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Abstract

Climate change could amplify the extinction risk of endemic species, and the
risk is even greater for species occupying high elevations and mountain ranges.
In this study, we assessed the climatically suitable habitat of the only endemic
Nepalese bird species, the spiny babbler (Turdoides nipalensis), and predicted
the extent of the future (2050 and 2070) habitat of this species under two cli-
mate change scenarios (SSP2-4.5 and SSP5-8.5). We used georeferenced occur-
rence points alongside ecologically meaningful climatic and topographic
variables to develop an ensemble suitable habitat model using different species
distribution modeling algorithms in BIOMOD2. We identified 22,488.83 km?
(15%) of Nepal’s total land area as suitable habitat for this endemic species,
where the nonprotected regions incorporated the largest extent of suitable hab-
itat (88%), with a majority of this suitable area within the central Mid-Hill
region. Under the SSP2-4.5 scenario, 21.58% and 34.08% of the current suitable
habitat range are projected to be lost by 2050 and 2070, respectively. Whereas
under the SSP5-8.5 scenario, our projections suggest that 40.45% and 52.18% of
habitat will be lost by 2050 and 2070, respectively. Habitat suitability increased
with a rise in warmest quarter precipitation (above 1000 mm), coldest quarter
precipitation between 50 and 100 mm, and warmest quarter temperature
between 20 and 30°C. Given our results, it is crucial to review the conservation
policy of nonprotected areas and formulate a spiny babbler-specific conserva-
tion action plan with a special focus on protecting their primary habitat in
human-dominated landscapes and nonprotected areas.
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such as climate change, land use changes, invasive spe-
cies, diseases, and other anthropogenic effects (Adhikari,
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Marco, 2020; Manes et al., 2021; Pouteau et al., 2022). As
a result of their adaptation to a particular climatic condi-
tion throughout their geographic range, endemic species
can often only thrive in a narrow range of environmental
conditions (Arajo & Pearson, 2005; Dirnbock et al., 2011;
Marshall et al., 2010). Climate plays a significant role in
determining how these endemic species are distributed
over space and time. The effects of climate change alone
might put more than 60% of tropical terrestrial endemic
species at risk of extinction, and the risks are 3-10 times
higher for endemic species than for other nonendemic
native and introduced species (Manes et al., 2021). The
risk of climate change is even greater for endemic species
in high altitudes and mountain ranges (Dirnbdck
et al., 2011; Manes et al., 2021). Moreover, the increasing
intensity and frequency of climate extremes can make it
severely difficult for species with such a narrow distribu-
tion range to adapt to the changes (Griffith et al., 2009;
Malhi et al., 2022; Subedi et al., 2022).

The spiny babbler (Turdoides nipalensis), the only
endemic bird species of Nepal, typically inhabits the
dense scrub areas or thick secondary growth of the
Mid-Hill range within the subtropical zone of Nepal
(Inskipp & Baral, 2022). This species is primarily insectiv-
orous and usually feeds on insects such as grasshoppers,
caterpillars, and beetles, alongside spiders, snails, and liz-
ards (Ali & Ripley, 1978). The spiny babbler builds nests
in low bushes, trees, and rock crevices, and the female
usually lays 2-4 eggs (del Hoyo et al., 2017). This species
has identical sexes like most birds, and an adult is around
26 cm long and weighs 72 g. A monogamous pair or a
polygynous group with one dominant male may make up
a group of spiny babblers that ranges in size from two to
seven individuals. All of the group members engage in
the cooperative rearing of the young, aiding with the
chicks’ incubation and feeding (Ali & Ripley, 1978).

