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Abstract
Vultures are an indispensable part of a healthy and balanced ecosystem. Vultures migrate from breeding to wintering grounds 
to access resources which are otherwise unavailable. Despite the possible effect of climate change, their wintering habitat is 
not sufficiently studied. We studied wintering habitats of two Eurasian vultures—Griffon Vulture (Gyps fulvus; EGV) and 
Cinereous Vulture (Aegypius monachus; EBV) in northern India. Habitat distribution model (Maxent) and global circula-
tion models (CCSM4, HadGEM2AO, MIROC5) were used to predict current and future (RCP2.6, RCP4.5 and RCP8.5 
for 2050 and 2070) habitats of both the species. We identified influential habitat variables to determine current and future 
habitat suitability and suggested appropriate conservation measures. Model prediction showed that mean temperature of 
the driest quarter and precipitation of the wettest month were the two major influential variables with highest contribution, 
though landcover also played an important role. Suitable area expanse for EBV (12%) was smaller than EGV (38%) in the 
available 240,928 km2. The predictive suitability map showed the dynamics of suitable and unsuitable habitats indicating 
range expansion (3–16%) and contraction (1–6%). Their shift was multidirectional occurring towards the Northwest, East, 
Southwest and Southeast. Across the scenario, impact of climate change was positive (net gain in suitable area) in most of 
the cases. The findings show that the Tarai districts need improvement in habitat management to provide safe roosting and 
foraging sites for Eurasian vultures with a large migratory pattern.
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Zusammenfassung
Wie sicher sind die Überwinterungsgebiete eurasischer Geier beim Klimawandel noch? Eine Studie zu Habitatmodellen 
in Nordindien.
Geier sind ein unverzichtbarer Bestandteil eines gesunden und ausgewogenen Ökosystems; sie ziehen von den Brutgebieten 
in die Winterquartiere, um Zugang zu Nahrungsquellen zu haben, die ansonsten nicht zur Verfügung stehen. Obwohl sich der 
Klimawandel vermutlich auf die Überwinterungsgebiete auswirkt, sind diese nicht ausreichend untersucht. Wir untersuchten 
die Winterquartiere zweier eurasischer Geierarten, Gänsegeier (Gyps fulvus; EGV) und Mönchsgeier (Aegypius monachus; 
EBV), in Nordindien. Hierfür wurden das Habitatverteilungsmodell (Maxent) und Modelle für die globale Zirkulation 
(CCSM4, HadGEM2AO, MIROC5) zur Vorhersage der aktuellen und zukünftigen (RCP2.6, RCP4.5 und RCP8.5 für 2050 
und 2070) Lebensräume beider Arten verwendet. Wir bestimmten die maßgeblichen Merkmale dieser Lebensräume, um 
sie auf ihre aktuelle und künftige Eignung zu prüfen und geeignete Maßnahmen zu ihrer Erhaltung vorzuschlagen. Die 
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Vorhersage aus den Modellen zeigte, dass die mittlere Temperatur des trockensten Quartals und der Niederschlag des 
feuchtesten Monats die beiden wichtigsten Einflussfaktoren waren, wobei auch die Bodendecke eine wichtige Rolle spielte. 
Auf den verfügbaren 240.928 km2 war die geeignete Fläche für EBV (12 %) kleiner als die für EGV (38 %). Die Landkarte 
der vorhergesagten Eignung zeigte die Dynamik geeigneter und ungeeigneter Habitate, die auf eine Ausweitung (3 % bis 16 
%) und eine Verringerung (1 % bis 6 %) des Verbreitungsgebiets hinweist. Die Verschiebung erfolgte in mehrere Richtungen: 
nach Nordwesten, Osten, Südwesten und Südosten. Für fast alle Szenarien waren in den meisten Fällen die Auswirkungen 
des Klimawandels positiv: ein Nettogewinn an geeigneter Fläche. Die Ergebnisse zeigen, dass in den Tarai-Distrikten die 
Gestaltung und das Management der Lebensräume verbessert werden müssen, um sichere Schlaf- und Futterplätze für die 
über weite Entfernungen ziehenden eurasischen Geier zu schaffen.

