



Laboratory Analyses

Scat analysis is an indirect and non-invasive technique for recording the frequency of occurrence of prey in the diet of mammalian carnivores; hence it is used widely (Floyd et al., 1978; Shahi, 1982; Jhala, 1993; Mukherjee et al., 1994; Habib, 2007; Reshamwala et al., 2018). Scats were tagged with species, date, GPS location, and condition as recent or old at the time of collection and preserved for lab analysis. The standard method of lab analysis of undigested food content in the carnivore scats was followed to identify the prey species and other food (Mukherjee et al., 1994; Bagchi et al., 2003). Scats were washed in running water through a fine sieve of BSS 120 having a pore aperture width of 125 μm so that the digested material could pass through the sieve. Indigestible items including hair, feathers, bones, claws, teeth, chitin remnants of insects, plant material, and human-derived materials (HDM) such as cloth, paper, plastic, and rubber, including poultry waste, were recorded and collected for further identification if required. Dried mammalian hair samples were treated with xylene and alcohol solution and then examined under a microscope to identify prey consumed by medullary hair patterns (Bahuguna et al., 2010). The relative frequency of occurrence of prey items was used for further statistical analyses (Hayward and Kerley, 2005; Lyngdoh et al., 2014). DNA-based verification using the 148-bp region of the mitochondrial Cytochrome-b gene was performed for 118 scats to estimate the errors in field-based identification of the scats (Details in Supplement-A).



Statistical Analyses

The statistical analyses were performed in the open-source program R version 3.6.3 (R Core Team, 2020). Relative biomass consumption of different prey items by the wolf was calculated using an allometric relationship developed by Chakrabarti et al. (2016):
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The dietary niche breadth was calculated using Levins' measure (Levins, 1968). The niche overlap among three carnivores was calculated using Pianka's index (Pianka, 1974). We tested if the observed niche overlap was significantly different from the overlap under the null hypothesis, which expects that the carnivores consumed the prey species independent of one another. We used “ra3” randomization algorithm, a conservative approach retaining the species' niche breadth, with 10,000 repeats to test the diet niche overlap in “EcoSimR” package version 0.1.0 (Winemiller and Pianka, 1990; Gotelli and Ulrich, 2012; Gotelli et al., 2015). A hypothesis for diet variations in carnivore species arising from their functional traits was tested using the trait-based RLQ ordination method (Spitz et al., 2014). This three-table ordination method was originally developed to test the relationship of species traits with environmental features (Ter Braak et al., 2012). The method has been used to study the dietary relationships among marine predators and prey species, multi-scale niche study of waterbirds, and dietary analysis of bats (Ridoux, 1994; Scharf et al., 2000; Henry and Cumming, 2017; Arrizabalaga-Escudero et al., 2019). Three lists of (1) predator traits (R list), (2) matrix of prey-predator dietary interactions (L list), and (3) prey traits (Q list) were prepared. Predator and prey trait lists (R and Q lists) are provided in Table 1. The RLQ analyses were performed in the “ade4” package (Dray and Dufour, 2007), following the methods recommended by Dray and Legendre (2008) and Spitz et al. (2014).


Table 1. Predator and prey traits used for RLQ analysis of the trait-based dietary relationship among carnivores in the Trans-Himalayan landscape, India.
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Jacobs' selectivity index was used to determine the prey selectivity of the wolf using the formula:

[image: image]

where, ri is the proportion of species i among all the prey species consumed at a site and pi is the proportion of species i in the available prey community (Jacobs, 1974). We calculated prey selectivity separately at four geographic sub-regions of the landscape to understand site-specific differences in the diet of the wolf. The landscape was gridded into 10 × 10 km2 cells to remove the biases arising from unequal sampling among the regions. Only ten wolf scats per grid were selected randomly for the preference analysis. Literature references were used for the availability of the wild prey species found in the landscape (Namgail, 2009; Lyngdoh et al., 2014; Shrotriya et al., 2015; Suryawanshi et al., 2017; Habib et al., 2021). Livestock availability data were obtained from the Department of Animal Husbandry, Leh (Supplement-B). The log-likelihood test ratio was computed to test the differences in prey preference of the wolf across four sub-regions of the landscape (Karanth and Sunquist, 2000).