The spiny babbler is fairly common within its pre-
ferred habitat in the Mid-Hills of central Nepal, whereas
it is uncommon in the far eastern and far western regions
of the country (Inskipp & Baral, 2022). With a short dis-
tance of movement along an elevation gradient between
375 and 2135 m, spiny babblers have a similar range of
movement during the breeding and nonbreeding periods
(Inskipp & Baral, 2022). Despite its endemic status and
restricted range (Birdlife International, 2022; Stattersfield
et al., 1998), the distributional ecology of this species is
largely unknown. Escalating global threats such as cli-
mate change could amplify the extinction risk of such
endemic and poorly studied species through the repercus-
sions of habitat loss and changes in species distribution
patterns across the landscape (Dirnbock et al., 2011;
Peters et al., 2015). The Important Bird Areas (IBAs) net-
work, which is vital for the protection of many birds, and

other wildlife species, is also projected to become less
effective for protecting endemic birds in the future
(Coetzee et al., 2009). As a result of climate change, the
majority of IBA bird species are predicted to lose climati-
cally suitable space and are expected to shift their ranges
in response to changes in precipitation and temperature
patterns (Coetzee et al., 2009; Hoffmann et al., 2020;
Sierra-Morales et al., 2021), ultimately leading to the loss
of IBAs. Therefore, assessment of the current habitat and
information on potential changes in the suitable habitat
range of endemic birds are vital for their conservation
(Coetzee et al., 2009; Hambuckers et al., 2021).

Climate modeling is one of the important tools used
by scientists to comprehend historical and potential
future environmental changes (Eyring et al., 2016).
Shared socioeconomic pathways (SSPs) are projections of
anticipated worldwide socioeconomic trends through the
year 2100 and are usually applied to create scenarios for
greenhouse gas emissions under various climate policies
(Riahi et al., 2017; Rogelj et al., 2018). SSPs provide narra-
tives that describe alternative socioeconomic scenarios
associated with the national population, urbanization,
and gross domestic product. To present a variety of
diverse climate change outcomes by the end of the cen-
tury, SSPs provide a set of scenarios (SSP1, SSP2, SSP3,
SSP4, and SSP5) (Hausfather & Peters, 2020). Utilizing
global climate models through species distribution
modeling (SDM) can predict current and future suitable
habitats for species, which is useful for the formulation of
conservation strategies (Baral et al.,, 2023; Bhandari
et al., 2022; Bladon et al., 2021; Coetzee et al., 2009;
Sierra-Morales et al., 2021). SDMs are also useful tools in
ecology that are frequently used for predicting species
risk zones and forecasting the effects of past and future
climate change on species and communities (Elith &
Leathwick, 2009; Guillera-Arroita et al.,, 2015; Sofaer
et al., 2019). Many recent SDM studies have used the
“ensemble” SDM methodology, which incorporates pre-
dictions from multiple modeling techniques to make bet-
ter and more accurate predictions (Adhikari, Bhandari,
et al.,, 2022; Ahmad et al., 2020; Aratjo & New, 2007;
Hao et al., 2019; Meller et al., 2014).

In the context of the extremely limited information
about spiny babblers in the world (Inskipp &
Baral, 2022), it is crucial to address the gap in knowledge
on their distribution range and associated variables.
Identifying suitable habitat for this endemic species could
be one of the major stepping stones for exploring the
ecology of the spiny babbler in the future. As the distribu-
tion and range of different bird species are mostly
predicted by topographic factors and climatic fluctuations
(Chhetri et al., 2021; Davies et al., 2007), it is crucial to
evaluate the influence of these variables on distributional

85U8017 SUOWWOD SAIERID 8 cedt|dde aup Ag pausenob ale SaoNe YO ‘8SN JO S8|nJ 10} A1q1T8UIUO A8|IM UO (SUOTHPUOD-PUE-SLLIBYWOD A8 | Im ARe.q Ul |UO//Sdy) SUORIPUOD pue swie 1 8y} 88S *[£202/80/T0] Uo ArIqiTaul|uo A8 |im ‘puestsend uisyinos JO AIseAuN Aq ¥8SY Zs99/Z00T 0T/I0p/w0o" A3 1M Aelq 1 puljuo S euIno fess//sdny Wwoly pepeojumoq '9 ‘€202 ‘52680512



ECOSPHERE

30f14

N

Himalayas
30° N =] High mountains
Mid-Hills

Siwalik
Terai

Legend
28° N = Ele\{ati'C)n
High (8848 m)

D International boundary
|:| Physiographic zone boundary

~ Low (60 m)

! |
80° E 82°E

FIGURE 1 Study area map representing five physiographic zones of Nepal (Terai, Siwaliks, Mid-Hills, High Mountains, and
Himalayas) and elevation gradient (60 m-8848 m above the mean sea level).

