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Abstract Reliable predictions of future distribu-
tion ranges of ecologically important species in
response to climate change are required for develop-
ing effective management strategies. Here we used
an ensemble modelling approach to predict the dis-
tribution of three important species of Abies namely,
Abies pindrow, Abies spectabilis and Abies densa in
the Hindu Kush Himalayan region under the current
and two shared socioeconomic pathways (SSP245
and SSP585) and time periods of 2050 and 2090s. A
correlative ensemble model using presence/absence
data of the three Abies species and 22 environmen-
tal variables, including 19 bioclimatic variables and 3
topographic variables, from known distributions was
built to predict the potential current and future distri-
bution of these species. The individual models used
to build the final ensemble performed well and pro-
vided reliable results for both the current and future
distribution of all three species. For A. pindrow, pre-
cipitation of the driest month (Biol4) was the most
important environmental variable with 83.3% contri-
bution to model output while temperature seasonality
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(Bio4) and annual mean diurnal range (Bio2) were
the most important variables for A. spectabilis and
A. densa with 48.4% and 46.1% contribution to final
model output, respectively. Under current climatic
conditions, the ensemble models projected a total
suitable habitat of about 433,003 km?, 790,837 km?
and 676,918 km? for A. pindrow, A. spectabilis and A.
densa, respectively, which is approximately 10.36%,
18.91% and 16.91% of the total area of Hindu Kush
Himalayan region. Projections of habitat suitability
under future climate scenarios for all the shared soci-
oeconomic pathways showed a reduction in poten-
tially suitable habitats with a maximum overall loss
of approximately 14% of the total suitable area of A.
pindrow under SSP 8.5 by 2090. A decline in total
suitable habitat is predicted to be 9.6% in A. specta-
bilis by 2090 under the SSP585 scenario while in A.
densa 6.67% loss in the suitable area is expected by
2050 under the SSP585 scenario. Furthermore, there
is no elevational change predicted in the case of A.
pindrow while A. spectabilis is expected to show an
upward shift by about 29 m per decade and A. densa
is showing a downward shift at a rate of 11 m per dec-
ade. The results are interesting, and intriguing given
the occurrence of these species across the Hindu
Kush Himalayan region. Thus, our study underscores
the need for consideration of unexpected responses of
species to climate change and formulation of strate-
gies for better forest management and conservation
of important conifer species, such as A. pindrow, A.
spectabilis and A. densa.
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Introduction

Abies, the second largest genus in the family Pinaceae
consisting of about 52 species worldwide, is the
dominant species in the North Hemisphere conifer-
ous forests (Xiang et al., 2007). The vertical distri-
bution of this genus is largely concentrated in two
elevational ranges with 15 species found between
1000 and 2000 m and 13 species found between
2500 and 4000 m elevation (Xiang et al., 2007). The
Sino-Himalaya region is the major centre of diver-
sity in Abies, an area where 18 species occur (Farjon,
2017). However, three species from west to east, A.
pindrow, A. spectabilis and A. densa, are well defined
and broadly accepted in the main Himalayan chain,
beginning from Afghanistan’s Hindu Kush eastward
as far as Bhutan. Each of these blue-coned firs has an
area of discreet distribution but A. spectabilis over-
laps with both A. pindrow and A. densa to some
extent at its two extremes (Farjon, 2017). Abies spect-
abilis and A. densa are more closely related to each
other than either is to A. pindrow. These plants are
valuable forest resources largely used for construc-
tion, furniture and other industrial materials. A. pin-
drow is widely distributed across Hindu Kush Hima-
laya (HKH) in eastern Afghanistan, western Nepal,
north India and Pakistan (Xiang et al., 2007) and has
an elevation distribution range between 2000 and
3300 m (Singh, 2018). Similarly, A. spectabilis is dis-
tributed in Xizang (China), Afghanistan, north India
and Nepal (Xiang et al., 2007) across the HKH with
an elevation range from 2500 to 4000 m (Vidakovic,
1993) and A. densa occurs in South Xizang (China),
Bhutan, North-east India and Nepal (Xiang et al.,
2007) with elevation range between 2450 and 4000 m
(Farjon, 2010). Generally, A. pindrow and A. spect-
abilis occur towards the west while A. densa occurs
towards the east of HKH. Since these species form
a dominant part of the canopy in the Himalayan for-
ests, they play an immense role in carbon sequestra-
tion and, hence, in the mitigation of climate change.
Carbon stored in forests forms a dominant part of
terrestrial carbon stocks and thus management of
forest ecosystems is crucial because of their strong
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mitigation potential (Fargione et al., 2018; Griscom
et al., 2017). Any change in suitable habitat for domi-
nant tree species will have a direct impact on the car-
bon sequestration capacity of the forest ecosystems.