Introduction

India has been a party to the Convention on Conservation of 
Migratory Species, an environmental treaty of the UN that 
provides a global platform for the conservation and sustain-
able use of migratory animals and their habitats. It is com-
mitted to the “Urgent need to step up actions for vultures in 
Africa and Eurasia” (Botha et al. 2024) and elsewhere. Two 
of the three migratory vultures in India, Cinereous Vultures 
(Aegypius monachus Linnaeus 1766 or Eurasian Black Vul-
ture), hereafter EBV, and (Eurasian) Griffon Vultures (Gyps 
fulvus Hablizl 1783), hereafter EGV, are Eurasian species 
that migrate to spend the non-breeding season in northern 
African and Eurasian countries including India (BirdLife 
International 2021a,b). They are commonly found in north, 
west and central Indian states during winters (Jha 2015; 
MoEFCC 2020; Jha and Jha 2021; Ram et al. 2022).

EBV is categorised as “Near threatened” resident with 
declining population in Asia and Europe (BirdLife Inter-
national 2021a). This species has been reported to migrate 
within Asian countries (Kang et al. 2019). EGV is catego-
rised as “Least Concerned” resident with increasing popu-
lation in Africa, Europe and Asia (BirdLife International 
2021b). A recent telemetry study recorded the movement 
of EGV between India and Russia through central Asian 
republics (Ram et al. 2022).

These species are exposed to several threats such as 
energy production and mining (renewable energy), trans-
portation and service corridors (utility and service lines), 
biological resource use (hunting and trapping terrestrial 
animals), human intrusions and disturbance (recreational 
activities), natural system modifications, climate change and 
weather extremes during their residency including winter-
ing grounds (BirdLife International 2021a,b). Batbayar et al. 
(2008) reviewed that one of the Eurasian vultures faced a 
lack of suitable habitat in the wintering grounds in several 
Asian countries. As Jha et al. (2022) explicate, wintering 
involves spending significant time in improved living con-
ditions in comparison to the bird’s original home. Survival 
entails that sites must have abundant food, shelter, minimum 
disturbance, and optimal weather conditions (Clausen et al. 
2018).

Climate change is causing changes in global climate-
related parameters, mainly temperature and precipitation. 
Increase in global temperatures is predicted to continue 
(IPCC 2021), influencing other climatic parameters and 
events. Northern India is particularly susceptible to cli-
mate change, experiencing diverse impacts such as heat-
waves, altered rainfall patterns, a rise in the frequency of 
extreme weather events etc. (Awasthi et al. 2023). These 
may affect raptors, or vultures, in various ways, including 
changes in distribution ranges, migration, abundance, popu-
lation dynamics, etc. (Martinez-Ruiz et al. 2023). A La Nina 
induced drought has already shown its impact on vultures of 
Northwestern India (Hall et al. 2012). Heat stress is known 
to affect the mortality of cattle (Das et al. 2016), in turn 
creating a reduction of food stock for vultures. Following 
the predicted acceleration of climate change, some raptor 
species will become more vulnerable to the increased vari-
ation in climate conditions and extreme weather patterns. 
Moreover, the threat to migratory birds has grown due to 
habitat destruction and so it is imperative that their habitat 
and its conditions be studied to facilitate their conservation 
(Yong et al. 2021; Jha et al. 2022).

Habitat (distribution) models, also known as species dis-
tribution models (SDMs) or ecological niche models (Elith 
and Leathwick 2009), are used for many applications in ecol-
ogy and conservation. These models are among the most fre-
quently used methods in studying avian ecology, evolution, 
biogeography, and conservation. They have been applied to 
identifying suitable habitats, predicting the impact of cli-
mate change on distribution, etc. in vulture species (Anoop 
et al. 2020; Jha and Jha 2024; Subedi et al. 2023 etc.). Out 
of a host of SDMs developed, Maxent was considered more 
useful (Kaky et al. 2020) and applied in the northern Indian 
context (Jha et al. 2022; Jha and Jha 2024).