range and identify the extent of range change under
future climatic scenarios. The results from such a study
could help to formulate a spiny babbler-specific conserva-
tion action plan, much like the development of the
Pheasant Conservation Action Plan 2019-2023 (DNPWC
and DFSC, 2018) in Nepal, which was developed to guide
land managers and protected areas (PAs) to implement
improved conservation practices following the publica-
tion of similar SDM and habitat studies (Chhetri
et al., 2018, 2021; Soldatini et al., 2010). Similarly, SDM
results generated for endemic montane species have been
used for habitat protection and restoration efforts and the
creation of PAs all around the world (Aravind &
Srinivasan, 2010; Olalla-Tarraga et al., 2016). Therefore,
utilizing a reliable method of ensemble SDM by incorpo-
rating the effects of topographic and global climatic vari-
ables could effectively address the knowledge gap
regarding the extent of distribution and support conserva-
tion practices. This study has two objectives: (1) to evalu-
ate the current extent of spiny babbler distribution and
the variables influencing it; and (2) to ascertain how this
endemic species’ range would vary under future climate
change scenarios. We hypothesized that the distribution
of the spiny babbler would be largely concentrated in the
central Mid-Hills, and that its range would shrink in the
future as a result of climate change.

MATERIALS AND METHODS
Study area

The biodiversity of Nepal (26.36-30.45° N, 80.06-88.2° E)
is reflected in its distinct geographic location and signifi-
cant elevational and climatic variations (Kunwar
et al, 2022, 2023; Paudel et al, 2018; Vetaas &
Grytnes, 2002) (Figure 1). Although Nepal only covers
0.1% of the Earth’s surface, it is home to 3.2% and 1.1% of
the known flora and fauna, respectively (Paudel
et al., 2016; Uddin et al., 2015). About 118 ecosystems
have been identified in Nepal (Lamsal et al., 2017), which
support a large number of mammalian as well as bird
species (Adhikari, Baral, Bhandari, Kunwar, et al., 2022;
Sharma et al., 2021). Nepal harbors nearly 9% (890 spe-
cies) of the world’s known bird species, and among those
birds, 9 species are critically endangered, 8 species are
endangered, and 21 species are vulnerable, according to
the TUCN red list status for globally threatened birds
(Birdlife International, 2023).

Nepal consists of 27 important bird and biodiversity
areas covering an area of 2,651,592 ha and consisting of
4 endemic bird areas (EBAs) (Birdlife
International, 2023). Nepal’s PA network, which encom-
passes about 23.22% of the nation’s area, consists of
12 national parks, 1 wildlife reserve, 1 hunting reserve,
6 conservation areas, and 13 buffer zones (DNPWC &
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DFSC, 2022). There are five physiographic regions from
south to north: the Terai region (<300 m above sea level
[asl]) covers over 14% of the nation, the Siwalik Hills
(lower hills, 300-1000 m asl) cover over 12% of the
nation, the Mid-Hills (1000-3000 m asl) cover over 30%
of the nation, the High Mountains (3000-5000 m asl)
cover over 20% of the nation, and the Himalayas
(>5000 m asl) cover the rest (DNPWC & DFSC, 2022;
Uddin et al., 2015). Administratively, Nepal is divided
into 77 districts and 7 provinces (Province 1, Madesh,
Bagmati, Gandaki, Lumbini, Karnali, and
Sudurpashchim).

Data collection and filtering

We extracted spiny babbler records from the Global
Biodiversity Information Facility (GBIF, 2022). We used
394 occurrence points from GBIF (391 from eBird and
3 from museum specimens) reported between 1970 and
2022, plus 6 occurrence points from recent field visits by
the authors in 2022. One occurrence occurred in the
1970s, 10 in the 1980s, 29 in the 1990s, 12 in the 2000s,
227 in the 2010s, and 115 in the 2020s. Model prediction
accuracy is usually inflated by the spatial autocorrelation
of sampling effort between training and test data
(Veloz, 2009). Thus, spatial filtering was used to mini-
mize sample biases and model over-fitting (Boria
et al., 2014; Dimson et al., 2019; Kramer-Schadt
et al., 2013). For this, the georeferenced points were spa-
tially filtered using the SpThin package (Aiello-Lammens
et al.,, 2015) in R software (R Core Team, 2020). We
retained only one record per grid (1 x 1 km?), and a total
of 112 occurrence points were retained for further
analysis.