However, the HKH mountains and the mountain-
ous systems that inhabit these and other species are
continuously degrading (Chakraborty et al., 2018)
because of both direct (land conversion, exploita-
tion of forest resources (Pandit, 2017) and indirect
stressors, such as global climatic change, soil erosion
(Salesa & Cerda, 2020) and the spread of invasive
alien species (Lamsal et al., 2018; McDougall et al.,
2011) that may disproportionately affect mountains
in a long run (Halofsky et al., 2018; Luce, 2018)
because of being rich in geodiversity (Gordon, 2018),
biodiversity (Antonelli, 2015; Noroozi et al., 2018),
sources of major drainage systems (Immerzeel
et al., 2020; Viviroli & Weingartner, 2008), home to
about twenty per cent of the world’s human popula-
tion (Korner et al., 2017) and for providing valuable
resources, goods and services (Sharma et al., 2019a)
which are of critical importance locally, regionally
(Gao et al., 2016) and globally (Fang et al., 2018).
Mountains support approximately 25% of all terres-
trial biodiversity (Sharma et al., 2019a). This richness
of biodiversity in the mountains is a result of many
local niches created due to steep elevation gradi-
ents and associated climatic variations that support
a diverse assemblage of species (Korner & Spehn,
2019).

The Hindu Kush Himalaya (HKH), one of the sev-
eral mountain systems in the world, is also rich in bio-
diversity (Xu et al., 2019), has the largest glacierized
area outside the North and South pole and is home
to ten large Asian water systems (Kotru et al., 2020).
But this mountain system is experiencing rapid and
elevation-dependent warming, along with an increase
in extreme climate events, especially since the 1980s
(Ren et al., 2017; Sun et al., 2020; Zhan et al., 2017).
From 1901 to 2014, the mean annual temperature has
increased by approximately 0.1 °C/decade (Ren et al.,
2017) and it is predicted to increase by about 1-2 °C
from 2021 to 2050 compared to 1961-1990 (IPCC,
2021). This warming has resulted in the loss/retreat of
glacier mass, accelerated snowmelt and degradation of
permafrost (Chug et al., 2020; Sabin et al., 2020; IPCC
Report, 2021), alteration in the distribution of plant
communities (Manish et al., 2016) and elevational shift
in high-altitude species (Hamid et al., 2020; Telwala
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et al., 2013). Climate change is of particular concern
because it leads to changes in assemblages of spe-
cies (Parmesan & Yohe, 2003), distribution of species
(Naimi et al., 2014) and phenology (Ovaskainen et al.,
2013) and various evolutionary changes (Hoffmann &
Sgro, 2011). For these reasons, the studies document-
ing the effects of climate change on vegetation growth
and distribution have been accumulating globally
(Baumbach et al., 2021).

Changes in the distribution of species in response
to climate change have been studied by employing
a species distribution modelling approach. Recently,
Bobrowski et al. (2021) reviewed 157 studies pub-
lished between 2010 and 2021 on modelling species
distribution in the Himalaya and most of these stud-
ies have addressed the question of potential range
changes in species in future under various climate
change scenarios. Although many of these stud-
ies were carried out on tree species (27%), no such
study is available on A. pindrow, A. spectabilis and
A. densa which are the dominant conifers in the
Hindu Kush Himalayan forests. Since these species
grow over a wide geographical range in the Hindu
Kush Himalaya, we hypothesized that they may
extend their range under the changing climate. To
this end, we used an ensemble modelling approach
for predicting the potential distribution of A. pin-
drow, A. spectabilis and A. densa under current and
two future shared socioeconomic pathway (SSP)
scenarios using the vastly improved Coupled Model
Intercomparison Project (CMIP6) model. The
shared socioeconomic pathway (SSP) is the latest
iteration of scenarios, used for CMIP6 (2016-2021)
and IPCC Sixth Assessment Report (AR6) (2021)
and its use for the first time in predicting the distri-
bution of three important Abies species was aimed
to address the following two main research ques-
tions: (i) which environmental/topographic vari-
ables explain the distribution of three Abies species
in the HKH region; (ii) how would the predicted cli-
mate change impact the distribution of three Abies
species in the Hindu Kush Himalaya under various
climate change scenarios. Since being dominant
constituents of the coniferous forests in the Hindu
Kush Himalaya, any change in the distribution of
these species will impact the structural organization
and functional integrity of the forest ecosystem with
consequences for the marginalized communities in
the Hindu Kush Himalaya.