Based on the background literature, in this study, we 
aimed to identify the habitat variables controlling the resi-
dential suitability of EBV and EGV in northern India, deter-
mine the extent of suitable habitats for these vultures, and 
assess their susceptibility to climate change. Additionally, 
we aimed to develop potential management implications and 
conservation strategies to mitigate any identified threats to 
their habitats and populations.



Journal of Ornithology	

Materials and methods

Study sites, vulture species and occurrence data

Uttar Pradesh, a north Indian state where wintering of EBV 
and EGV is reported (Naoroji 2006), was selected for the 
study. This state lies between 23°52′ N and 30°24′ N lati-
tude, and 77°5′ E and 84°38′ E longitude (Fig. 1). Its geo-
graphical area of 240,928 km2 is divided into four ecozones: 
Tarai, Bundelkhand–Vindhyan, Semi-arid and Gangetic 
with a varying combination of vegetation, temperature, 
and precipitation. It has a humid subtropical dry winter 
climate (Jha 2015). The ranges of elevation, mean annual 
temperature and mean annual precipitation are 23 m–935 m, 
21.01–26.56 °C and 601 mm–2145 mm, respectively (Fick 
and Hijmans 2017).

A vulture occurrence (transect) survey was conducted 
during the winters of 2020 and 2021 along the tracks 
(Fig. 1). This was decided after consulting the literature, 
experts, and local forest staff. Occurrence data were also 
procured from a published record—Jha (2015). The data 
pool was further supplemented using citizen science reposi-
tories, eBird and iNaturalist (Sullivan et al. 2009; iNaturalist 
users and Ueda 2020). The data were finally subjected to 
cleaning, duplicate removal, and spatial rarefication using 

SDM toolbox of ArcGIS 10.5 (Brown et al. 2017). Low num-
ber of final occurrence records for modelling was taken care 
of using bias file for generating background points as also 
done recently by Peterson et al. (2024) with six to eight data 
points.

Current and future climate envelope

Biologically significant 19 climatic layers of current day, for 
three global circulation models (CCSM4, HadGEM2AO and 
MIROC5) of optimistic, intermediate, and pessimistic emis-
sion scenarios (RCP2.6, RCP4.5 and RCP8.5) (Anoop et al. 
2020) were downloaded from www.​world​clim.​org (Fick 
and Hijmans 2017) at 30 Arc seconds. Elevation data from 
Earth Resources Observation and Science (EROS) (USGS 
EROS 2018) and two sets of normalised differentiated veg-
etation index (NDVI) data, winter (January) and summer 
(June), (Didan 2015) at 250 m resolution were downloaded 
from www.​earth​explo​rer.​usgs.​gov. Land use and land cover 
(LULC) was downloaded at 100 m resolution from www.​
land.​coper​nicus.​eu (Buchhorn et al. 2020). LULC types 
were merged and the map was reclassified into six classes 
(Forest, Water, Scrubland, Agriculture, Built-Up and Waste-
land) as the present study did not require a detailed classi-
fication (Jha and Jha 2021). All the layers were resampled 
to 1 km (30 Arc seconds) spatial resolution using ArcGIS 
10.5. Finally, these variables (electronic supplementary 
material Table S1) were subjected to Pearson collinearity 
test to eliminate multicollinearity among variables at ± 0.7 
threshold. For future projections, LULC and NDVI were not 
used since it is very challenging to get such layers. Moreo-
ver, bioclimatic variables are most used and often important 
for modelling geographic distribution of a species (Ardestani 
et al. 2021) and spatial distribution of a species is highly 
correlated to temperature and precipitation (Gaudreau et al. 
2018). Zegarra et al. (2020) further recorded that the climate 
represents part of the niche environment and it is possible to 
predict suitable area of a species.