Climatic and topographic data

We used 19 bioclimatic and 3 topographic variables
(slope, aspect, and elevation) (Appendix S1: Table S1)
downloaded from the World Clim database version 2.1
(Fick & Hijmans, 2017) to predict the species’ current
and future distribution. The gridded historical
(near-current) data are the average for the years
1970-2000. We obtained the bioclimatic variables for two
future climatic scenarios: SSP2-4.5 and SSP5-8.5 for the
years 2050 and 2070, respectively. SSP2-4.5 represents an
intermediate greenhouse gas emission in which CO,
emissions will remain around current levels until 2050,
then fall, but will not reach net zero by 2100. However,
SSP5-8.5 represents very high GHG emissions, in which
CO, emissions triple by 2075. We used these two

particular scenarios because SSP2-4.5 is regarded as a
moderate and highly likely scenario (Hausfather &
Peters, 2020), whereas SSP5-8.5 is the most extreme sce-
nario but also the best match to the cumulative emissions
from 2005 to 2020 (Schwalm et al., 2020). All the vari-
ables were obtained in the form of 30 arcseconds, which
nearly equals the resolution of 1 km?. To reduce multicol-
linearity among the variables, the variance inflation fac-
tors (VIFs) were assessed using the “vif” function in the
“car” package (Fox & Weisberg, 2019) in R. All 22 vari-
ables (19 bioclimatic, 3 topographic) (Appendix S1:
Table S1) were processed using the stepwise elimination
process, in which the variables were omitted until only
the variables with VIF < 3 remained (Zuur et al., 2010),
ultimately retaining eight variables (aspect, slope, bio2,
bio3, bio5, biol4, biol8, and bio19) for SDMs.

Species distribution modeling

Combining SDMs created through multiple algorithms
has been shown to successfully improve the predictive
accuracy of distribution models (Hao et al., 2019; Thuiller
et al.,, 2009). To predict the suitable habitat, we used
10 algorithms in an ensemble approach: generalized
additive models (GAMs), generalized linear models
(GLMs), generalized boosted regression model (GBM),
multiple adaptive regression splines (MARS), random
forest (RF), surface range envelop (SRE), classification
tree analysis (CTA), flexible discriminant analysis (FDA),
artificial neural network (ANN), and maximum entropy
(MAXENT). The data were divided into testing (20%) and
training (80%) sets. For the training dataset, we produced
10,000 pseudo absence points. Altogether, we ran
90 models using 10 algorithms, 3 pseudo-absence selec-
tions, and 3 evaluation runs. The area under curve
(AUC) and true skill statistics (TSS) approaches are fre-
quently used to assess the effectiveness of prediction
models (Thuiller et al., 2009). Despite being widely used
as a model evaluation parameter, AUC is critiqued for
having several limitations (Lobo et al., 2008), therefore,
we utilized AUC and TSS (range —1 to 1) as model evalu-
ation criteria. The TSS value accounts for both omission
and commission errors, and if the TSS value is 1, the
model is considered perfect; otherwise, a good model is
the one with a TSS value between 0.7 and 0.9. (Allouche
et al., 2006; Thuiller et al., 2009). To create an ensemble
model using a weighted mean approach, we selected all
the models with a TSS value greater than 0.7 as the con-
sensus method based on weighted mean approach
increases the accuracy of the model (Marmion
et al., 2009). The BIOMOD2 package (Thuiller et al.,
2019) for R was used to perform SDM analysis (R Core
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FIGURE 2 Boxplot representing the accuracy of the models used in BIOMOD2. Ensemble method predicted with higher accuracy

compared with single-algorithm models: random forest (RF), generalized boosted regression model (GBM), maximum entropy (MAXENT),
generalized additive models (GAMs), classification tree analysis (CTA), flexible discriminant analysis (FDA), generalized linear models
(GLMs), artificial neural network (ANN), multiple adaptive regression splines (MARS), and surface range envelop (SRE). The upper box
limit, midline, and lower box limit represent lower quartile (Q1), the median, and the upper quartile (Q3), respectively. The whiskers
represent the extension of the box to the minimum and maximum values that fall within 1.5 times the interquartile range, and any values

outside this range are outliers, which are represented by red dots. TSS, true skill statistics.

