

Supplementary Materials and Appendix (Data 1-4_
Supplement 1: Additional study area details re species and habitat characteristics
The physiographic and climatic zones of the study area vary from mid-hills to high mountains and from sub-tropical to alpine (GCA 2022). The GCA region is a catchment for several snow-fed rivers and streams including Tamakoshi, Bhotekoshi, Sunkoshi, Likhu, Khimti, Lapchi, Rolwaling and Sigati khola. These rivers and streams are headwaters, and sources of water for many major hydro-power projects providing international electricity such as upper Tamakoshi with 456 MW capacity.  To date, more than 52 hydro-power projects have been officially documented in GCA, often coined as “green energy”(GCA 2022), although some of them are located in the interior of mountains with deviating waterways that require vast drilling and blasting (FH pers. Com.). Most of these hydropower plants are already under construction or in a feasibility assessment phase (GCA 2022). However, they are known to cause habitat fragmentation and increasing human disturbances in an otherwise remote wilderness area and geology of international spiritual relevance affecting many habitats and thousands of people downstream (see Regmi, Huettmann et al. 2018 for applications). The impacts where the electricity is employed abroad are also not well assessed yet.
[bookmark: _Hlk206768252]The GCA is a biodiversity hotspot for the endemic species which consists of 18 forest types and16 ecosystem types, including 722 plant species, 76 mammal species, 271 bird species, 27 fish species, 29 reptile species, and 12 amphibian species due to its highly divers habitats (GCA 2022). The study area also harbours other apex carnivore species beyond the study species such as Asiatic black bear (Ursus thibetanus) and Himalayan wolf (Canis lupus chanco), a new species distributed in the Nepal Himalayas (Ganga, Lama et al. 2020) which dominate the landscape according to altitudinal gradients (Chetri, Jhala et al. 2016). Other species like red panda (Ailurus fulgens), red fox (Vulpes vulpes), yellow-throated marten (Martes flavigula), clouded leopard (Neofelis nebulosa), pallas’s cat (Otocolobus manul) and siberian weasels (Mustela sibrica) are also found, but not all those species were detected in our survey period. A more complete food web further includes Eurasian eagle owl (Bubo bubo), golden eagle (Aquila chrysaetos), and vultures such as Himalayan griffon (Gyps himalayensis), lammergeier (Gypaetus barbatus), and egyptian vulture (Neophron percnopterus). Commonly encountered large-sized prey species are; Himalayan goral (Naemorhedus goral), Himalayan tahr (Hemitragus jamlahicus), serow (Capricornis sumatraensis thar), and Himalayan musk deer (Moschus leucogaster) (Chetri, Regmi et al. 2022, Chetri, Ale et al. 2023, NTNC 2023, Koju, Buzzard et al. 2024, Pathak, Lamichhane et al. 2024). The food chain length and its set up reflect the importance of ecosystem size and productivity of the study area  (Young, McCauley et al. 2013), the large herbivores could serve as a prey for both leopard species in GCA. Whereas the human farming practices - particularly cattle and yak husbandry - further dominate the landscape (Chapin, Pickett et al. 2011, Baumgartner 2015). In addition, other ecological factors such as seasonality and habitat fragmentation including tourism may  further drive food web cycles (Stotyn, Serrouya et al. 2005, Weitz and Levin 2006).  A specific monitoring based on science is missing and research on prey-predator dynamics is poorly known in GCA, so far to make strong and effective management policy. 
GCA is actually an area with a relatively high human population in Nepal, with about 54,000 residents and wider connections worldwide. The population is composed of diverse ethnic groups such as Tamang, Sherpa, Thami, Newar, Magar, Gurung, Chhetri, Brahman, Sunuwar, Dalit and Surel (NSO 2023). These ethnic groups add to deep and cultural diversity of the regions. Religion plays a central role in shaping local life. Buddhism is the predominant faith, followed by Hinduism, Tibetan Buddhism, Shamanism and Animism. Through these traditions, nature is respected as an integral part of everyday life and often practiced bottom up and as a sustainable