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Nepal has a total of nine species of vultures. White-rumped vulture, Gyps bengalensis, is distributed throughout South Asian countries. It is mostly confined to tropical and sub-tropical regions. South Asian countries have recorded a decline of more than 97% of three resident species, including the white-rumped vulture, since the mid-1990s. The study focused on predicting the breeding habitat suitability of white-rumped vultures in the Nawalparasi East and Rupandehi districts in the central lowland of Nepal, where vulture restaurants have been operating. The site visit for the study was conducted in December–January 2021. A total of 52 nests were recorded in the study area. Using the MaxEnt approach, the generated model resulted in a mean area under the curve (AUC) of 0.950 with a standard deviation of 0.011 and a true skill statistics (TSS) value of 0.8207, indicating good model robustness. The average of the 10 models’ “maximum test sensitivity plus specificity Cloglog threshold” value was 0.5784. Using this, a binary map was produced, and it was found that 96.88 km2 (3.82%) of the total of 2,532 km2 area was suitable breeding habitat for the white-rumped vulture. The categorical variable land use–land cover (LULC), with category “forest” with positive correlation and category “agricultural land” with negative correlation, had the highest contribution in the model building, with 50.5% contribution, so it was the most important variable for breeding habitat selection by white-rumped vulture. It was followed by biome with category “tropical subtropical grassland, savannas, and shrubland” with 21.8% and Euclidean distance from water source with 12.8% as other top contributors. The contribution of forest was attributed to the presence of suitable trees for nesting and the absence of carcasses in the open field due to the tradition of burying dead cattle, which was suggested to be the reason for the negative correlation based on various studies. Furthermore, easy detectability of carcasses in grassland and savanna, appropriate humidity for hatching of eggs, and depositing carcasses near water bodies were suggested to be major reasons for the contribution of these variables based on reviewed literature and research works. Based on these results, the study recommended that vulture management sectors focus on the management of these variables, prioritizing accordingly to conserve the white-rumped vulture.
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1 Introduction

Vultures actively contribute to ecosystems, economies, and cultures and are considered to be top scavengers (Ogada et al., 2011). They perform an important role in cleaning up nature by tearing meat from carcasses before it rots, thus preventing the spread of diseases that would affect other living things (Iqbal et al., 2011). There are a total of 23 species of vultures globally, of which South Asia has a recorded presence of nine species of vultures, all of which have also been documented in Nepal (BCN and DNPWC, 2011). Among these, the white-rumped vulture (Gyps bengalensis), which is listed by the International Union for Conservation of Nature (IUCN) in the critically endangered list (BirdLife International, 2021), is found in the tropical and sub-tropical regions of Nepal (Ferguson-Lees and Christie, 2001; BirdLife International, 2021). Currently, the maximum estimated population of white-rumped vultures in Nepal is 2,000 (BCN and DNPWC, 2011; Inskipp et al., 2016), while the average population is 1,000 (Inskipp et al., 2016). They are common and widespread up to 1,000 m and appear less frequently up to 1,800 m (Grimmett et al., 2016; Inskipp et al., 2016). They breed in colonies and primarily nest in tall trees (Majgaonkar et al., 2018; Bhattacharya and Talukdar, 2024). They inhabit mostly the plains and less frequently the hilly regions and use light woodland, villages, cities, and open areas (BirdLife International, 2021).

Assessing suitable habitats and identifying the variables that affect the habitat of species are important factors in conservation ecology, and they help to create the action plan for the recovery and maintenance of the natural structure of the avian population (Habibzadeh and Ludwig, 2019; Banda and Tassie, 2018; Nursamsi et al., 2018; D’Addario et al., 2019; Kanth et al., 2020). For the avian population, the quantity and quality of available breeding habitats are important factors for their population to reproduce and thrive in nature. As available habitat decreases, so does the availability of nesting sites (Cody, 1985), which can be dangerous, especially for long-lived organisms that use the same nests for multiple consecutive years (Krüger, 2002; Krüger et al., 2015). Thus, understanding the factors affecting successful nesting is essential for designing effective wildlife management interventions (Gray, 1997; Sutherland and Green, 2004) and ex situ conservation measures, including species reintroduction (Donazar et al., 1993). To better comprehend the habitat needs of a species, modeling its habitat suitability proves to be an effective tool (Guisan and Zimmermann, 2000; Phillips et al., 2006; Drew et al., 2011; Thapa et al., 2018; Jha et al., 2020). The habitat suitability model’s goal is to define, for a specific species, the factors that best define its spatial range by identifying the environmental factors that limit its distribution (Guisan and Thuiller, 2005; Soberon and Peterson, 2005). MaxEnt is a widely used software for habitat suitability modeling, with increasing importance in conservation biology. MaxEnt uses a machine learning algorithm that is based on the principle of maximum entropy to estimate the probability distribution of species occurrence based on observation in relation to environmental variables (Norouzzadeh et al., 2018).