Team, 2022). To calculate the suitable area according to
land use/cover, physiographic zones, and provincial
regions, the suitable area obtained from the ensemble
model was intersected with the land use/land cover data
(Karra et al., 2021) and corresponding shape files.

RESULTS
Present distribution of spiny babbler

Our models for spiny babbler predicted that currently
22,488.83 km? (15% of the total area of Nepal) is climati-
cally suitable habitat: 55% forested land, 38% rangelands,
4% built-up (developed) areas, 2% croplands, and 1% bare
areas. Among the physiographic regions, the Mid-Hills
constituted the largest suitable habitat (73%), followed by
the High Mountains (23%). Bagmati province
encompassed the largest area (42%) of the total suitable
habitat, followed by Gandaki (34%) and Province 1 (15%)
(Appendix S1: Table S2). Central Nepal harbored the

largest habitat patches compared with western and east-
ern Nepal, which had very fragmented patches of suitable
habitat. Of the total suitable habitat, only 12%
(2587.68 km?*) was incorporated within the PA system,
Annapurna Conservation Area (36%), Gaurishankar
Conservation Area (23%), Langtang Buffer Zone (16%),
and Langtang National Park (8%) (Appendix SI:
Table S3).

Model accuracy and response curves of
important variables

Of the 10 SDM algorithms used to predict the distribution
of spiny babbler, three algorithms (GBM, MAXENT, and
RF) had a TSS value >0.70, indicating higher model accu-
racy compared with other models (Figure 2). The ensem-
ble model generated from the best fit models (GBM,
MAXENT, and RF) performed the best, with a TSS value
of 0.84.
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FIGURE 3 Response curve of each variable shown for the three best performing algorithms: generalized boosted regression model

(GBM) (red), maximum entropy (MAXENT) (blue), and random forest (RF) (green). The x-axis represents the value associated with the
specific variables and the y-axis represents probability of spiny babbler occurrence. Variables and their corresponding units are as follows:

precipitation-related variables (in millimeters), temperature-related variables (in degrees Celsius), isothermality (in percentage), slope

(in percentage), and aspect (clockwise in degrees from 0 to 360).

Of the eight variables used in the modeling of the
spiny babbler’s habitat, biol8 (precipitation of the
warmest quarter) contributed the largest (29%), followed
by bio5 (max temperature of the warmest period) (19%)
and biol9 (precipitation of the coldest quarter) (12%).
Habitat suitability increased with increasing precipitation
in the warmest quarter (above 1000 mm). Similarly, habi-
tat suitability peaked when the temperature of the
warmest quarter was between 20 and 30°C. Similarly, in
the coldest quarter, suitability peaked at 50-100 mm of
precipitation (Figure 3).

Future distribution and range change

Spiny babbler’s suitable habitat is projected to experience
a substantial reduction and shift from the current range.
The SSP2-4.5 scenario projected that 12% and 10% of
Nepal will be suitable for spiny babblers by 2050 and
2070, respectively. Under SSP5-8.5 scenario, 10% and 7%
of Nepal are projected to be suitable for spiny babbler by
2050 and 2070, respectively (Figure 4). Under the
SSP2-4.5 scenario, 21.58% and 34.08% of the current

suitable habitat range are projected to be lost by 2050 and
2070, respectively, and under the SSP5-8.5 scenario, the
loss will be 40.45% by 2050 and 52.18% by 2070 (Figures 5
and 6).