landscape culture (Obadia 2008). Within the cultural and spiritual  context the Lapchi and Rolwaling valleys are considered ancient as “hidden valleys” (Beyul) in Tibetan Buddhism associated with the Padma Sambhava sect where wildlife hunting  and slaughter are banded ('no killing zone' Ale, Thapa et al. 2010, Bajracharya, Basnet et al. 2011). Animal husbandry of agropastoral farming is the main occupation of most of the people living in the higher mountainous regions (Baumgartner 2015). Following historical pattens, at higher elevations around 3,000 m asl, rangelands have been used for livestock grazing as a part of transhumance practices (winter/summer; Baumgartner (2015)). During summer months, livestock are taken to alpine pastures in rather high densities, where they have mostly open temporary corrals. In winter, to avoid extreme cold, the livestock are moved to lower elevation in temporary forest shelters. Mostly they rare livestock such as Bos grunniens (domestic yak/demu), Boss spp. (yak-hybrids), Bos taurus sp. (lulu cow), Equus ferus caballus (Horses), Capra hircus (Goat) and Ovis aries (Sheep). The area has a long history of the indigenous people and their sustainable management. (Baumgartner 2015, Chetri, Ale et al. 2024).  Alongside on traditional sustainable livestock husbandry now meeting new pressures from modern development. Lapchi has recently linked with the national road network constructed by the hydro-power projects up to Lumnang, while Rolwaling valley has already undergone a feasibility survey of road by a hydropower company (Madhu Chetri pers. com.). In parallel, many traditional hiking trails have been constructed with stone stairways and concrete altering the historic feature  (Regmi, Huettmann et al. 2018). In the neighbouring Tibetan region, shows that human presence dating back 30,000 to 40,000 years. This evidence suggested that early human beings adapted to life on the challenging plateau long before the raise of Tibetan civilization (Zhang, Ha et al. 2018). Predators, including leopards likely co-evolved alongside these human population.
Setting up landscape governance, two of the Buddhist diffusion waves have been reported in Tibet and Himalayas regions of Nepal during the Reign of the Tibetan Empire, and during Monk’s governances and translator Buddhist cultures from India, Nepal and Central Asia. Associated communities live in Lapchi and Rolwaling valley (Baumgartner 2015). Though the actual origin of the Sherpa is debated, Sherpa culture has been an integral part of Tibetan cultural landscape for more than 800 years. Their deep connection with the Himalayas and Tibetan Buddhism has significantly influenced the region’s cultural and religious practices (Peng 2013). Now, this culture is widely moving from transhumance to new businesses offering porter service for trekking and peak climbing along the Himalayas range (Baumgartner 2015). In recent years, many Sherpas have moved to cities and elsewhere e.g. Norway, U.S.A. Canada, Singapore etc. for seeking better opportunities from the region but remaining “in touch” with their families. In addition, much local labour is provided abroad e.g. Qatar, Dubai, and Malayasia, as a consequence remittance payments play an extraordinarily high role in the region for its landscape setup (Baumgartner 2015, Regmi, Huettmann et al. 2018). To continue and protect their herding cultures in Rolwaling, the Rinpoche of Kapan monastery, Kathmandu bought 108 adult yaks and 11 calves from Khumbu, Everest regions and entrusted them to the care of villagers in 2010 AD. In the beginning the number of yaks increases up to 340 individuals. However, many of these yaks are now left unattended, and as a result about 50-60% of these yaks have been lost due to predation of snow leopard and wolves, more reported after recolonization of wolf in Rolwaling (Key informant: Norbu Sherpa pers. com.). Similarly, some wealthy people who lived in the capital city Kathmandu and elsewhere have either invested in or provided loans to local herders for rearing yak and chauri in GCA stocking high-alpine meadows. This led to an increase in human-wildlife interactions in GCA due to the predations of inexperienced prey provided by humans for financial gain from the outside. 