Nepal is one of the most important areas on Earth for raptor conservation, especially in the context of vulture declines (Prakash et al., 2012). The country, despite its small size, contains six of the 10 most critically Important Bird and Biodiversity Areas (IBAs) for raptors and contains the 10th greatest number of declining raptor species of all nations (42 species; McClure et al., 2018). In fact, the concept of Vulture Safe Feeding Zones (VSFZs) was first successfully implemented in Nepal with the establishment of the Kawasoti Jatayu restaurant (Chaudhary et al., 2010). Since then, seven VSFZs were established between 2006 and 2013 (DNPWC and DoFSC, 2023; Bhusal, 2018). These VSFZs provide safe food to vultures to reduce their likelihood of being exposed to poisoned carcasses (Chaudhary et al., 2010) and to mitigate one of the critical threats to the raptors’ survival (Ogada et al., 2011). At these sites, old and unproductive cows are collected from nearby villages and kept for at least 7 days to ensure that they are diclofenac-free, and then the cows are fed to vultures after their natural death (DNPWC and DoFSC, 2023).

In this study, we decided to select the region around the first vulture restaurant, the Kawasoti Jatayu restaurant, and another as its nearest vulture restaurant, the Gaidahawa Jatayu restaurant, to study the factors affecting the selection of breeding habitat by white-rumped vultures. Through the use of MaxEnt modeling, this study aimed to predict the breeding habitat suitability of white-rumped vultures in the Nawalparasi East and Rupandehi districts in the central lowland of Nepal, where the selected vulture restaurants have been actively working for vulture conservation. Current research (Kimsing Thungwon et al., 2022; Jha and Jha, 2021a, 2021b) has focused mostly on identifying and modeling the suitability of the general habitat of the vulture based on their presence at feeding and roosting sites and merely considers the breeding sites when predicting suitable habitats. The limited studies like those of Rana et al. (2019); Moradiya and Goswami (2021), and Majgaonkar et al. (2018) examined the breeding site of the white-rumped vulture but focused on studying the characteristics of the nesting site rather than modeling and studying variables that impact the nesting sites, like that conducted by Bhusal et al. (2020) and Bhattacharya and Talukdar (2024), which predicted other suitable habitats that could be conserved in order to broaden the option for nesting by the white-rumped vultures. Hence, our research aims to fill this gap in research by modeling the breeding habitat of the white-rumped vulture by determining the relative importance of bioclimatic, environmental, and anthropogenic variables contributing to its breeding habitat selection. The information thus obtained on the species’ current breeding habitat distribution and potential suitable habitat can provide valuable insight for management and conservation efforts, as well as support further research on the ecology of the white-rumped vulture in the study area.




2 Materials and methods



2.1 Study area

The study area was selected based on the presence of Vulture Safe Feeding Zones in the central lowland of Nepal. The study area (Figure 1) covered the Nawalparasi East (1,331 km2) and Rupandehi (1,401 km2) districts, where the Kawasoti Jatayu (vulture) restaurant and Gaidahawa Jatayu (vulture) restaurant are located, respectively. Both districts are in the Terai region of Nepal, which is located in a sub-tropical climatic zone characterized by hot and humid summers, intense monsoon rains, and dry winters (DFRS, 2014). The districts consist of a low-lying region with natural mixed hardwood forests dominated by Shorea robusta, Terminalia tomentosa, and Adina cordifolia (FRTC, 2021). The boundary of the study area was derived from the shapefile of the districts of Nepal; the local administrative political boundary of Nepal was downloaded using data provided in Nepal - Subnational Administrative Boundaries - Humanitarian Data Exchange, 2023; and the boundaries of respective districts of the study area were clipped.

[image: Map showing Rupandehi and Nawalparasi East districts in Nepal, highlighting Gaidahawa and Kawasoti as vulture nest sites. Color coding indicates forest, built-up areas, barren land, agricultural land, and water bodies. District and international boundaries with scale indicators are included.]
Figure 1 | Study area map of research on habitat suitability of white-rumped vulture presented in the land use–land cover map.