Materials and methods
Study area

We used an ensemble modelling approach to explore
the current distribution of three Abies species under
current climatic conditions and predict their future
distribution in the HKH region (Fig. 1). The total geo-
graphic area of HKH is approximately 4.2 million km?
(Bajracharya & Shrestha, 2011; Bajracharya et al.,
2015; Sharma et al., 2019b). Abies pindrow (Royle
ex. D.Don) Royle is one of the dominant conifer spe-
cies in the Hindu Kush Himalayan (HKH) region and
is native to Afghanistan, Nepal and West Himalaya
(Farjon, 2010). Abies spectabilis (D. Don) Mirb. is
native to Afghanistan, Nepal, Pakistan, Tibet and West
Himalaya (Turland & Figueiredo, 1999). Similarly,
Abies densa Griff. is native to Assam, East Himalaya,
Nepal and Tibet (Farjon, 2010).

Species data

The current occurrence data with correctly geo-
referenced coordinates were gathered from our
field studies, published records in books, journals,
reports and other literature and herbarium records
mostly of Kashmir University Herbarium (KASH).
Additionally, we also retrieved occurrence records
of the three species from the Global Biodiver-
sity Information Facility (https://www.gbif.org)
accessed from R 4.0.5 (R Core Team, 2020) using
the ‘rgbif” package (Chamberlain, 2017) and these
occurrence records were cleaned and records with
missing geo-coordinates or with any dubious coor-
dinate issues were deleted. To ensure the authen-
ticity of occurrence records, the coordinates of the
records were compared with the country/region
of the site as given in the records (Hijmans et al.,
1999). The occurrence points were spatially thinned
with ‘spThin’ package (Aiello-Lammens et al.,
2015) to keep only one occurrence point per cell of
5 km x5 km dimension, resulting in 279, 292 and
196 occurrence points for A. pindrow, A. spectabi-
lis and A. densa, respectively. The package gives a
spatially thinned occurrence data set in which all
occurrence data points are at least 5 km apart (user-
defined thinning distance) which helps to reduce
the impact of uneven/biased occurrence records on
model output (Aiello-Lammens et al., 2015).
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Fig. 1 Map of the study area (the Hindu Kush Himalayan region) with occurrence points of three Abies species used for modelling

Environmental data

Data for 19 bioclimatic variables at a spatial reso-
lution of 2.5 arc minute (~5 km) to represent cur-
rent and future climate scenarios were extracted
from the WorldClim 2.1 dataset (Fick & Hijmans,
2017). Such a spatial resolution was selected
because of the non-availability of future climatic
data at lower resolution (~1 km). These biocli-
matic variables are derived from monthly tempera-
ture and precipitation records from 1970 to 2000
and represent a combination of means, extremes,
variability and seasonality of temperature and pre-
cipitation data (Ahmad et al., 2020; Zhang et al.,
2019). These bioclimatic variables are preferen-
tially used in species distribution modelling studies
across taxa since they provide biologically useful
climatic information than individual temperature
and precipitation (Borzée et al., 2019; Fournier
et al., 2017; Kumar, 2012; Root et al., 2003). In
addition to bioclimatic variables, three topographic
variables aspect, slope and elevation were extracted
from DEM at the same resolution to perform robust
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modelling. The DEM data was derived from the
Shuttle Radar Topography Mission (SRTM; Farr
et al., 2007).

Future climatic data derived from the BCC-
CSM2-HR global circulation model (Beijing Cli-
mate Centre, China Meteorological Administration,
China) was used. These data have been previously
used with great accuracy in the Hindu Kush Hima-
layan region for the prediction of vegetation distri-
bution in response to future climate change (Ahmad
et al., 2020; Dakhil et al., 2019; Shi et al., 2018;
Zhan et al., 2017). We thus obtained the predicted
values of each bioclimatic variable for two future
time periods, near 2050 (2041-2060) and far 2090
(2081-2100) under two shared socioeconomic path-
ways of 4.5 and 8.5 (Fick & Hijmans, 2017).

Species distribution modelling

We used the ensemble modelling approach for mod-
elling the potential distribution of three Abies spe-
cies under current and future climatic conditions.
Ensemble modelling procedure helps in producing
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more reliable habitat suitability maps than individual
species distribution models. We used nine model-
ling algorithms available in ‘sdm’ package (Naimi &
Aratjo, 2016) in R 4.0.5 (R Core Team, 2020), for
final ensemble building. The individual modelling
methods used for the ensemble included generalized
linear model (GLM), generalized additive model
(GAM), boosted regression tree (BRT), flexible
discriminant analysis (FDA) multivariate adaptive
regression spline (MARS), maximum entropy (Max-
ent), radial basis function (RBF) random forest (RF)
and support vector machine (SVM).