Supplement 2. Checklist of prey species (As an alternative model assessment variable): Wild prey species (1-13) and domestic prey species (14-19).

	SN
	Scientific name
	Common name
	Taxonomic Serial Number (TSN)
	National Status
	IUCN Status
	Data Source

	1
	Moschus leucogaster
	Himalayan musk deer
	898197
	DD
	EN
	National Red list/IUCN

	2
	Pseudois nayaur
	Bharal/Blue sheep
	625156
	CR
	LC
	National Red list/IUCN

	3
	Capricornis thar
	Himalayan serow
	898235
	DD
	NT
	National Red list/IUCN

	4
	Hemitragus jemlahicus
	Himalayan tahr
	625146
	NT
	NT
	National Red list/IUCN

	5
	Muntiacus vaginalis
	Barking deer
	898562
	VU
	LC
	National Red list/IUCN

	6
	Naemorhedus goral
	Himalayan goral
	625149
	NT
	NT
	National Red list/IUCN

	7
	Sus scrofa
	Wild boar
	180722
	LC
	LC
	National Red list/IUCN

	8
	Marmota himalayana
	Himalayan marmot
	632382
	LC
	LC
	National Red list/IUCN

	9
	Macaca assamensis
	Assamese macaque
	573018
	VU
	NT
	National Red list/IUCN

	10
	Semnopithecus ajax
	Himalayan grey langur
	944264
	DD
	EN
	National Red list/IUCN

	11
	Hystrix brachyura
	Malayan porcupine
	584683
	DD
	LC
	National Red list/IUCN

	12
	Ochotona spp.
	Pika spp.
	625312
	DD
	LC
	National Red list/IUCN

	13
	Mus booduga
	Common Indian field mouse
	585376
	LC
	LC
	National Red list/IUCN

	14
	Bos grunniens
	Yak/demu
	183840
	
	
	GCAMP(2013-2017), Chetri, M. et al (2017), Oli, M.K.(1997)

	15
	Bos spp.
	Cattle-yak hybrid (dzo/ jhopke)
	183840
	
	
	GCAMP(2013-2017), Chetri, M. et al (2017), Oli, M.K.(1997)

	16
	Bos taurus sp.
	Lulu cow (Gai)
	183838
	
	
	GCAMP(2013-2017), Chetri, M. et al (2017), Oli, M.K.(1997)

	17
	Equus ferus caballus
	Horses
	926238
	
	
	GCAMP(2013-2017), Chetri, M. et al (2017), Oli, M.K.(1997)

	18
	Capra hircus
	Goat
	180715
	
	
	GCAMP(2013-2017), Chetri, M. et al (2017), Oli, M.K.(1997)

	19
	Ovis aries
	Sheep
	552475
	
	
	GCAMP(2013-2017), Chetri, M. et al (2017), Oli, M.K.(1997)


Supplement 3. List of predictor variables used for modeling
	Category
	Variables
	Abbreviation
	Unit
	Source
	Descriptions

	Bioclimatic variables
	CHELSA-Predictors
	Bio1-19
	Degree Celsius/mm
	CHELSA
	Data retrieve from: https://chelsa-climate.org/bioclim/
Climatologies at high resolution for the Earth land surface areas. Scientific Data. 4 170122. https://doi.org/10.1038/sdata.2017.122.  (Karger et al., 2017)

	
	WorldClim-Predictors
	Bio1-19
	Degree Celsius/mm
	WorldClim
	Data retrieve from: https://www.worldclim.org. (Fick and Hijmans 2017)

	Topographic variables
	Elevation (DEM)
	Elev.
	Meter (m)
	EarthExplorar
ArcGis
	Data retrieve from: https://earthexplorer.usgs.gov/ and combine using ArcGIS and extracted by GCA shapefile.

	
	Aspect
	Aspect
	Degree
	EarthExplorar
ArcGis
	Prepared by using DEM. Provides the directions of the slopes face in degree.

	
	Slope
	Slope
	Degree
	EarthExplorar
ArcGis
	Prepared by using DEM and provides gradient of a surface in degree units.

	
	Terrian Ruggedness Index
	TRI
	Degree
	EarthExplorar
ArcGis
	Prepared by using DEM. Provides amount of elevation difference between adjacent cells of a digital elevation model

	Vegetation related
	Ecosystem types
	Eco_type
	Percentage
	ICIMOD

	Data Retrieved from: Regional Database System https://rds.icimod.org/home/datadetail?metadataid=2541 and provides Forests and vegetation types of study area (Biodiversity) as a polygon layer.


	Landuse
	Land use 
	Lulc
	Percentage
	ICIMOD
	Data Retrieved from: National Land Cover Monitoring System (NLCMS) for Nepal https://rds.icimod.org/; https://www.arcgis.com/home/item and provides Land use category of the study area (land cover maps of Nepal, Land use map of 2019,) as a raster layer.

	Anthropogenic factors
	Euclidean distance to Roads
	Edist_road
	Meter
	ESRI (ArcMap)
	Prepared by using Euclidean distance (spatial analysis tool) in ArcMap. For each of the pixel, Euclidean distance to closest road features in meter.