2.2 Nesting location identification and observation

Using the white-rumped vulture breed from October to April (Baral et al., 2005), we conducted the nest observation for this study in December–January 2021, when most of the vultures had already set themselves on sitting in the nest for incubation, so that the breeding habitat can be more precisely identified.

The nesting sites were located based on the method adapted by Murn et al. (2014). They were located via a thorough search of the study area by following white-rumped vultures to their roost locations during the breeding season, when the vultures roost in their nests mostly after laying eggs. Furthermore, fresh droppings below the nesting trees were another significant mark in identifying an active nest and searching for roosting vultures. Also, members of the management committee of the Kawasoti Jatayu restaurant were used to guide us to the existing and probable nesting sites of the vulture inside the Chitwan National Park. Vulture nests and the vultures roosting in them were identified and viewed using a pair of binoculars (Bushnell NatureView 10*48) and recorded or photographed using a camera (Nikon Coolpix P900). The geographic position of all nesting trees was recorded using a hand-held GPS device (Garmin Etrex® 10), and coordinates were recorded as a single record in case of multiple nests in a single tree.

Phillips et al. (2009) suggested that the paucity of presence records for many species of interest makes discarding records unfavorable. With only 52 presence points that mostly clumped in certain areas as vultures nest in colonies (Majgaonkar et al., 2018; Bhattacharya and Talukdar, 2024), spatial filtering of presence points would leave our model with a very small number of presence points, thus reducing the precision of modeling. Therefore, with a limited number of coordinates, we opted against spatial filtering, which is generally used to reduce overfitting of the model (Boria et al., 2014), and we used all the collected nest locations for our species distribution modeling.




2.3 Nesting/breeding habitat variables

The choice of predictor variables is the central step in species distribution modeling (SDM) because the choice drives the modeled spatial distribution output (Araújo and Guisan, 2006). An organism’s habitat is the combination of the space it inhabits and all eco-factors in that space, including the abiotic environment (Yi et al., 2016). Therefore, we selected sets of variables based on various studies that suggest that the studies should be centered on bioclimatic variables (Bhusal et al., 2020) and environmental variables such as the topography and land use–land cover of the region (Jha and Jha, 2021a). These variables also affect food availability, thus affecting the habitat selection by vultures (Margalida et al., 2007; Krüger et al., 2015; KC et al., 2019). Guided by variables used in these studies, we decided to select the following variables to model the breeding habitat suitability of the white-rumped vulture.

The 19 bioclimatic variables of 30 arc-sec (~1 km) that represent the climatic factors derived from monthly temperature and precipitation data and aggregated across the temporal range of 1970 to 2000 (Fick and Hijmans, 2017) were downloaded from www.worldclim.org. To find the influence of land use and land cover, raster images of 30-m ground resolution of all the bands from Landsat8–9 OLITIRS C2 L2 from 14 to 19 October 2021, which were the images from the nearest date to field visit for study with the least cloud cover, were downloaded from the United States Geological Survey (USGS) via the Earth Explorer portal [Earth Resources Observation and Science (EROS) Center, 2020]. They were used to develop a land use–land cover (LULC) map (Figure 1) of the study area using a random tree classification technique, which is one of the most widely used techniques (Rodriguez-Galiano et al., 2012; Gislason et al., 2006). It was built with an accuracy of 97.2%, which was calculated using a confusion matrix that provides a class-by-class breakdown of the number of accurate and inaccurate predictions made by a classifier to reveal the classifier’s performance (Swaminathan and Tantri, 2024). Furthermore, an Normalized Difference Vegetation Index (NDVI) raster image of the study area was also created using the raster calculator tool in ArcMap 10.8 with the same set of satellite images that were used to develop the LULC map. Euclidean distance from the road, water source, and from VSFZs was created using the Euclidean Distance tool in ArcMap 10.8 with the shapefile of the major highways and waterways of Nepal provided by Humanitarian Data Exchange (Humanitarian Data Exchange, 2015a, 2015b) and coordinates of VSFZs that were collected during the field visit. We used the globally available human footprint index dataset for 2009, which represents the relative human influence in each terrestrial biome, expressed as a percentage at a 1 km × 1 km grid level (Venter et al., 2018). Furthermore, the Digital Elevation Model was derived from the Shuttle Radar Topography Mission (SRTM) (http://earthexplorer.usgs.gov) at 30-m resolution (USGS, 2006), and elevation, slope, and aspect were prepared using respective tools in ArcMap 10.8. The shapefile of terrestrial biomes of the world was downloaded from www.worldwildlife.org/publications/terrestrial-ecoregions-of-the-world (Olson et al., 2001), clipped within the extent of the study area, and converted into a raster image using the conversion tool in ArcMap 10.8.