Model selection and run

Apart from the reasons mentioned in the introduction, 
selection of Maxent was based on its merits: (i) it required 
only presence data to generate the probability of presence 
(Kumar and Stohlgren 2009), (ii) it could work with a small 
sample size (Abolmaali et al. 2018), (iii) it outperformed 
other methods when the number of geographic records was 
scarce (Elith et al. 2006), (iv) both, categorical and continu-
ous environmental layers, could be applied in this software, 
(v) it could measure the importance of each environmental 
variable using the jackknife test, in terms of gain (Elith et al. 
2011). Maxent programme options were set at default (e.g. 
auto features) except as suggested in Dong et al. (2019). The 

Fig. 1   Study area location map (inset) with land-use landcover, tran-
sect survey routes and occurrence points (Modified: Jha and Jha 
2024)

http://www.worldclim.org
http://www.earthexplorer.usgs.gov
http://www.land.copernicus.eu
http://www.land.copernicus.eu
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random test was set at 25% for training and 75% for testing. 
The algorithm run type was Bootstrap with 10 replicates, 
500 iterations, 0.00001 convergence threshold, and 10,000 
background points.

Output data and processing

Models were evaluated using area under receiver operat-
ing characteristic curve (AUC) and continuous Boyce index 
(CBI). Variable contribution and importance were used 
as such but rasterised maps were reclassified into unsuit-
able (0–0.25), low suitable (0.25–0.5), moderate suitable 
(0.5–0.75), and highly suitable (0.75–1) categories of habitat 
suitability following Jha and Jha (2024). The rasterised maps 
were again reclassified into unsuitable (0–0.25) and suitable 
(0.25–1.0) categories for future and present scenarios. Using 
these, suitable area loss and gain categorical maps were also 
prepared to estimate the area dynamics and expanse in future 
scenarios. ArcGIS 10.5 was used for map generation, area 
calculation and centroid marking.

Results

Original sample pool of occurrence record for EBV and 
EGV was reduced from 35 and 36 to 16 and 17, respectively, 
after cleaning, duplicate removal, and spatial rarefication 
of data. Pearson test of collinearity resulted in selection of 
noncolinear variables such as, bio1, bio2, bio3, bio8, bio9, 
bio13, bio14, bio15, elevation, LULC, and NDVI. Model 
strength in terms of AUC was 0.93 (EBV) and 0.84 (EGV), 
and in terms of CBI it was 0.691 (EBV) and 0.703 (EGV).

Bioclimatic variables and species’ response

Jackknife chart (electronic supplementary material Fig. S1) 
suggested that four most important variables were bio13, 
bio9, bio1 and bio2 (EBV), and bio13, bio1, bio9 and bio8 
(EGV). But, as per variable contribution table, three vital 
variables (sensu Zhang et al. 2020) with a ~ 90% contribu-
tion to niche characterisation (electronic supplementary 
material Table S2) were bio9, bio13, and bio2 (EBV) and 
bio9, bio1 and bio13 (EGV). Two common vital variables, 
bio9 and bio13, contributed 66% (EGV) to 81% (EBV) in 
habitat determination. In future scenarios, the contribution 
of bioclimatic variables was similar. After supplementing 
the biophysical variables to the current, LULC showed 
its importance as the fourth variable in both the vultures. 
Within LULC, forest and waterbody were prominent. 
However, increasing mean temperature of driest quarter 
(bio9) decreased the presence or suitability of the habitat 
of both the vultures. Increase in precipitation of wettest 
month (bio13) increased the presence probability in both 

the species (Fig. 2). For the presence probability 50% and 
above, the range of mean temperature of the driest quarter 
was 16–21 °C in EBV, while it was slightly wider in the case 
of EGV (16–25 °C). The range of precipitation of the wettest 
month was around 400 mm–700 mm in both cases.

Current and future habitat suitability

As per the prediction of the bioclimatic model, suitable area 
in current condition was 12% (EBV) and 38% (EGV) against 
a total area 240,928 km2 (Fig. 3). Suitable area in bioen-
vironmental and bioclimatic model prediction was almost 
similar. It showed approximately 1% area difference: nega-
tive in EBV while positive in EGV. Within the suitable cat-
egories, the quantum of areas of low, moderate, and high 
suitability was in decreasing order (electronic supplemen-
tary material Table S3). In the near future, EBV showed an 
increasing trend in suitable area (exception RCP4.5) while 
EGV demonstrated a decreasing trend (exception RCP4.5). 
In the distant future, both vultures showed increasing trends 
across the emission pathways. Figures 4 and 5 may be seen 
for pictorial understanding, though the differences are not 
visually significantly appreciable.