	
	Euclidean distance to Buildings/Settlements
	Edist_sett
	Meter
	ESRI (ArcMap)
	Prepared by using Euclidean distance (spatial analysis tool) in ArcMap. For each of the pixel, Euclidean distance to closest road features in meter.

	
	Euclidean distance to rangelands
	Edist_rang
	Meter
	ESRI (ArcMap)
	Prepared by using Euclidean distance (spatial analysis tool) in ArcMap. For each of the pixel, Euclidean distance to closest road features in meter.

	
	Euclidean distance to water body/glacier
	Edist_hydrodam
	Meter
	ESRI
(ArcMap)
	Prepared by using Euclidean distance (spatial analysis tool) in ArcMap. For each of the pixel, Euclidean distance to closest road features in meter.





Supplement 4: Camera Trap data details
The study area was divided for an attempt of representative equal area sampling by using ESRI ArcGIS (v10.7.1). From the total 97 grid cells (5x5 km, Figure 1), we avoided 34 grid cells due to difficult terrain, dense human settlements, and intense agriculture. Remaining 63 grid cells were used for monitoring distribution patterns of carnivores and mammals along the elevation gradients using camera traps.  In each sampling event, camera traps were installed opportunistically within each grid cell assumed to be used by carnivores and other mammals. These locations were selected based on presence of signs such as scrapes, scats and pugmark, and according to best-available field knowledge and assumptions to maximise the chance of detecting animals (Chetri, Ale et al. 2024). Six sets of opportunistic camera traps were additionally placed in known leopard kill sites near by the villages in order to capture such detections. However, despite a virtually complete study area coverage-the best ever carried out in Central Himalayas- the actual number of camera traps in each grid were somewhat uneven and opportunistic. Whereas the length of camera trap sessions (30-45 days) was set to maintain consistency in terms of human disturbance and the seasons (snow/rain fall). Within that research design fifteen camera traps are lost/damaged from the area of Bulung khani, Lapchi, Khare, Tashinampa, Kyalche, and Gumba (see Figure 1). Eight camera traps also experienced malfunction due to heavy snow fall in Bhairav kunda, Lapchi and Tshorolpa areas during data collection from March 2022 to November 2023. We surveyed for a minimum one day at the identified kill site for the possible detection of carnivores. Overall, we conducted our surveillance for 10,763 camera-days in total across all camera traps effort in the study area, an effort never done before for the study area. Thus, we refer to this in part as a ‘Big Data’ set (in addition to other GIS layers; see sections below). The distance between two camera traps was always more than one kilometre and camera traps having photographs without species were excluded during data management. Eventually, a total of 194 camera was used for the subsequent data analyses. The presence points obtained from the camera traps of prey species are shown in the Appendix 1. Occurrence of wild prey species (n=13), domestic prey species (n=6), common leopard (n=29) and snow leopard (n=12) were included for the model building process (Figure 3). All these data are verified occurrences of the species with documentation, and available Open Access in the respective Appendices. The presence points of species are available Open Access as ESRI GIS shapefiles. Images derived from camera trap sessions are also available from the authors on request. To enhance transparency, repeatability and progress in the discipline (Huettmann and Arhonditsis 2023), all the data were documented and publicly accessible with ISO-compliant metadata from the authors and through the University of Inland, Norway and dSPACE/scholar works through the library of University of Alaska Fairbanks (UAF), USA. Here we try to offer our first inference scenario from that unique data set in GCA.



Supplement 5. Top 10 predictors for common and snow leopard (partial dependence plots)
[image: ]
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The variable importance illustrating top ten predictors for (a) common leopard Panthera pardus (b) snow leopard P. uncia. The y-axis shows the relative index of occurrence (RIO) and the x-axis shows the specific predictor variable. These plots of presence and pseudo-absence (background) in TreeNet for each predictor showing a RIO of occurrence threshold (presence) unit of each predictive variable. 