All the variables were projected to the WGS 1984 geographic coordinate system (GCS) and then clipped to the same extent using a shapefile of the boundary of the study area. Finally, all the layers were rescaled to ~1 arc-sec (~30-m) ground resolution. These were then converted to “ASCII” format files using ArcMap 10.8.

The total number of environmental variables was 29, but most of them were removed due to multicollinearity (Phillips et al., 2004) by following the approach suggested by Dormann et al. (2013) to minimize collinearity and thus the overfitting of the model. Predictors with a correlation coefficient above 7 (Pearson’s > 0.7) were eliminated. The correlation analysis for the environmental predictors was performed using the SDMtoolbox (Brown, 2014) in ArcMap 10.8 (Fourcade et al., 2014). The remaining variables were then used to build the pre-analysis model, environmental variables without any contribution to modeling were removed from the final MaxEnt model (Yang et al., 2020), and the remaining seven variables were used for final modeling.




2.4 Model building

The study used the MaxEnt approach to model the nesting habitat using the MaxEnt Graphical User Interface (GUI) (Jaynes, 1957). The model uses presence-only data and estimates the distribution of a species by identifying the probability distribution of maximum entropy across the study area (Dudík et al., 2007; Phillips et al., 2006). Presence-only data are a valuable resource and can be used to model the same ecological relationships as with presence–absence data, if the biases are dealt with satisfactorily (Elith et al., 2010). To deal with the biases, a bias file was created in ArcMap 10.8 as per the suggestion of Phillips et al. (2009), who wrote an approach to reduce overfitting by manipulating the background data. Hence, the research by Ferrier (2002) was followed, which stated that if presence data are only taken from easily surveyed portions of the study region, then background data should be taken from the same areas. This is because if the species occupies particular habitats within the sampled space, the MaxEnt model will highlight these habitats rather than just areas that are more heavily sampled. Therefore, a bias file was created based on the presence records of the vultures overlaid with a shapefile of all the municipalities of the study area so that the pseudo-absences are taken from the same areas as the presence. Furthermore, the default random background selection point of 10,000 was created within this bias file as per the suggestions by Phillips and Dudik (2008) and further rectified by Barbet-Massin et al. (2012), who found that predictive accuracy was higher with approximately 10,000 background pseudo-absences for modeling using MaxEnt.

Anderson and Gonzalez (2011) stated that the quality of MaxEnt’s output depends on the optimization or adjustment of various parameters within MaxEnt’s settings. Akaike’s information criterion (AIC) determines the fitness of the model statistically, and the model with the lowest delta AICc is the best fit model. Therefore, the delta AICc value was estimated using the “ENMevaluate” command in RStudio (Muscarella et al., 2014; Warren and Seifert, 2011), and the values of other parameters associated with the lowest delta AICc were selected and used in the MaxEnt setting. In the MaxEnt GUI, three parameters (linear, quadratic, and hinge features) were combined under the feature combination suggested by the AICc value, and the “cloglog” output format was selected. The option of showing the exponent in the response curve was selected for easier interpretation of the response curve. Additionally, other setting parameters were optimized: random test percentage set to 25%, regularization multiplier set to 4 as per the AICc value, and maximum iteration set to 5,000 times. Bootstrap replication run type was selected with replicates set to 10. The jackknife test was selected to regularize the training gain for variable importance. The MaxEnt software produced a continuous probability distribution of the species’ habitat, along with different threshold options for distinguishing between suitable and unsuitable areas. There are different threshold choices to distinguish suitable habitats from unsuitable ones, and for this study, the chosen threshold was the “maximum test sensitivity plus specificity logistic threshold”, with the output format being “cloglog”. This enhanced the discrimination ability of the presence-based distribution based on the background points. This choice was based on the research by Jiménez-Valverde and Lobo (2007) and Liu et al. (2013).




2.5 Model evaluation

The robustness of the models was analyzed as per the value of model evaluators called area under the curve (AUC) and true skill statistics (TSS).