DISCUSSION

Our results shed light on an important component of
endemic species conservation by identifying climatically
suitable habitat for the spiny babbler and assessing the
extent of reduction in the range of this species under
future climatic scenarios. The substantial reduction
(22%-52%) in the distributional range of this endemic
species with future climate change predictions makes this
research crucial for exploring conservation strategies and
policies in the context of the global effects of climate
change. Most importantly, our results showed that most
of the current climatically suitable habitat for spiny bab-
blers (>88%) is outside of the PA system and overlaps
with areas of high anthropogenic pressure
(e.g., urbanization and agriculture), indicating a need to
revise conservation policy within non-PAs.
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FIGURE 4 Current and future projections (2050 and 2070) of the suitable habitat for spiny babbler under the climatic scenarios of

SSP2-4.5 and SSP5-8.5. SSP, shared socioeconomic pathway.

Our findings indicate that the spiny babbler may
inhabit only 15% (22,488 km?) of Nepal’s total area, sub-
stantially lower than the 88,900 km? estimate provided
by Birdlife International (2022). This discrepancy was
most probably due to an overestimation of the extent of
occurrence, as the IUCN and Birdlife International esti-
mations were based on topological methods such as

minimum convex polygons, which do not accurately por-
tray environmentally suitable habitat (Burgman &
Fox, 2003; Duan et al., 2022). As a result, the extent of
suitable habitat identified by SDM is typically smaller
than that defined by the IUCN or Birdlife International
(Duan et al., 2022). Moreover, the SDM approach is a
well-accepted tool for estimating suitable habitat for
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FIGURE 5 Projected change in habitat (from present to 2070) under SSP2-4.5 and SSP5-8.5 scenarios, where green represents stable
habitat, red represents loss, and blue represents gain. SSP, shared socioeconomic pathway.
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FIGURE 6 Percentage change in suitable habitat range of spiny babbler projected for 2050 and 2070 under the SSP2-4.5 and SSP5-8.5
scenarios. SSP, shared socioeconomic pathway.
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many birds and wildlife (Lissovsky et al., 2021; Sofaer
et al., 2019). Thus, our estimation in this study is likely
more accurate than previous non-SDM-based estimates.

Our study identified that the majority of climatically
suitable habitat for the spiny babbler is located in for-
ested land (continuous or closed canopy of trees) and
rangelands (moderate to sparse cover of bushes, shrubs,
and tufts of grass). However, the spiny babbler’s occur-
rence, abundance, and local distribution are mostly deter-
mined by the presence of secondary scrub, preferably
dense in structure (Inskipp & Baral, 2022; Proud, 1959;
Thakuri, 2020). Inskipp and Baral (2022) have also
emphasized a close affinity of spiny babblers toward
dense shrublands rather than forests. Therefore, despite
the forest areas being climatically suitable, they do not
likely support the optimum habitat for the spiny babbler,
and the conversion of scrublands to forests in the climati-
cally suitable habitats may disrupt spiny babbler’s opti-
mum habitat. Recent trends have depicted increasing
forest area in Nepal. Moreover, Nepal’s forest area has
also changed from 45% during 1964 to 29% in 1994 and
again increased to 40% in 2015, largely due to changes in
forestry policy (Chapagain & Aase, 2020). Currently, the
average annual growth rate of Nepal’s forested lands is
0.15% (DFRS, 2015). One of the major reasons for this
could be the conversion of scrub into high-canopy forests,
owing to community forestry practices in the Mid-Hill
regions of Nepal (Gill, 2019). Community forestry prac-
tices in Nepal are focused on promoting local participa-
tion in forest management and strive for an increase in
forest area through participatory reforestation and affor-
estation (Kanel & Kandel, 2004). The formation of forests
through the replacement of scrublands may result in
inhospitable habitats for spiny babblers (Inskipp &
Baral, 2022). In this context, management of existing
scrublands and rangelands for sustainable conservation
of the spiny babbler seems essential. Managing scrub-
lands for the conservation of this species requires a multi-
faceted approach that combines the preservation of
existing scrublands, and scrubland restoration through
techniques such as silvicultural treatments, planting
native scrubs, controlling invasive species, and managing
grazing and fire to maintain the open structure of the
habitat (Chandler et al., 2009; King et al., 2009).
Encouraging sustainable land use practices in and
around scrublands can also help to minimize the impact
of human activities and help to reduce their dependence
on the resources of the scrublands (Thompson, 1988;
Young et al., 2005).