Supplement 6 : Top-ten ranked predictor inference
For common leopards, it shows that ecosystem types, climatic variables, terrain related predictors and human disturbance factors were considered of high importance (expressed as percent importance rank:Table 1a and  Appendix 3a) . Ecosystem types such as chir pine forest, temperate mountain oak forest, chir pine-broad leaved forest, east Himalayan oak-laurel forest and fir-birch-rhododendron forest have a highly positive impact on common leopard predictive Relative Index of Occurrence (RIO). Silmilarly Chelsa bio6 (mean daily min air temperature of the coldest month was related with the temperature showed habitat suitability decreases significantly at low temperature and this species prefers less daily and annual temperature fluction. In addition common leopard likely to be found towards the road and rangeland, and the areas with less slope. 
Whereas for snow leopard, Chelsa bio11 (mean temp. of coldest quarter) revealed that snow leopard prefered cold habitats, and that RIOs are positively related with higher altitude (usually above treeline) and more ruggeddness, and open and natural landscape. Human altered landscapes seem to correlate with high snow leopard predictive RIOs (see Tabble 1b and Appendix 3b). 



Supplement 7.  Model fit and evaluation metrics, using TreeNet model as examples for common and snow leopards
     [image: ]


Supplement 8. Cattle in the study area and driving findings
Although, blue sheep are reported as the primary food source of snow leopard, studies have shown that local livestock including yak/chauri and goats contributed significantly in their diet (Chetri, Odden et al. 2019, Hong, Connor et al. 2021, Koju, Buzzard et al. 2024) and this leopard species preys on livestock when traditional habitats overlap there implying prey preference (Sharma, Bhatnagar et al. 2015). Our study showed that food available at readily-accessible habitats such as meadows are the main attractant and driver, with man-made food efforts-e.g. provided from outside and abroad even turning both study species into a subsidized rather than truly wild predator unaffected by humans. Importantly, for both species it is crucial to learn where the food is located and provided, such as yak barns with calves and human-co-evolution, moving with altitude by season (Baumgartner 2015). Cattle and yak present an ancient regime that snow leopards have easily co-evolved with for many thousand years. Mostly, snow leopard would prefer calves or small livestock (Alexander, Zhang et al. 2016, Chetri, Odden et al. 2017), but a rarely reported to predate adult yaks (Krofel, Groff et al. 2021). Traditional yak herding practices changed now into a highly capitalized fashion and thus haves a different effect. This deserves more study e.g. goats, horses and specifically yak calf predation in crowded overstocked alpine meadows with loose herding barns. When seen in a wider context and all taken together, common and snow leopard showed that human factors are now primary drivers overall, specifically cattle are being predations (as reflected in the widely reported human-wildlife conflicts). We found that both leopard species navigating towards a human-altered landscape such as rangelands and roads possibly for food/prey access (eg. livestock/herbivore) or open movement corridors. While industries like mining and hydro-dams are not well described yet, those factors likely contribute equally or more than what we used as predictors. Thus, snow and common leopard are subsidized predators and driven by modern humans and industry; the Anthropocene, whereas the traditional untouched wilderness narrative is to be updated for a suitable management action in the year 2025 and beyond. The human impact likely will increase further.



Appendices (Data)
(Available from authors on request and also freely found online at: 
https://drive.google.com/drive/folders/1SqTNc1o027EWU0RHBhSEEw_MVQw4cfcs?usp=drive_link
and in Google via dspace scholarworks UAF library, handle: https://scholarworks.alaska.edu/handle/11122/16263)

Appendix 1: This dataset consists of presence and absence records for the Common Leopard and Snow Leopard , as an ASCII text file and a ESRI shapefile in a decimal degrees latitude and longitude WGS84 projection file for the study area of Gaurishankar Conservation Area (GCA), Nepal, Central Himalaya,

Appendix 2: This dataset includes the predictors used , as an ASCII text file, geotiffs and a ESRI shapefille in a decimal degrees latitude and longitude WGS84 projection file for the study area of Gaurishankar Conservation Area (GCA), Nepal, Central Himalaya.

Appendix 3: This dataset includes the point lattice overlay (data cube) and the model grove (grv) files. The point lattice is a ESRI shapefille in a decimal degrees latitude and longitude WGS84 projection file for the study area of Gaurishankar Conservation Area (GCA), Nepal, Central Himalaya.

Appendix 4: This dataset includes the prediction raster files for two species. : Common Leopard and Snow Leopard. It comes from a scored point lattice smoothed with an IDW in ArcGISPro as a decimal degrees latitude and longitude WGS84 projection ffor the study area of Gaurishankar Conservation Area (GCA), Nepal, Central Himalaya.
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