The area under the receiver operating characteristic curve is a threshold-independent metric that measures the ability of a binary classifier to discriminate between positive and negative classes. AUC values range from 0 to 1, where 0.5 indicates that the performance is no better than random prediction, and values closer to 1 signify excellent discriminatory performance (Hanley and McNeil, 1982). For the purpose of model evaluation by AUC, various classifier ranges given by previous researchers are as follows: AUC (<0.6 = fail, 0.61–0.7 = poor, 0.71–0.8 = fair, 0.81–0.9 = good, and 0.91–1.00 = excellent; Swets, 1988; Elith et al., 2002; Heikkinen et al., 2006; Duan et al., 2014; Raina et al., 2014). The MaxEnt GUI provided the AUC value.

TSS is a widely used metric to evaluate the performance of binary classification models, especially in ecological niche modeling and species distribution modeling. It is calculated as the sum of sensitivity (true positive rate) and specificity (true negative rate) minus one:

TSS = Sensitivity + Specificity – 1.

TSS ranges from −1 to +1, where +1 indicates perfect agreement between observed and predicted classifications, 0 indicates performance no better than random, and negative values indicate worse than random prediction. It is preferred because it is independent of prevalence (i.e., proportion of presences to absences) and balances omission and commission errors (Allouche et al., 2006). We calculated TSS using RStudio (Posit team, 2025) with the pROC package (Robin et al., 2011).




2.6 Data analysis

The MaxEnt software provides maps in “.asc” format, which were then converted to a raster file using ArcMap 10.8; then, a binary reclassification based on the threshold given by the average of the 10 models’ “maximum test sensitivity plus specificity Cloglog threshold” value was conducted; and the suitable breeding area as predicted by MaxEnt was calculated using ArcMap 10.8. Data were interpreted and analyzed based on the output of the modeled raster map, response curve, and percent contribution of variables based on the result of the jackknife analysis.





3 Results



3.1 Model evaluation

The generated model of the white-rumped vulture in the study area resulted in a mean AUC of 10 replicated runs of 0.950 with a standard deviation of 0.011 (Figure 2) and a mean TSS of 10 replicated runs of 0.8133 with a standard deviation of 0.0126, which means that the model is fit and has higher accuracy in output. Therefore, we accepted and interpreted our results based on the output of this model.

[image: ROC curve for white-rumped vulture showing sensitivity versus one minus specificity. The curve is highlighted in red, with blue shading indicating one standard deviation. A black diagonal line represents random prediction. The area under the curve (AUC) is 0.950.]
Figure 2 | Average sensitivity vs. 1 − specificity for white-rumped vulture.




3.2 Habitat suitability

The study recorded a total of 52 vulture nests (no double nests in a single tree were recorded) from the two districts, with a total of 13 nest occurrences in Rupandehi and 39 nest occurrences in the Nawalparasi East district. The average of the 10 models’ “maximum test sensitivity plus specificity Cloglog threshold” value of 0.5784 was then used to delineate the probability of habitat suitability for the white-rumped vulture. Of the 2,532-km2 total area of the study site, 3.82% (i.e., 96.88 km2) was predicted to be a suitable habitat for the white-rumped vulture, while the remaining 96.18% (i.e., 2,435.12 km2) was predicted to be unsuitable for breeding of the white-rumped vulture (Figure 3).

[image: Map of Rupandehi and Nawalparasi East Districts showing suitable and unsuitable habitats for vultures. Suitable habitats are marked in red, and unsuitable areas are gray. Green dots indicate vulture restaurants, located in Gaidahawa, Jatayu in Rupandehi, and Kawasoti, Jatayu in Nawalparasi. A scale bar is included.]
Figure 3 | Habitat suitability of white-rumped vulture in Nawalparasi East and Rupandehi districts.




3.3 Percent contribution of variables

The study used a total of seven out of 29 variables after testing the collinearity and their contribution to the model by pre-running the model. This gave the result of the analysis of variable contribution (Table 1) derived from the jackknife test of regularization of training gain (Figure 4). The environmental variable with the highest gain when used in isolation was LULC, which therefore appears to have the most useful information by itself. The environmental variable that decreases the most gain when omitted is LULC, which therefore appears to have the most information that is not present in the other variables. The values shown are averages over replicate runs (Figure 4). This is explained further in terms of percent contribution, which shows that LULC has the highest percentage of relative contribution in the model with 50.5%, followed by biome with 21.8%, while Euclidean distance from vulture restaurants and the variable “aspect” had the least contribution on model building and hence breeding habitat selection with 2.8% and 1.7% respectively. The percent contribution of each variable is presented in Table 1.