Habitat suitability dynamics

We found changes in the niche or habitat of the wintering 
species in the future with respect to the current projection. 
They are discussed in terms of area expansion (gain), area 
regression (loss), area conservation/ preservation (stable 
suitable habitat) and out-niche (stable unsuitable habitat) 
(sensu Adjonou et  al. 2020). The major part of current 
habitat for both the vultures, suitable (11–12% in EBV 
and 32–38% in EGV) and unsuitable (85–88% in EBV and 
46–61% in EGV), will remain stable but a smaller area, will 
undergo changes in the future due to changed climatic con-
ditions (electronic supplementary material Table S4 and 
Figs. 6–7). The model shows maximum expansion or gain 
up to 3% (RCP2.6) but almost no contraction or loss, excep-
tion (RCP4.5), up to < 1% in suitable area in the near future 
in EBV. In EGV, there will be expansion (maximum up to 
2% in RCP4.5) as well as contraction (maximum up to 6% in 
RCP8.5) in suitable area in the near future across scenarios. 
In the distant future, across the emission scenarios, there 
will be an expansion of suitable area (around 1%) as well 
as a contraction (much < 1%) in suitable area in EBV. In 
the case of EGV, the situation is similar but the quantum of 
expansion and contraction in suitable area is much higher 
(gain 6–16%; loss 1–3%).

Vector and scalar movement of the centroid of suitable 
area in different future scenarios with respect to current 
scenario is presented in Fig. 8. Centroid movement was 
observed in EBV towards the southwest, northwest, and 
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Fig. 2   Response of vultures (Eurasian Black Vulture and Eurasian Griffon Vulture) or habitat suitability towards major bioclimatic habitat vari-
ables (bio9 and bio13)

Fig. 3   Bioclimatic habitat suit-
ability distribution of Eurasian 
black vulture and Eurasian grif-
fon vulture in Uttar Pradesh

Eurasian Black Vulture Eurasian Griffon Vulture
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southeast directions, while in EGV, it was towards south-
west, northwest, and East. Scalar movement was found to be 
4 km–13 km in the former, while 6 km–38 km in the latter 
(electronic supplementary material Table S5).

Discussion

Model improvement and evaluation

SDMs are subject to many sources of uncertainty, limiting 
their application in research and practice (Tessarolo et al. 
2021). We improved our models by introducing data clean-
ing, duplicate removal, and spatial rarefication in intensively 
collected multiple source occurrence data (Brown et al. 
2017). Though sample size does matter in modelling, our 
sample size for EBV (16) and EGV (17), was supported by 
Hernandez et al. (2006) who could produce useful models 
with as few as five to ten positive observations, and Max-
ent’s inbuilt feature of maximising a lower sample size. 
However, higher sample size (20–30) can overcome this 
limitation (Jiménez-Valverde 2020). Collinearity impact of 

environmental parameters was reduced by discarding col-
inear variables (bio4, bio5, bio6, bio7, bio10, bio11, bio12, 
bio16, bio17, bio18, and bio19) using Pearson test of col-
linearity (Manzoor et al. 2018). For correction of latitudinal 
bias, a bias file was used during the model run (Brown et al. 
2017). Sources of uncertainty in future climate data due to 
differences between GCMs and natural climate variability 
were addressed using an ensemble of three GCMs (Gould 
et al. 2014). Incorporating future NDVI and LULC was chal-
lenging but for current day prediction, they were taken to 
address proxy of food (Santangeli et al. 2018) and shelter 
quality, respectively. Inclusion of summer NDVI in SDM 
improves the prediction of habitat suitability (Salas et al. 
2017; Konatowska et al. 2023), though both the NDVI in the 
present case were of low significance (4–5%) in niche con-
tribution. Therefore, it is argued that animal density should 
be used as a variable instead of the proxy.