RESULTS


Dietary Pattern of the Carnivores

Livestock (cattle, yak, goat, sheep, horse, and donkey) was a major contributor to the wolf diet in the landscape (56.46%) (Table 2). The wolf consumed blue sheep (8.26%) and ibex (3.13%) among the wild ungulates. The small prey items such as pika (13.54%) and marmot (6.99%) were quite frequently represented in the wolf diet. Compared to the wolf, livestock contribution in the snow leopard diet was low (30.01%) (Table 2). Blue sheep (30.79%) was the major contributor to the snow leopard diet, followed by ibex (17.15%). Plant items were reported quite frequently in the data obtained from Chundawat and Rawat (1994). Small prey items such as pika (15.66%) and marmots (3.19%) were often present in the red fox diet (Table 2). However, the fox also frequently consumed livestock (16.49%), fruits and seeds (15.05%), and other human-derived materials along with poultry (11.89%).


Table 2. Relative frequency of occurrence (%) of different prey and food categories in the diet of three carnivores (Himalayan wolf- 542 scats, red fox- 970, snow leopard- 606) and their niche breadth.
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Only a portion of the scats collected (n = 118) could be verified by DNA-based identification. The misclassification error for the wolf scats was 5.15%, while none of the sampled scats of snow leopard could be verified (Supplement-A).



Dietary Niche Competition

Although the dietary range of all the three carnivores varied in contribution from each food item, we did not find a significant diet niche separation among the three carnivores (Pianka's mean observed index = 0.503, randomized simulated mean index = 0.419, p = 0.15). Most food items were consumed by all three carnivore species, varying only in the contribution of each item (Figure 2, Table 2). Livestock consumption, either by hunting directly or utilizing it through scavenging, was the major source of the niche overlap. Ordination based on RLQ analysis revealed that the consumption of large body-sized prey species such as ibex, argali, kiang, yak, and the horse was associated with the wolf and snow leopard, while small prey such as pika, marmot, hare, birds, and insects grouped with the red fox (Figure 3). However, the body size of the prey species could not clearly differentiate between the diet of the wolf and snow leopard. No evidence was found for the effect of prey traits on dietary relationships. Predator morphology traits such as body size and body weight, and habitat preference in relation to human presence significantly affected the variation in prey selection (p < 0.05) (Figure 3).
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FIGURE 2. Comparative dietary niche of the red fox, snow leopard and the wolf (Pianka's mean observed index = 0.503 simulated mean = 0.419; p = 0.15). Larger circles represent relatively higher utilization of the food item. For example, the snow leopard consumed blue sheep more than the red fox and wolf. Further, goat and sheep were consumed more, while ibex was consumed less than the simulated utilization.
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FIGURE 3. RLQ ordination of the predator (A) and prey raw scores (B) along the first two axes. The ordination is based on the canonical weights of predator (C) and prey (D) traits and their dietary relationships. None of the prey traits influenced the dietary choices. However, predator traits of body size, body mass and habitat preference significantly influenced the dietary relationship of the three carnivores. The traits marked in red are significant at p < 0.05, while the traits marked in blue are significant at p < 0.1 (Refer to the trait codes in Table 1).




Prey Preference Pattern of the Wolf

The biomass correction in the diet of the wolf followed the pattern obtained from the frequency of occurrence for most of the food items. However, over-representation of the small prey items such as pika and marmot was corrected when accounted for biomass consumption (Figure 4). While pika (4.37%) and marmot (4.72%) provided less biomass to the wolf, large prey items contributed more biomass than represented by the frequency of occurrence; for example, blue sheep contributed 10.01% biomass. A log-likelihood test ratio for prey preferences of the Himalayan wolf showed that statistically significant preferences for prey items did not exist at the landscape level (G2 = 6.79, df = 12, p = 0.871). However, the dietary preferences of the wolf varied across all four sub-regions of the landscape (Figure 5). Wild ungulates such as argali, blue sheep, ibex, and urial were often consumed more than the availability, and small prey items such as pika, marmot, and hare frequently showed a negative selection. Preferences for the livestock varied across the landscape. The livestock species were preferred in the Nubra-Shyok WLS, Spiti valley, and the western Ladakh region. However, the preference for livestock decreased in eastern Ladakh, where Changthang WLS exists (Figure 5). It is to be noted that Changthang also holds the highest overall wild prey diversity and density.