Table 1 | Percent contribution and permutation importance of variables in modeling.
	Variable
	Variables meaning
	Percent contribution (%)
	Permutation importance (%)



	Lulc
	Land use, land classification
	50.5
	33.1


	biome
	World terrestrial biome
	21.8
	7.2


	watersrc
	Euclidean distance from water sources
	12.8
	17.1


	bio1
	Annual mean temperature
	6.7
	30.7


	Road
	Euclidean distance from road
	3.7
	8.3


	vsfzs
	Euclidean distance from vulture restaurants
	2.8
	2.1


	aspect
	Aspect
	1.7
	1.5







[image: Bar chart showing the jackknife of regularized training gain for the White-rumped Vulture based on environmental variables: aspect, bio1, biome, lulc, road, vsfzs, and watersrc. Bars represent gains without the variable (cyan), with only the variable (blue), and with all variables (red). Training gain values range from 0.0 to 1.2.]
Figure 4 | Result of jackknife of regularized training gain for white-rumped vulture.

The response graph of the categorical variable LULC (Figure 5), which had the highest contribution to model building according to the jackknife test, showed that the land use classification of “forest” has the highest contribution to breeding habitat selection by the white-rumped vulture and agricultural land although having a contribution to habitat modeling but shows a negative correlation with the breeding habitat selection by the white-rumped vulture. The response graph of the terrestrial biome (Figure 6), which has the second highest contribution in model building, shows that the terrestrial biome “tropical subtropical grassland, savannas, and shrubland” had the highest contribution to breeding habitat selection by the white-rumped vulture. Response curves of the variables “Euclidean distance from water sources” (Figure 7) and vulture restaurants (Figure 8) showed a negative correlation between the variables and habitat suitability. The response curve showed that breeding habitat suitability and the annual mean temperature (bio1) are positively correlated (Figure 9), with an increase in mean temperature up to 24.5°C having a positive relationship with vultures’ breeding habitat suitability. The response curve of “Euclidean distance to the road” (Figure 10) showed that breeding habitat suitability increases with an increase in distance but then gradually decreases with an increase in distance after reaching a point. The response curve of the variable “aspect” showed that western and northwestern aspects had the highest influence on habitat selection compared to other aspects (Figure 11).

[image: Bar chart titled “Log response of White-rumped Vulture to lulc” shows log contributions by land-use categories. Forest (0) is highest, with substantial positive values, followed by built-up areas (1), bare land and sand (2), and agricultural land (3) with negative contributions. Water bodies (4) are not represented.]
Figure 5 | Response graph of LULC to breeding habitat. LULC, land use–land cover.

[image: Bar chart titled “Log response of White-rumped Vulture to biome” showing log contribution to raw prediction for three biomes. A red bar represents the value for “3 - Tropical and subtropical grassland, savannas, and shrublands,” reaching above 2.5. Biomes “1 - Tropical and subtropical moist broadleaf forest” and “2 - Tropical and subtropical coniferous forest” have no bars, indicating no contribution.]
Figure 6 | Response graph of terrestrial biomes to breeding habitat.

[image: Graph showing the log response of White-rumped Vulture to variable “watersrc”. The x-axis represents “watersrc” values ranging from 0.00 to 0.07. The y-axis shows log contributions to raw prediction, from 2 to -20. A red line indicates the relationship, with a blue shaded area illustrating variability.]
Figure 7 | Response curve of Euclidean distance from water source to breeding habitat.

[image: Graph showing the log response of a white-rumped vulture to variable “vsfzs.” The x-axis represents “vsfzs,” and the y-axis shows log contribution to raw prediction. A red line trends downward within a blue shaded area, indicating the response pattern.]
Figure 8 | Response curve of Euclidean distance from vulture restaurant to breeding habitat.

[image: Graph showing the log response of White-rumped Vulture to bio1. The x-axis is labeled “bio1” with values from 19.0 to 25.5. The y-axis, labeled “Log Contribution to Raw Prediction,” ranges from 0 to 22. A red line indicates the prediction, surrounded by a blue shaded area representing uncertainty.]
Figure 9 | Response curve of mean annual temperature (bio1) to breeding habitat.

[image: Graph showing the log response of the white-rumped vulture to road proximity. The x-axis represents road distance, and the y-axis shows the log contribution to raw prediction. A red line indicates the trend, with a blue shaded area representing confidence intervals. The response rises steeply at low road distances, peaking around 0.02, and then declines steadily.]
Figure 10 | Response curve of Euclidean distance to road to breeding habitat.