For model strength evaluation, we did not depend fully 
on commonly used evaluator AUC, which is criticised for 
inadequacy but considered acceptable for presence–absence 
data (Lobo et al. 2008). We also used CBI which is useful 
for presence only data model (Hirzel et al. 2006), such as 

2050/RCP2.6 2050/RCP4.5 2050/RCP8.5
Eurasian Black Vulture

Eurasian Griffon Vulture

Fig. 4   Maps depicting area suitability classes under different scenarios of near future
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Maxent. These evaluators indicated that our models were in 
the good to excellent categories, therefore, the predictions 
analysed below are reliable and can be useful for the devel-
opment of conservation strategies (Pearce and Ferrier 2000).

Predictor variables and species’ response

Bioclimatic as well as biophysical variables played their role 
to varying degrees in niche determination. For example, in 
the bioenvironmental model (bioclimatic + biophysical vari-
ables), LULC was the fourth important variable as per the 
jackknife test but contributed to 26% (EBV) and 20% (EGV) 
of the niche. Contrastingly, the first important variable in 
EBV (bio13) and second important variable in EGV (bio1) 
contributed 19% and 20%, respectively. Plausible explana-
tion of this jumbling up of the position (importance versus 
quantum of contribution) may be due to interaction among 
the variables and some could play a limiting role in habitat 
determination. Jha and Jha (2021) have affirmed that habitat 
suitability was not a function of a single variable, rather it 
was a product of the interaction among numerous covariates 
in different quantities (grades) in which quite a few could be 

following Liebig’s law of the minimum (Golterman, 1975). 
However, Gschweng et al. (2012) and Liminana et al. (2012) 
have noted the influence of bioclimatic variables in habitat 
determination. Herrero et al. (2006) and Bosch et al. (2014) 
have also asserted that vegetation cover or forested area is 
reported to influence the distribution of an animal species 
since it determines the land’s ability to supply food and/or 
shelter to animals. Therefore, landcover functions as a limit-
ing factor for the spread of a species. Nevertheless, the role 
of the two most important variables (bio9 and bio13) cannot 
be ignored because temperature and precipitation have a sig-
nificant influence on the distribution of terrestrial vertebrate 
fauna. These two factors synthesise the flows of energy and 
water in the ecosystem and substantially limit the global 
distribution of these fauna (Bosch et al. 2014).

In a broader sense, bio9, bio13, and LULC should be 
the variables of primary concern for habitat determination 
of EBV and EGV. For want of future LULC data, only bio-
climatic models generated for six scenarios suggested that 
these two bioclimatic variables would remain the top two 
contributors of the niche (electronic supplementary mate-
rial Table S2), always contributing around 80% in EBV and 

2070/RCP2.6 2070/RCP4.5 2070/RCP8.5
Eurasian Black Vulture

Eurasian Griffon Vulture

Fig. 5   Maps depicting area suitability classes under different scenarios of distant future
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around 57–66% in EGV. The influence of bioclimatic vari-
ables in habitat determination has also been noted in earlier 
studies on raptors and scavengers (Gschweng et al. 2012; 
Liminana et al. 2012; Phipps et al. 2017; Zhang et al. 2019; 
Anoop et al. 2020). However, since the residency of migra-
tory vultures is confined to winter months, the presence 
of vultures would be controlled directly by bio9 but bio13 
would govern the occurrence indirectly by providing rains 
to waterbodies (for direct consumption) and to vegetation for 
maintaining productivity.