We generated 500 pseudo absences randomly for
each species within the study region for the smooth
running of individual models. Seventy percent of data
points were used for model building and 30% were
set aside for testing the individual models (Elith &
Leathwick, 2009; Souza & Prevedello, 2021). Each
modelling method was replicated six times resulting
in fifty-four different statistical models which were
averaged by calculating the weighted mean to pro-
duce the final ensemble.

Selection of predictor variables

Variance inflation factor (VIF) was used for testing
multicollinearity in environmental variables (Naimi
et al. 2014) and the variables that were highly corre-
lated (r>0.7) were excluded.

Individual models were evaluated by calculating
the area under the curve (AUC) separately for each
modelling method and iteration. AUC measures the
model capacity to differentiate sites with species pres-
ence from sites where the species is absent (Swets,
1988). The values of AUC range from 0 to 1 with O
being the least perfect and 1 being the most perfect
whereas 0.5 indicates that the model prediction is
not better than a random guess (Chakraborty et al.,
2016; Fielding & Bell, 1997; Phillips & Dudik, 2008;
Swets, 1988). Models with AUC scores of more than
0.9 are generally considered the best models (Lobo
et al., 2008).

Analysis of ensemble output and habitat change
The continuous suitability maps of resultant ensem-

bles were converted to binary maps using the maxi-
mum training specificity and sensitivity threshold

method commonly used for the assessment of impacts
of climate change on species (Liu et al., 2005, 2013;
Souza & Prevedello, 2021).

Potential habitat under the current climate was over-
layed with individual future climate change scenarios
for assessment of changes in the distribution range of
the species. Areas suitable/unsuitable in both current
and future climate scenarios were classified as ‘suit-
able/unsuitable (no change)’ whereas areas which are
suitable in the current climate but unsuitable in future
climatic conditions were classified as ‘loss’ and areas
which are unsuitable in the current climate but were
suitable in future climatic conditions were classified
as ‘gain’. The total area under different habitat suitabil-
ity categories as well as habitat change was calculated
using the ‘geosphere’ package (Hijmans et al., 2019) in
R 4.0.5 (R Core Team, 2020).

The degree of niche overlap between the species
was measured by Warren’s similarity static (/) (Warren
et al., 2008). The similarity static ‘I’ compares the two
habitat suitability predictions, and the output is a value
representing the similarity between the ecological
niches of the species. The value of ‘I’ ranges between
0 and 1 with O being no overlap and 1 being complete
overlap (identical niches).

Results
Predictor environmental variables

After checking for multicollinearity, seven environ-
mental variables out of twenty-two were used for
modelling the distribution of each species (Fig. 2).
Two temperature-related variables, namely mean
annual diurnal range (Bio2) and mean temperature of
wettest quarter (Bio8), and three precipitation-related
variables, namely precipitation of driest month
(Biol4), precipitation seasonality (Biol5) and pre-
cipitation of warmest quarter (Biol8) and two topo-
graphic variables aspect and slope were found to be
useful in the prediction of the distribution of A. pin-
drow. These variables helped in building a robust
ensemble model to produce habitat suitability maps
for A. pindrow in each 2.5 arc minute grid cell under
current climatic conditions in the HKH region. Bio-
climatic variables are the most important predictors
influencing the distribution of A. pindrow in the HKH
region. Precipitation of driest month (Biol4) was the
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Fig. 2 Climatic variables used for modelling the potential distribution of A. pindrow, A. spectabilis and A. densa in the HKH region

most important variable with variable importance of
83.3% followed by precipitation of warmest quarter
(Biol8) and precipitation seasonality (Biol5) with
variable importance of 7.4% and 4.9%, respectively
(Table 1).

In the case of A. spectabilis, three temperature-
related variables Bio2, Bio4 and Bio9 and two pre-
cipitation-related variables Biol4 and Biol5 along
with two topographic variables aspect and slope were
related to the distribution of the species. Bio4 was the
most important variable with a 48.4% contribution to
the final model output while Biol4, Bio9 and slope
contributed 16.8%, 16% and 8.5% to the final model
output, respectively (Table 1).