[image: Figure 4]
FIGURE 4. Contribution of different diet categories in the diet of wolf in the Trans-Himalayan landscape, India. Biomass provides a better representation than the frequency of occurrences for small prey items such as pika and marmot.
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FIGURE 5. Jacob's index values for prey items of the wolf in different sub-regions of the Trans-Himalayan landscape in India. (A) Western Ladakh, including Hemis National Park, Zanskar and Kargil, (B) Nubra-Shyok Wildlife Sanctuary, (C) Changthang Wildlife Sanctuary, and (D) Spiti valley, Himachal Pradesh. Positive values indicate relatively higher consumption than the availability, and negative values indicate vice versa.





DISCUSSION

Intraguild diet competition among carnivores depends on their evolutionary history together and the availability of the resources (Connell, 1980; Chase and Leibold, 2003; Hunter and Caro, 2008). Three carnivore species of the Trans-Himalayan landscape in India—the wolf, snow leopard, and red fox—exhibited a very high overlap of the food items in this study. Out of 17 food categories, only insects and human-derived material were absent from the diet of snow leopard and the wolf (Figure 2 and Table 2). Kiang was absent from the snow leopard diet, and Tibetan argali was absent from the red fox diet. Kiang is distributed throughout eastern Ladakh, while argali is found in a few small pockets in Changthang WLS (Namgail, 2009). We found the body size and body mass to be the most influential predator traits determining the intraguild feeding relationship of the carnivores in this landscape (Figure 3). Body size differences of predators are key drivers of their dietary choices, as it influences the ability of carnivores to hunt different prey species and restrict the mesopredators to small prey (Simberloff and Dayan, 1991; Monterroso et al., 2020). In this study, the red fox was a small body-sized mesopredator species, resulting in its diet of small animals. The generalist and opportunistic habits of small-sized carnivores allow exploiting a wide range of prey and favor their coexistence with top carnivores (Jaksic et al., 1996; Gómez-Ortiz et al., 2015). Red fox also had the widest niche breadth (B = 8.946), including insects, various fruits and seeds, and human-derived materials. Red foxes in this landscape have adapted to utilize garbage from human sources, increasing their densities around the human settlements (Reshamwala et al., 2018). Apricots formed a large chunk of their fruit consumption in western Ladakh, while wild berries were frequently consumed in Nubra-Shyok WLS. The presence of livestock and large wild prey species in the red fox diet resulted in its dietary overlap with the wolf and snow leopard (Figure 2). However, the large prey could be originated from the secondary consumption of the carrions originally hunted by the top predators or died naturally (Ghoshal et al., 2016; Reshamwala et al., 2018; Ferretti et al., 2021).

Despite the similar niche breadth, the wolf (B = 5.974) and snow leopard (B = 5.772) showed prey-specific variations in consumption rates. For example, Asiatic ibex and blue sheep were consumed by snow leopard more frequently compared to the wolf. The wolf in the mountain landscape is often associated with the valleys and flat areas (Paquet et al., 1996; Habib et al., 2021), while the snow leopard selects high ruggedness areas with cliffs and steep slopes (Watts et al., 2019). Their habitat preferences also relate to their hunting strategies. The snow leopard often hunts individually by ambush method, while wolves are pack hunters using chase down method. Valley flats in the mountain regions are also the areas preferred by humans for settling; hence closeness to human settlement significantly affected the predation choices in our analysis (Figure 3). The human settlements are also associated with the presence of livestock, which was a common prey resource for all three carnivores. Habitat characteristics played a role in the prey preferences of snow leopard and the wolf in other parts of the Himalayas as well (Sharma et al., 2007; Chetri et al., 2017).