Current and future habitat suitability

Availability of three times more suitable envelop for EGV 
than EBV is not in agreement with Jha et al. (2022) where 
EBV has more suitable area than EGV. This difference may 
be due to the modelling approach adopted, ensemble in the 
latter instead of standalone Maxent. However, present study 
indicates that EGV is adaptable to a wider set of climatic 
conditions than EBV, since the former is physiologically 
marginally plastic. Irrespective of the unknown carry-
ing capacity of suitable areas, it can be deduced that the 

studied area is currently safe for a minimum of 29–52 EBV 
and 85–216 EGV individuals as assessed by Jha (2022). 
Compared with Jha (2015)’s estimation a decade ago, it is 
apparent that the arrival of wintering vulture individuals 
has increased. Though raptors are limited by food (New-
ton 2003) in addition to their roosting requirements and the 
assumed availability of the same, the common or overlap-
ping suitable areas of EBV and EGV were mainly in the 
Tarai ecozone. The area of EGV was extended in adjoining 
Gangetic plain ecozone which is slightly warmer. This may 
be corroborated with a wider range of variable condition 
adaptability for similar presence/ occurrence of species or 
degree of habitat suitability, for example, mean temperature 
of driest quarter (November to February in studied area) 
range 16–21 °C in EBV while 16–25 °C in EGV. Notably, 
one of the home areas (Kazakhstan for EGV) has a simi-
lar temperature range between April and October months 
(Harris et al. 2020), which is the permanent stay period at 
home. Within India, these species prefer the northern plains 
as compared to the high altitudes due to a presumed shortage 
of resources in high altitude states during the harsh winter 
months.

2050/RCP2.6 2050/RCP4.5 2050/RCP8.5
Eurasian Black Vulture

Eurasian Griffon Vulture

Fig. 6   Maps depicting area dynamics (contraction and expansion) under different scenarios of near future
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Habitat dynamics

It is critical to understand how the spatial distribution or 
habitat of a species changes under the changing climate for 
protecting biodiversity and formulating effective policies 
(Liang et al. 2021). In terms of suitable habitat availability 
in any scenario, EBV is in a less advantageous position in 
northern India as compared to EGV, since EBV must face 
a higher expanse of unsuitable (additional 26%) area. But 
in terms of adapting to habitat contraction, EGV could 
face more stress because a larger portion of its habitat may 
undergo changes. This is under the assumption that the 
future arrival of EBV or EGV may not find some of the 
previous sites to which they have had fidelity to be still suit-
able. However, in the long run, net change (contraction or 
expansion) would be more relevant from a proactive habitat 
management point of view.

Since the RCP2.6 scenario is optimistic and ideal and 
unlikely to be achieved, we should focus on intermediate 
scenario RCP4.5 which is pessimistic but likely possible 
if emissions continue to remain uncontrolled (Manning 
et al. 2010; Lane 2018). Across the scenarios, changes in 
the expanse of habitat are reported earlier too (Liang et al. 
2021). The decrease of habitat area is the main threat to 

biodiversity caused by climate change (Taubert et al. 2018). 
However, net gain in suitable habitat is always beneficial 
for the vultures to allow them to spread over a larger area if 
abundance is increased. That means EBV will have RCP8.5 
more useful in the near future showing a net gain, though 
RCP2.6 conditions would still be better. In the distant 
future, RCP4.5 condition would be followed by RCP8.5 
and RCP2.6. However, EGV showed a net loss in RCP8.5 
and RCP2.6, but a marginal gain in RCP4.5. In the distant 
future, EGV would have the highest advantage of net gain 
in RCP4.5 followed by RCP2.6 and RCP8.5. Overall, cli-
mate change would favour the wintering vultures in northern 
India.

Centroid or the core of suitable area was identified to ana-
lyse the distance and direction of the shift of EBV and EGV 
habitats. The current core was in the moist deciduous area 
which would move in various directions (southwest, north-
west, east and southeast) in the same climatic zone. This 
is contrary to the general belief of poleward shifting (Par-
mesan and Yohe 2003) but in agreement with VanDerWal 
et al. (2013)’s multidirectional shift. Shift in habitat due to 
climate change has been reported in vector as well as scalar 
forms (Shen et al. 2021). They (Shen et al. 2021) have also 
reported a reversal in the direction of shift as in our case.