The central Mid-Hills region harbors the largest cli-
matically suitable habitat for the spiny babbler. The
Central Himalayan EBA, identified by Birdlife
International (Birdlife International, 2023), contained the

majority of the suitable habitat for the spiny babbler, con-
sistent with the information from other studies (Birdlife
International, 2022; Inskipp & Baral, 2022). The Central
Himalayan EBA comprises nine IBAs, which include the
Annapurna Conservation area, Dharan Forests,
Kanchenjungha Conservation Area, Langtang National
Park, Mai Valley Forests, Makalu Barun National Park,
Phulchoki Mountain  Forests, Shivapuri-Nagarjun
National Park, and Tamur Valley Watershed (Birdlife
International, 2022). Most occurrences of the species
have been recorded from west-central to east-central
Nepal, with only 6 and 10 records in the last 40 years in
the far western and far eastern regions, respectively
(Inskipp & Baral, 2022). Although our model predicted
that eastern Nepal would have a substantial portion
(15%) of total suitable habitat, the low records could be
attributed to lower observance coverage in these areas
compared with central Nepal. On the other hand, despite
the spiny babbler being considered endemic to Nepal, a
study has speculated that the range of the species could
encompass further west of Nepal, into the northwestern
region of India (Inskipp & Inskipp, 1991). However, our
model predicted very fragmented patches of climatically
suitable habitat in western Nepal, with only a small pos-
sibility of suitable habitat extension to the northwestern
region of India. In contrast, with the presence of substan-
tial climatically suitable habitat for this species in eastern
Nepal, it is highly probable that the range of this species
could possibly extend to the northeastern region of India,
adjacent to Nepal (potentially between Ilam in Nepal and
Darjeeling in India). Therefore, a detailed transboundary
survey for verifying the potential occurrence of the spiny
babbler between eastern Nepal and northeastern India is
crucial for further studies.

Based on our model prediction, a majority (88%) of
the current climatically suitable habitat for the spiny bab-
bler is encompassed within the non-PAs. Moreover, some
of the suitable habitats in non-PA regions fall within
areas of high anthropogenic pressure (e.g., urban areas
and agricultural areas). PAs with a strict legal protection
have minimal or no human presence, and limited human
disturbance in wildlife habitat (Lele et al., 2010). In con-
trast, non-PAs are inhabited and exploited by the local
communities, and their priorities are subsistence needs
such as fuel wood, fodder, timber, and other resources.
Non-PAs are usually attributed to lower conservation pri-
orities and consequently higher exploitation of resources.
Haphazard development and a rapid increase in anthro-
pogenic infrastructure in non-PA regions could escalate
the degradation of the spiny babbler’s suitable habitat.
Even though PAs contribute immensely to the conserva-
tion of threatened and endemic species (Brown
et al., 2019; Cazalis et al., 2020; Virkkala et al., 1994), the
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essence of conserving suitable habitats within non-PAs
for their sustainable conservation cannot be overlooked
(Avigliano et al., 2019; Ledn-Ortega et al., 2017; Norbu
et al., 2021; Santos et al., 2008). In this regard, suitable
habitat outside of PA should also be accorded equitable
conservation priority. For this, incorporating suitable
areas within the non-PA system into the PA system could
help immensely, because sustainable conservation objec-
tives often require landscape-based conservation plan-
ning, which includes both PA and non-PA areas
(De Camargo et al., 2018; Radford et al., 2005; Thapa
et al., 2021). Awareness, educational outreach, and incen-
tives to conserve the scrubby habitats and protect the
connectivity of habitats for this species across the distri-
butional range should be carried out in a landscape-level
approach.