Except for a few recent and site-specific studies (e.g., Bocci et al., 2017; Chetri et al., 2017; Ud Din et al., 2017; Jamtsho and Katel, 2019; Werhahn et al., 2019; Lyngdoh et al., 2020), the diets and feeding behavior of the wolves of the Himalayan landscape are understudied. Newsome et al. (2016) reviewed the diet of all the gray wolves of the world using 177 studies. The representation from Asia was limited to only 15 studies, and no study from the Himalayan region was included in the review. Later, Lyngdoh et al. (2020) specifically reviewed 22 studies on the dietary pattern of the Himalayan wolf in central and southeast Asia. Lyngdoh et al. (2020) found that livestock consumption (54.92%) was widespread in the Himalayan wolf diet across the mountain areas of Asia. A total of 39 prey species were recorded in the wolf diet with highly localized selection for rare species such as Przewalski's horse Equus ferus przewalskii. Our data suggest a similar pattern with a high livestock consumption (56.46%) in the Trans-Himalayan landscape of India. Tibetan argali is a rare and localized wild ungulate species in Changthang WLS, which had the highest predation selection ratio by the wolf (Jackob's index = 0.98). This information is potentially valuable for the conservation of argali, which is one of the most threatened ungulate species in Ladakh with an estimated population of 300–360 individuals only (Namgail et al., 2009). Wolf predation was considered one of the major threats to the conservation of endangered Przewalski's gazelle Procapra przewalskii in Qinghai, China (Liu and Jiang, 2003).

Predation by the wolf is a hierarchical selection process (McPhee et al., 2012). They usually consume medium-size prey (Kunkel and Pletscher, 2001), but specialization for hunting the large prey is also reported commonly (Ripple et al., 2001; Feldhamer et al., 2003; Ripple and Beschta, 2012). Several studies from the European region found that wolves hunted on medium-sized prey comparatively more than the large prey such as European bison Bison bonasus, and moose Alces alces (Nowak et al., 2011; Wagner et al., 2012). Our results align with these studies as the wolves in the Trans-Himalayas consumed medium-sized prey such as argali, ibex, blue sheep, goat, and sheep more than large-sized prey such as kiang, yak, horse, and donkey (Table 2). However, we also found a considerable presence of small prey items in the wolf diet. During the field surveys, we observed a few instances where individual wolves showed behavioral specialization to hunt small prey such as marmot. The Trans-Himalayan landscape shows extreme weather where prey availabilities might fluctuate with the seasons. In addition, nomadic pastoralism could bring strong seasonal changes in the availability of livestock. Small species in such cases could allow the wolves to switch to locally abundant prey. Newsome et al. (2016) also observed that the Asian studies reported a relatively higher amount of small prey such as rodents than the European studies on the wolf diet.

While the wolf can be considered a diet generalist throughout the landscape (Figure 3), it showed a variation in site-specific preferences (Figure 5). Livestock was highly preferred by the wolf in the western Ladakh and Spiti valley, where wild prey diversity and availability are low compared to other parts of the landscape (Figure 5). In Nubra-Shyok WLS, the wolf showed almost equal preferences for wild and domestic prey. Pastoralist practices are the least common in Nubra-Shyok WLS, and domestic prey availability is the lowest (Supplement-A). Despite prevailing nomadic pastoralism and higher availability of domestic prey in Changthang WLS, prey selectivity was high for wild prey species. Wolves are known to subsist on livestock throughout their distribution range (Mech and Boitani, 2003; Newsome et al., 2016). However, evidence exists that wolves prefer wild prey over domestic prey if the wild prey populations occur at relatively higher densities (Meriggi and Lovari, 1996; Sidorovich et al., 2003; Newsome et al., 2016). The patterns of site-specific preferences in this study reflect the current wolf predation dynamics of the landscape, which could change with the availability of domestic and wild prey in future. Recovery of wild ungulate prey is considered an important measure to reduce the extent of livestock depredation by the wolf (Werhahn et al., 2019). In contrast, Treves et al. (2004) showed that an increase in wild prey availability resulted in an increased presence of wolves, which could intensify the livestock depredation (Newsome et al., 2016). The gray wolf showed both type II and type III responses to wild ungulate prey (Garrott et al., 2007). However, our study suggested that higher livestock presence in Changthang WLS did not increase livestock predation, possibly due to better wild prey availability. The Indian wolf C. l. pallipes, the closest sub-species to the Himalayan or woolly wolf (Sharma et al., 2004; Hennelly et al., 2021), also highly depends on livestock (Shahi, 1982; Kumar and Rahmani, 2000; Jethva and Jhala, 2004; Habib, 2007). The Indian wolf also showed a low livestock consumption when blackbuck Antilope cervicapra was abundantly available (Jhala, 1993).