[image: Graph showing the log response of white-rumped vultures to aspect, with aspect on the X-axis and log contribution to raw prediction on the Y-axis. The blue area highlights variability, and the red line indicates the trend. Aspects are labeled from flat to north.]
Figure 11 | Response curve of aspect to breeding habitat.





4 Discussions

Most of the studies on the white-rumped vulture have focused on modeling only the general roosting or foraging habitat suitability (Kimsing Thungwon et al., 2022; Jha and Jha, 2021a, 2021b), with studies like Rana et al. (2019); Moradiya and Goswami (2021), and Majgaonkar et al. (2018) mostly focusing on breeding ecology rather than breeding habitat suitability, like the studies of Bhattacharya and Talukdar (2024) and Bhusal et al. (2020). Therefore, a need for a study related specifically to the potential suitability of the breeding habitat of white-rumped vultures and the factors that affect them was deemed important. Thus, a model was prepared, which had a high mean AUC value of 0.950 shown by the receiver operating characteristic (ROC) curve (which means that the suitable predicted area between the threshold line and the ROC is high and that the model is fit and has shown high performance to obtain an excellent output) (Swets, 1988; Elith et al., 2002; Heikkinen et al., 2006; Duan et al., 2014; Raina et al., 2014), and a mean TSS value of 0.8133 (which means that the model is fit and has shown good performance) (Allouche et al., 2006); consequently, the study proceeded to interpret the result based on the output of this model.

Modeling demonstrated that the most important variable in habitat suitability for breeding white-rumped vultures is the categorical variable LULC, with forest being the most important category from it, which is in line with similar studies by Jha and Jha (2021a); Kimsing Thungwon et al. (2022); Jha and Jha (2021b), and Jha et al. (2020), who reported that forest is the most important category to determine suitable habitats for breeding white-rumped vulture because of the presence of suitable trees. Similarly, Ramesh et al. (2011) and Navaneethan et al. (2015) also reported very low sightings of vultures in agricultural areas as compared to different types of forests and scrubland, which further justifies our result of agricultural land showing an inverse relationship with habitat selection. This may be because of the growing practice of burying carcasses rather than throwing them on open land, ultimately lessening the possibility of food provision for the vultures (Ghimire, 2018). Furthermore, domestic ungulates are available outside of forests, as a majority of cattle are being sold, resulting in the non-availability of carcass as vulture feed, and the unsold ungulates had the potential danger of diclofenac contamination, possibly forcing the vultures to avoid feeding on them, as reported by Jha (2015), which may further support our result of the negative relationship of breeding sites with agricultural land.

Another categorical variable, “biome”, was the second highest contributor in modeling, with the category “tropical subtropical grassland, savannas, and shrubland” having the highest contribution to breeding habitat selection by the white-rumped vulture. This shows the importance of open grassland, shrubland, and open forest in the selection of breeding sites by the white-rumped vulture. Researchers (Thakur and Narang, 2012; Ramakrishnan et al., 2014) have reported that lofty trees in open forests are often used for nest building by vultures, while Bhattacharya and Talukdar (2024) also reported the significance of shrub cover in nest site selection by white-rumped vultures. These preferences for open forests and wooded savannas for habitat selection, as suggested by reports (Ferguson-Lees and Christie, 2001; BirdLife International, 2021; Kimsing Thungwon et al., 2022), may be attributed to the fact that the vultures need a clearer ground cover where they can easily detect their food. Kimsing Thungwon et al. (2022) suggested that the white-rumped vulture, being an Old World vulture, relies heavily on its highly developed vision as the primary tool to find food sources in vast landscapes, so a clearer ground cover would be an easier option for vultures to find food.

Euclidean distance from the water source was our third-highest contributor to model building. The response curve shows a negative correlation to an increase in distance between the water source and the nesting area. Research by Kanaujia and Kushwaha (2014) reported that breeding colonies of vultures are mostly observed near rivers, canals, ponds, or even dams, which may be because water helps in maintaining the humidity for hatching of eggs (Wani et al., 2018). Other researchers (Bhattacharya and Talukdar, 2024; Jha and Jha, 2021a; Kanaujia and Kushwaha, 2014) in the past have further pointed out that easy availability of water sources after foraging could play an important role in the selection of nesting sites. This is because these areas can provide good opportunities for food sources in the form of cattle stock (Baral et al., 2005; KC et al., 2019; Lu et al., 2009) and dumpsites (Angelov et al., 2020; Navaneethan et al., 2015; Kumar et al., 2018) while also easing their behavior of bathing after foraging to clean themselves (Kimsing Thungwon et al., 2021).