For A. densa, two temperature-related variables
Bio2 and Bio3 and two precipitation-related Biol4

@ Springer

Table 1 Relative contribution of bioclimatic environmental
variables to the ensemble model output

Variables Mean variable importance
A. pindrow A. spectabilis A. densa

Bio2 0.021 0.049 0.461
Bio3 - - 0.274
Bio4 - 0.484 -
Bio8 0.011 - -
Bio9 - 0.160 -
Biol4 0.833 0.168 0.092
Biol5 0.049 0.049 0.008
Biol8 0.074 - -
Aspect 0.004 0.006 0.007
Slope 0.009 0.085 0.028
Elevation - - 0.129
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and Biol5 and three topographic variables aspect,
slope and elevation were the important environmental
variables explaining the current distribution of spe-
cies in the HKH region. Bio2 was the most important
environmental variable with a 46.1% contribution to
the final model output. Bio3 and elevation respec-
tively contributed 27.4% and 12.9% to the final model
output (Table 1). Interestingly, temperature-related
variables are more important in explaining suitable
habitat for A. densa.

Individual response curves for the potential dis-
tribution of A. pindrow under the current climate
showed that precipitation in the driest month (Biol4)
positively influenced the probability of species occur-
rence, with the highest suitability at total monthly
precipitation of approximately 30 mm and unsuit-
able below 15 mm precipitation in the driest month
(Fig. 3). For A. spectabilis, temperature seasonality
(Bio4) of approximately 400% resulted in the highest
suitability whereas it decreases at higher percentages
with areas with more than 600% temperature season-
ality being unsuitable for the species (Fig. 3). For A.
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densa, the annual mean diurnal range (Bio2) of 7.5
degrees resulted in the highest suitability and the suit-
ability decreased at higher mean diurnal ranges with
suitability approaching zero after 15 degrees (Fig. 3).

Similarly, the suitability of A. pindrow decreased
with an increase in precipitation of the warmest quar-
ter (Biol8) while the suitability of A. spectabilis
and A. densa increased with an increase in the pre-
cipitation of driest month (Biol4) and isothermality
(Bio3), respectively.

Model performance

The individual models for all the three species
performed very well as indicated by an AUC of
0.96+0.01, 0.95+0.03 and 0.93+0.01 for A. pin-
drow, A. spectabilis and A. densa, respectively. We
then calculated the weighted mean of all the models
to produce separate maps of predicted habitat suit-
ability for current and future climatic conditions for
the three species of Abies.

Precipitation Seasanality (CV) Annual Mean Diurnal Range

0.30 -
04-
03- 0.20-
015-

0.10 -

' ' ' ' [ ' ' ] '
30 60 90 120 75 10.0 12,5 15.0 17.5

Bio1S Bio2
Mean Temperature of Driest Quarter Slope {degrees)

04- 06-

0.3-

' ' ' ' ' '
-20 0 20 0 5 10 15
BioS Slope

Elevation (metres) Precipitation of Driest Month

0:55 0.20-
015+
0.3-

02- 0.10-

0.1-
0.05-

o-

' ' ' ' ' '
0 2000 4000 6000 10 20 30
Elevation Bio14

Fig. 3 Response curves representing the relationship between key predictor variables and the probability of occurrence of A. pin-

drow, A. spectabilis and A. densa
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Model projections

Based on the current habitat suitability map of A. pin-
drow, suitability areas are found in northern Pakistan;
Indian states of Jammu and Kashmir, Uttarakhand
and Himachal Pradesh; Nepal; and Sichuan and Yun-
nan provinces of China (Fig. 4). A. spectabilis suitable
areas lie in the Indian states of Himachal Pradesh, Utta-
rakhand and Arunachal Pradesh, Nepal, Bhutan and
northern parts of Yunnan Province in China (Fig. 4).
Likewise, northern parts of Arunachal Pradesh, Megha-
laya, Mizoram, Manipur and Nagaland in India, north
of Nepal, Bhutan and Xicheng in China is suitable for
A. densa under current climatic conditions (Fig. 4).

Under the current climatic conditions, the model
projections highlight regions with different probabil-
ity of occurrence of Abies spp. in the HKH region.
The total suitable habitat for A. pindrow, A. spectabi-
lis and A. densa is spread over 433,003 km?, 790,837
km? and 676,918 km? comprising 10.36%, 18.91%
and 16.19% of the total area of the HKH region,
respectively (Fig. 5).

In HKH, under current climatic conditions, the total
area which is suitable for at least one of the Abies species

2050
(SSP245)

Abies pindrow

Abies spectabilis

Abies densa

2050
(SSP585)

D Unsuitable . Suitable

is 1,231,889 km? (29.46%) (Fig. 6). The area suitable for
both A. spectabilis and A densa is 9.94% of the total area
while the area suitable for both A. pindrow and A. specta-
bilis is 6.05% and the area suitable for both A. pindrow and
A. densa is 1.6% of the total HKH area. Of the total area of
HKH, 1.59% is suitable for all three species while 4.3%,
4.52% and 6.24% areas are exclusively suitable for A. pin-
drow, A. spectabilis and A. densa, respectively (Fig. 6).