A high niche overlap in the diets of three widespread carnivore species in the Trans-Himalayan landscape indicates that the sympatric carnivores face intense competition (Hardin, 1960; Schoener, 1982; Chase and Leibold, 2003). The Trans-Himalayan landscape is among the least productive graminoid-dominated ecosystems (Mishra, 2001). As a result, the low diversity and density of the wild prey species in the landscape (Namgail, 2009) could raise predation competition. Our results suggest that the wolf and snow leopard avoided the competition through habitat preference, while the red fox coexisted by expanding its niche. Livestock was a common and abundant resource available in this agro-pastoralist landscape (Mishra et al., 2001), which allowed the diet overlap, facilitating the coexistence of the carnivores. The landscape has a history of pastoralism for at least three millennia (Handa, 1994; Schaller, 1998). Hence the carnivores of the region might have adapted to the presence and availability of livestock and developed strategies to exploit livestock resources despite facing persecution.

A major limitation of this study was the insufficiency of snow leopard scat samples from the field. We augmented the data from literature scattered from 1994 to 2017, which may lack comparative representativeness. Therefore, the snow leopard diet analyses assumed that its diet niche did not change significantly within this time frame. The prey availability estimates of small species such as pika and marmot were older and based on extrapolation of total counts, unlike the estimates of wild prey based on distance sampling. We carried out DNA-based verification of the scats only for a subset of the samples. The field identification of the wolf scats was reliably confirmed, and red fox scats were distinguishable from large carnivore scats based on physical characteristics of shape, size and smell (Reshamwala et al., 2018). The majority of the snow leopard data in this study were from the literature. Based on the field knowledge and the molecular verification, we believe that the misclassification errors were low, randomly distributed and unlikely to alter the observed predation patterns. Although our results carry associated errors, this study helps understand the dietary competition of three widespread carnivores in the Indian Trans Himalayas. Feral dogs have a considerable presence in the landscape and are known to compete with carnivorous wildlife for resources (Ghoshal et al., 2016; Home et al., 2017; Reshamwala et al., 2018). We did not account for the effect of feral dogs on dietary ecology of other carnivores. A possible interference competition of feral dogs with wolves and foxes might be limiting their access to food resources close to human settlements. However, the presence of dogs is clumped, and a fine-scale study on this aspect should be carried out in the future.

Livestock predation by the carnivores and their retaliatory killing is a primary concern for the local economy and conservation in the Trans-Himalayan landscape of India (Bagchi et al., 2004; Suryawanshi et al., 2017). Therefore, managing livestock in relation to wild prey is crucial for the Trans-Himalayan ecosystem. Severe reduction of the livestock could result in population decrease for all the carnivores as well as heighten competition, especially due to depressed wild ungulate populations. Changing practices and modernization is leading to decreased livestock availability in the past few decades (Dollfus, 2012). Therefore, the management should simultaneously focus on wild prey restoration, which is likely to change the preferences of the wolf and other carnivores. In addition, reducing persecution is suggested as a more effective method for restoring large carnivores than restoring their prey (Bleyhl et al., 2021). The snow leopard is a flagship conservation species in the Trans-Himalayan landscape of India. The Himalayan or woolly wolf also needs to be elevated in conservation programs, promoting public acceptance and reducing persecution.
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