The bioclimatic variable of mean annual temperature had a contribution of 6.7% in model building, with the response curve showing that an increase in temperature up to 24.5°C has a positive correlation with habitat selection. This was in line with the research by Kimsing Thungwon et al. (2022), who had a similar result of the contribution of temperature (for the warmest quarter).

Furthermore, the Euclidean distance from the road had an impact of 3.7% on our model building. It showed a positive relationship between an increase in distance and habitat selection to a point, with a gradual decrease in habitat selection with an increase in distance further than that point. Therefore, we can imply that the white-rumped vulture prefers nesting in sites with moderate human influence or anthropogenic activities, with an eventual decline when the disturbance is too high. This is in line with many studies stating that, although the vultures are known to be negatively affected by anthropogenic disturbances (Chomba and M’Simuko, 2013; Arkumarev et al., 2018), some prefer setting up colonies nearer human habitation (Jha, 2015; Henriques et al., 2018) and are attracted by the rural garbage dumps and the surrounding area where they could find easy food (McGrady et al., 2018; KC et al., 2019).

The Euclidean distance from the vulture restaurant also had an impact on our model building. This response curve showed a negative correlation with increasing distance from the nesting site. Reports have suggested that vulture populations may now be benefiting substantially from the integrated Vulture Safe Feeding Zones work (Bhusal, 2018). Studies have shown the impact of feeding stations in the recolonization of scavenging raptors (Rana et al., 2019; Mundy et al., 1992; Oro et al., 2008; Lieury et al., 2015). This correlation of the presence of active nests with distance from the feeding station could be because of the reduction in foraging time due to the availability of food at feeding stations, which reduces the risk of mortality (Snyder and Snyder, 2005).

Lastly, the bioenvironmental variable “aspect”, which had the least contribution to model building, showed that the aspect from south to northwestern slope had a higher influence on breeding habitat selection by vultures. A similar study by Sehgal et al. (2020) showed that nests were observed in the north and south directions more often. This may be because orientation may help to protect vultures from negative conditions like directional movement of cold winds and direct solar radiation, facilitating them to raise their body temperature after nocturnal dip, as temperature plays a key role in reproductive success during early breeding stages, helping to understand our result (Venkitachalam and Senthilnathan, 2015). Overall, all these research papers helped us to gain vital insights into the variables and their impact on the habitat suitability of the white-rumped vulture, in line with our research, helping us to establish conclusions and provide suggestions based on our research.

Therefore, we can strongly suggest that vulture restaurant management committees, division forest offices, national park offices, and all other concerned authorities should manage the habitat in such a way that the forest can have suitable sites for nesting. That includes management and maintenance of savannas and open wooded forest, promoting open spaces near the moderately dense forest as well as maintaining the water resources in and around the forest area, especially in the areas where the ponds and sources could dry up during the breeding season of vultures from October/November up to March/April. Furthermore, we would like to suggest continuing the work of vulture restaurants, which have been providing easy and safe food for the fostering of vultures, which can ultimately be vital during the breeding season. Lastly, we suggest that concerned authorities moderate the human pressure around vulture colonies during the breeding season.

This study satisfactorily uses rigorously selected factors that play important roles in vulture breeding habitat selection while also addressing key methodological issues of MaxEnt modeling to avoid an overfitted model by the use of regularization multiplier determined through AICc optimization, selection of predictive variables using two steps that are mentioned above, and use of bias file to limit the dispersal of pseudo-absence points. Therefore, despite a high AUC and TSS value, we have carefully avoided overfitting, and hence, the model has high predictive power, and its result is useful for interpretation and in suggesting its implications. However, our study has some limitations as well. We only used the MaxEnt modeling approach, considering its popularity and performance. However, efforts to use multiple distribution models and techniques, like the ensemble modeling technique, may add value to the current study. Furthermore, despite strong evidence of VSFZs supporting vultures’ breeding habitat, other research on other species of vultures suggests that breeding success may also be reduced due to the presence of non-breeding “floaters” in the vicinity of feeding sites (Carrete et al., 2006), and supplementary feeding during the chick-rearing stage may also affect breeding success (Margalida, 2010). These may be important factors contributing to vultures’ breeding ecology as well, and studies like ours that largely focus on remote sensing data may overlook these factors. Therefore, alternative research techniques should be used to add to the knowledge provided by our study before establishing a fixed set of plans to conserve vultures and their breeding habitat.
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