The results from the niche overlap test revealed
that the realized niches of the three Abies species are
quite identical. The similarity static ‘I’ value between
potentially suitable habitats for A. pindrow and A.
spectabilis was 0.91, while between A. pindrow and
A. densa was 0.82. The niche overlap was highest
between A. spectabilis and A. densa (0.96).

Predicted habitat suitability in current climatic
conditions was projected onto future climatic con-
ditions under selected shared socioeconomic path-
ways in 2050 and 2090 and it showed a reduction
in potentially suitable habitats for all three species.

For A. pindrow, the total suitable area showed
a decrease of 9.39% and 10.25% by 2050 under
SSP245 and SSP585 climate scenarios, respectively.
The loss in the total suitable area is predicted to be

2090
(SSP245)

2090
(SSP585)

Fig. 4 Potential habitat suitability map of A. pindrow, A. spectabilis and A. densa under current and future climate scenarios
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Fig. 5 Range contraction (loss) and range expansion (gain) under future climate scenarios compared to current climatic conditions

in different time periods for A. pindrow, A. spectabilis and A. densa

more, 11.19% and 14% by 2090 under SSP245 and
SSP585 scenarios, respectively (Table 2).

In the case of A. spectabilis, the decrease in the
total suitable area by 2050 is 3.36% and 3.11% under
SSP245 and SSP585 scenarios, respectively, while
the decrease is 5.59% and 9.6% by 2090 (Table 2).

A. densa showed an increase in the total suit-
able area of 2.82% by 2050 under the SSP245 sce-
nario while there is a decrease of 5.17% under the
SSP585 scenario. By 2090, the decrease is 6.67%
under SSP245 scenarios and no change in the
SSP245 scenario (Table 2).

Range expansion andcontraction
Abies pindrow

Area with favourable climatic conditions for A. pin-
drow showed an overall decrease under all SSP sce-
narios in all the time periods (Fig. 5).

By 2050, the currently suitable area is expected
to decline by approximately 1.17% and 1.65%
under SSP245 and SSP585 scenarios, respectively

(Table 3). The species is expected to expand its
range in currently unsuitable areas from 0.33 to
0.44% under future climate scenarios by 2050. The
area suitable in both current and future climate sce-
narios ranges from 8.85 to 9.33%. The decline in the
currently suitable area ranges from 1.63 to 2.21%
under different future scenarios by the year 2090
while there is expansion expected to be between
0.41 and 0.91% by the end of this century. The area
suitable under both scenarios is between 8.29 to
8.87% (Table 3).

Abies spectabilis

The range of contraction is predicted to be from
1.36 to 1.60% by 2050 and that of expansion ranges
between 0.54 and 0.73% (Table 3). The suitable (no
change) area ranges from 17.32 to 17.55%. By the
end of this century, the species is expected to lose
its habitat by 1.5 to 3.13% while its suitability habi-
tat is expected to increase between 0.91 and 1.31%.
15.79 and 17.42% area is suitable in both scenarios
(no change).
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(a)

Fig. 6 a Map showing overlap between three Abies spe-
cies in the HKH region. NS=not suitable for Abies, AP=A.
pindrow (179,811 km?), AS=A. spectabilis (188,884 km?),
AD=A. densa (260,982 km?), AP+ AS =overlap between A.
pindrow and A. spectabilis (186,277 km?), AP+ AD =overlap
between A. pindrow and A. densa (260 km?), AS+AD=over-

Abies densa

The species is expected to lose range from 0.87 to
2.6% while there is predicted range expansion by 1.33
to 1.52% by the middle of this century (Table 3). The
no-change suitable area ranged from 13.59 to 15.31%.
The range contraction is expected to be between 1.73
and 2.15% by 2090 while the range expansion is pre-
dicted to be between 0.9 and 2.15%. The area suitable
in both the current and future climate scenario ranges
from 14.04 to 14.46%.