In future climate change scenarios, we predicted a
34%-52% decline in the suitable habitat range of the
spiny babbler by 2070, which could adversely threaten
their survival by dwindling their population. According
to the IUCN’s range size criterion, a species is vulnerable
if the extent of its occurrence is less than 20,000 km?.
Even though the current extent of suitable habitat for the
spiny babbler is slightly over the IUCN criterion
(22,000 km?), it is projected to decrease to <15,000 km?*
by 2070 under both climatic change scenarios used in our
analysis. With a restricted range in the central Himalayas
and a shrinking suitable habitat, this species will likely
face a high risk of global extinction in the near future.
Several studies have indicated shrinking habitat for
endemic birds in future climate scenarios. For example,
approximately 36 species of endemic bird species will be
exposed to the risk of extinction due to climate change in
China (Wu, 2020). Likewise, a study concentrated on
eastern Brazilian mountaintops investigated a gradual
reduction of suitable habitat for endemic birds, with the
mountaintop species experiencing the strongest impact of
climate change (Hoffmann et al., 2020).

Precipitation-related variables (bio18 and bio19) and
temperature-related variable (bio5) mostly governed the
distribution of climatically suitable habitat for the spiny
babbler. Habitat suitability increased with rise in
warmest quarter precipitation (above 1000 mm), coldest
quarter precipitation between 50 and 100 mm, and
warmest quarter temperature between 20 and 30°C. High
influence of the maximum temperature of the warmest
months and precipitation of the driest quarter is consis-
tent with the other studies that have reported factors
influencing habitat suitability of endemic birds, such as
in Ethiopia (Bladon et al., 2021). Tropical birds are
projected to be especially susceptible to
rainfall-dependent variables and extreme weather events
(Sekercioglu et al., 2012). The probability of distribution

of the spiny babbler was found to be higher in habitats
with more than 1000 mm of precipitation in the warmest
quarter. For montane birds, the population was found to
be positively correlated with rainfall (Walther
et al., 2017). Precipitation has long been recognized as a
major driver of species richness and distribution (Liang
et al., 2020; Yousefi et al., 2017). Temperature-associated
impacts on demographics and distribution were also
recorded in an Afrotropical understory bird community
(Neate-Clegg et al., 2021). These impacts of precipitation
and temperature on the distribution of spiny babbler war-
rant further investigation as the ecology of spiny babbler
is largely unknown.

Due to a lack of information, the majority of tropical
bird species that are sensitive to climate change are not
currently regarded as being at risk of extinction
(Sekercioglu et al., 2012). For example, despite its [IUCN
red list status as of least concern, the endemic spiny bab-
bler will face the adverse effects of climate change with a
shrinking future habitat, potentially leading to extinction.
Therefore, it is vital to collect data on the ecology, present
distribution, and projected range of these species by
incorporating ecologically relevant variables. Our study
incorporated important climatic and topographic vari-
ables to identify current climatically suitable habitats and
predict future distribution, but the incorporation of
anthropogenic variables (e.g., land use, human footprints,
anthropogenic structures, etc.) could further improve our
understanding of the distribution ecology of this endemic
species. Due to the unavailability of future scenarios in
anthropogenic variables, this study could not incorporate
anthropogenic variables to predict future distribution.
Therefore, it is recommended to incorporate future land
use scenarios and other important anthropogenic vari-
ables for future prediction in the distribution of spiny
babbler species in further studies.

CONCLUSION AND IMPLICATION
ON CONSERVATION

Our findings provide insight into a crucial aspect of
endemic species conservation by uncovering the spiny
babbler’s climatically suitable habitat and determining
the extent to which this species’ range may shrink under
various future climatic scenarios. With 15% of the total
area of Nepal as a potential suitable habitat and the cen-
tral Mid-Hills region as the largest patch of suitable habi-
tat for this endemic species, we projected a significant
reduction (up to 52%) in the habitat of the spiny babbler
under future climate scenarios by 2070. The potential dis-
tribution of the only endemic bird species in Nepal pro-
vides important information for developing critical
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conservation strategies. The presence of a large extent of
suitable habitat within the non-PA region suggests that a
species-specific action plan incorporating both PAs and
non-PAs is crucial for the spiny babbler’s sustainable
conservation. Management of existing scrublands and
restoration of degraded scrublands within a climatically
suitable habitat are imperative for the sustainable conser-
vation of the spiny babbler. Similarly, safeguarding the
spiny babbler’s habitat against climate change may
require locally and regionally focused sustainable conser-
vation policies, adaptive management strategies, and edu-
cational outreach among the local communities.
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