2070/RCP2.6 2070/RCP4.5 2070/RCP8.5
Eurasian Black Vulture

Eurasian Griffon Vulture

Fig. 7   Maps depicting area dynamics (contraction and expansion) under different scenarios of distant future
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Management implication

Our study projected a good expanse of stable as 
well as dynamic suitable area for wintering vultures 
(28,781  km2–35,980  km2 for EBV, 92,557  km2–128, 
155 km2 for EGV), mainly confined to forested and sur-
rounding areas in the studied northern state of India. The 
vast stretches of agriculture land with very sparse tree den-
sity were mostly unsuitable. Such habitats available for 
vulture use should be managed judiciously in their favour 
keeping their residency need in view. Stable habitat would 
need long-term maintenance, while unstable habitat would 
require anticipated mitigation to maintain their suitability. 
Foraging stock would also need to be maintained within and 
outside the suitable area.

Since migrating to a new destination allows the birds to 
escape competition and the harsh winter climate of their 

original home or breeding territory (Yamac and Bilgin 
2012), their requirement at the new home is safe roosting 
and foraging for the winter months (November to February, 
many a times extended to March) along with protection from 
poisoning and infrastructure threats. The EBV spend much 
of their time soaring overhead in search of food and perch 
more often on trees. The EGV roosts on large cliffs and can 
forage outside woodland (BirdLife International 2021a,b). 
Therefore, logging activities and other human-induced dis-
turbance should be restricted during the wintering season. 
Suitable roost trees must be identified and preserved as a 
vital part of the long-term conservation management of 
the area (Yamac 2007). Jha (2015)’s identification of some 
roosting / nesting trees (Anogeisus latifolia, Bombax ceiba, 
Dalbergia sissoo, Ficus religiosa, F. racemosa, Haldina 
cordifolia, Tamarindus indica, and Tectona grandis) in 
the study region could be targeted for this. Anthropogenic 

Eurasian Black Vulture

Eurasian Griffon Vulture

Fig. 8   Maps showing centroids of suitable area under future scenarios with reference to current. Zoomed portion of the map elucidates vector 
and scaler shift
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disturbances, mainly mining or quarrying, should never be 
allowed in the vicinity of roosting cliffs since birds show 
fidelity to wintering sites and visit them year after year until 
altered severely (Fox et al. 1994; Clausen et al. 2018).

Though vultures prefer to roost in forested areas, they also 
wander towards agriculture landscape in search of carcasses. 
It would be pertinent to develop an agroforestry system in 
suitable or unsuitable areas adjoining the forests. This would 
provide the double advantage of producing domestic mam-
mals as potential food and relatively smaller trees for roost-
ing, if needed (Jha et al. 2022).

The wintering vultures have the benefit of overlapping 
residency areas with the indigenous or resident vultures. 
Though sympatry enhances the competition for resources, 
EBV and EGV would always get the opportunity of using 
resources from the habitat of resident vultures which are 
already being managed well, at least in the protected areas 
(PAs) of the state. Considering the important role of PAs in 
vulture protection (Jha et al. 2021), it is advisable for the 
policy makers to consider increasing the forested area under 
the PAs network which is limited in the study area.

Conclusion

It is essential to protect EBV and EGV from any threat: 
known or unknown. This study for the first time analysed 
the impact of climate change on the wintering habitat of 
these two migratory vulture species in northern India, far 
away from their breeding home, using maximum entropy 
principle. With strong prediction power, the Maxent mod-
els projected stable as well as unstable areas of suitability 
along with unsuitability in current time and future scenarios. 
They showed scalar as well as vector shift in suitable habi-
tats which was in consonance with previous studies. Data 
from this study indicated significant flux in the habitat of 
EGV. The habitat of EBV was relatively less dynamic. They 
were mainly guided by mean temperature of driest quarter 
and precipitation of wettest month and limited by land-use 
cover. Since wintering areas are important reservoirs of 
actively breeding population during unfavourable climates 
in their home range, habitat protection is essential. In this 
light, the information generated from this study can be used 
for effective management of these winter visitors in their 
temporary habitat, especially due to the changing dynamics 
of this habitat.
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