Elevation shift

The mean elevation of A. pindrow under current
climatic conditions is calculated as 2871 m which
shows a decrease by the year 2050 being 2743 m and
2738 m under SSP245 and SSP585 scenarios while
by 2090 the mean elevation is shown to decrease to
2730 m in SSP245 and increase to 2933 m under
SSP585 scenario (Fig. 7). Overall, there is no dras-
tic change in the mean elevation of A. pindrow in
future climate scenarios. For A. spectabilis, the
mean elevation under current climatic conditions

@ Springer

A. pindrow A. speciabilis

188884
(15%)

260
(0.021%)

349021
(28%)

260982
(21%)

(b)

A. densa

lap between A. spectabilis and A. densa (349,021 km?),
ALL =three species overlap (66,655 km.?). b Venn diagram
showing the overlap in potential suitable area for A. pindrow,
A. spectabilis and A. densa under the current climate in the
HKH region

is 2626 m while it is predicted to increase in all the
future climatic scenarios between 2558 and 2733 m
in 2050 and 2740 and 2921 m in 2090. Overall, there
is approximately a 29 m upward shift per decade
for A. spectabilis (Fig. 7). The mean elevation for
A. densa under the current climate is 2733 m which
was predicted to decline under all future climate sce-
narios. It indicates a shift towards lower elevations to
2459-2668 m by 2050 and 2575-2641 m by 2090.
The average shift downwards is approximately 11 m
per decade (Fig. 7).

Discussion

The present study brings out that the most important
environmental variables to the model output were pre-
cipitation of the driest month for A. pindrow, temper-
ature seasonality for A. spectabilis and mean annual
diurnal range for A. densa. Furthermore, our study
predicts that each species is likely to lose potentially
suitable habitat area under future climatic change sce-
narios: with a maximum suitable habitat loss of 14%
in A. pindrow, 9.6% in A. spectabilis and 6.7% in A.
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Fig. 7 Plot showing mean elevation of A. pindrow, A. spectabilis and A. densa and its variation with time

densa. Also, the species-specific elevational shift
is predicted in response to climate change with an
upward shift in A. spectabilis, and a downward shift
in A. densa but no elevational shift is predicted in A.
pindrow. Thus, each species has a unique response
to climate change, despite taxonomic and ecologi-
cal relatedness. For the prediction of future potential
distribution and possible range shifts in these Hima-
layan conifers in response to climate change, a proper
mechanistic understanding of the impacts of key
environmental and topographic factors on the growth
and distribution of these species is greatly needed
(Bobrowski et al., 2017). Among the bioclimatic
variables, we found that precipitation during the dri-
est month had an overriding influence on the distri-
bution of A. pindrow in the Hindu Kush Himalaya
explaining about 83% of its occurrence probability. It
is very well known that the growth, development and
distribution of plants are significantly influenced by
climatic factors, especially temperature and precipita-
tion (Bista et al., 2021). In natural forests, A. pindrow
is a shade-tolerant species (Rushforth, 1991), prefers
cooler and moist habitats and is thus largely present
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on the North-East-facing slopes (Sharma et al., 2010).
Jha et al. (1984) also recorded the cool/moist habitat
preference of A. pindrow. Dendrochronological stud-
ies on A. pindrow have also revealed a strong associa-
tion between radial growth and spring precipitation
in dry regions (Gaire et al., 2017; Kharal et al. 2017;
Sigdel et al., 2018) but the growing season tempera-
ture impacts growth at higher elevations in wet regions
( Gaire et al., 2017; Malik & Sukumar, 2021; Shrestha
etal., 2017).

Model projections under various climate change
scenarios and time periods revealed a decrease in the
distribution range of A. pindrow in the Hindu Kush
Himalaya. Such declines in the potential distribu-
tion ranges of A. pindrow have been reported earlier
by Ali et al. (2014) in the Swat district of northern
Pakistan and by Naudiyal et al. (2021) in the Sichuan
province of China as well. It could be correlated with
the declining summer and annual precipitation in the
central-eastern HKH noticed from 1979 to 2010 pos-
sibly due to a weakening of the South Asian monsoon
(Palazzi et al., 2013; Roxy et al., 2015; Yao et al.,
2012). The precipitation trend over the western HKH,
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which receives a substantial amount of its precipita-
tion from western disturbances during winter (Meher
et al., 2018; Palazzi et al., 2013; Singh et al., 2016),
is unclear (Hunt et al., 2019; Krishnan et al., 2019;
Kumar et al., 2015). CMIP6 model projections, under
SSP 8.5 future climate scenario, over the western
Himalaya predict an increase in winter precipitation
by the end of the current century (Almazroui et al.,
2020). The mean precipitation of the driest month
shows a decline compared to current in all future sce-
narios except in the SSP585 (2090) scenario. This
decreasing trend in the precipitation is very well indi-
cated in the future distribution changes of the species.
A decrease in precipitation or change in its seasonal
or annual pattern may result in long dry periods dur-
ing the growing season thus altering tree water poten-
tial (y), modify tree physiology and limit tree species
distribution (Poudyal et al., 2004; Zobel et al., 2001;
Zobel & Singh, 1995). Global warming might also
increase aridity through increased vapour pressure
deficit which can result in aggravated soil moisture
deficit (Giorgi & Lionello, 2008; Pifiol et al., 1998).

Drought-induced range contraction in A. pindrow is
reported both from dry (Dorman et al., 2013; Sarris et al.,
2007) and mesic sites (Castagneri et al., 2014; Jump
et al., 2006; Linares & Camarero, 2012) of the Mediter-
ranean forests. The drought caused a widespread decline
in tree growth and forest die-off. In Central Europe also,
the occurrence of A. pindrow in the past century has
declined partly due to climate change and partly due
to acid rain and other anthropogenic factors (Matyas
et al., 2021). However, some suggest that the species
may benefit from winter warming (van der Maaten-Theunis-
sen et al. 2013), while others reason that it is likely to suffer
from increasing summer droughts (Lebourgeois et al., 2010;
Thabeet et al. 2009). Although A. pindrow is known to survive
under stress and is considered to be highly resilient to envi-
ronmental changes (Garzén et al., 2019), our results predict
its range contraction under future climate scenarios. It needs
to be emphasized that long-term growth responses of trees to
climate are highly contingent on local climatic site con-
ditions that may buffer the effects of warming trends
and changing precipitation regimes.

In A. spectabilis, the temperature is the main
driving factor for tree growth while precipita-
tion, especially in the early growing season, in the
central Himalayas aids in tree growth by provid-
ing sufficient soil moisture for radial growth (Rai
et al., 2020). The decline in suitable habitats may

be linked with an increase in mean temperatures in
future as predicted under different SSP scenarios.
An increase in mean temperature enhances evapo-
transpiration which results in soil moisture defi-
ciency thereby leading to less suitability for the
species. To cope with the increased temperature,
the species is expected to shift upwards to higher
elevations. The rate of upward shift predicted in
this study agrees with other studies on the species
(Gaire et al., 2014). Previous studies in this region
also showed upward elevational shift under future
climate scenarios (Chhetri et al., 2018; Liang et al.,
2018; Mohapatra et al., 2019; Zomer et al., 2014).
Zomer et al. (2014) predicted a significant upward
elevational shift of the subalpine coniferous forest
zone in future climate scenarios. Likewise, a large
upward shift in average elevation was predicted in
A. spectabilis, Betula utilis and Pinus wallichiana
under future climate scenarios (Chhetri et al., 2018).
Schickhoff et al. (2015) also predicted an upward
shift of B. utilis under future climate scenarios.

Temperature is again the most important climatic
factor for the distribution of A. densa in the HKH
region. The areas suitable for the species receive
good annual rainfall which ensures ambient water
availability throughout the growing season. The
species is expected to show downward movement
in future climate conditions. There are reports of a
declining number of this species near the treeline
with dry climate being one of the possible reasons
(Ciesla & Donaubauer, 1994). A similar modelling
study for the assessment of climate change impacts
on Rhododendrons in the eastern Himalaya pre-
dicted a significant loss of suitable habitat for this
high-altitude species in future climate scenarios
(Kumar, 2012).

Conclusion

This study corroborates the general influence of climate
change on the potential distribution of plant species,
including the dominant Abies species in the Hindu Kush
Himalayan region. Compared to Abies pindrow and Abies
spectabilis, Abies densa is expected to retain the maximum
suitable area under various climate change scenarios over
alarge period of time. Furthermore, there is an upward ele-
vation shift expected in A. spectabilis and a downward shift
in A. densa while there is no change in elevation range in
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the case of A. pindrow under future climate change scenar-
ios. The key environmental variables influencing habitat
suitability varied with species. While precipitation of the
wettest month was the key environmental variable explain-
ing the potential habitat suitability for A. pindrow, it was
temperature seasonality and annual mean diurnal range in
the case of A. spectabilis and A. densa, respectively. These
species show varied responses to climate as depicted in the
key environmental variables and contrasting shifts in mean
elevational shift under future climate scenarios. This high-
lights the fact that not all species respond to the climate in
a similar fashion. Given the predicted forest cover loss in
future climate scenarios, detrimental impacts on several
vital ecosystem services such as carbon sequestration are
expected in future.

By using a robust ensemble modelling approach, it
is concluded that predicted climate change is likely to
influence the distribution and abundance of key conif-
erous species in the Hindu Kush Himalaya and appro-
priate adaptation and mitigation strategies need to be
developed to combat the negative impacts of climate
change, particularly in the ecologically fragile Hindu
Kush Himalaya.
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