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Water–energy, climate, and
habitat heterogeneity mutually
drives spatial pattern of tree
species richness in the Indian
Western Himalaya
Shinny Thakur, Rupesh Dhyani, Vikram S. Negi and
Indra D. Bhatt*

G.B. Pant National Institute of Himalayan Environment (NIHE), Almora, Uttarakhand, India

Analyzing plant species richness across a broad geographic gradient is critical

for understanding the patterns and processes of biodiversity. In view of this, a

species richness map was developed by stacking the ranges of 51 tree species

along an elevational gradient in the Western Himalaya using stacked species

distribution models (SSDMs). Among modeling algorithms available in SSDMs,

random forest and artificial neural networks exhibited the best performance

(r = 0.81, p < 0.001). The predicted tree species richness distribution pattern

revealed a mid-elevation peak at around 2,000 m asl, which is in concordance

with the observed richness pattern (R2 = 0.94, p < 0.001). Additionally,

structural equation models (SEMs) were used to confirm the key factors

that influence tree richness. The results based on SEMs confirm that the

elevational pattern of predicted tree species richness is explained by mutual

effects of water–energy availability, climate, and habitat heterogeneity. This

study also validates that the impact of moisture on tree species richness

coincides geographically with climate factors. The results have revealed

that water–energy-related variables are likely to impact the species richness

directly at higher elevations, whereas the effect is more likely to be tied to

moisture at lower elevations. SSDMs provide a good tool to predict a species

richness pattern and could help in the conservation and management of

high biodiverse areas at different spatial scales. However, more investigation

is needed to validate the SSDMs in other parts of the Himalayan region to

provide a comprehensive synoptic perspective of Himalayan biodiversity at a

larger scale.
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Introduction

Species distribution modeling (SDM) is a tool that offers
robust estimates of biodiversity mapping using field-based
observations of species localities. In recent years, SDM has
become a useful approach for predicting species distribution
ranges, based on the relationships between species records and
environmental variables (Pineda and Lobo, 2009). Mapping
of species richness using SDM has increased significantly and
gaining the attention of policy planners in forest management
and conservation (Fitzpatrick et al., 2008; Colombo and Joly,
2010; Schmidt-Lebuhn et al., 2012; Benito et al., 2013; Brown
et al., 2015; D’Amen et al., 2015; Pouteau et al., 2018). It
is well known that the assessment of plant species richness
in any ecosystem is critical for long-term management and
conservation initiatives (Gutiérrez and Huth, 2012; Rawal et al.,
2018; Negi et al., 2019). A hump-shaped pattern or a higher
number of species at mid-elevation has been reported as
a prominent pattern across the mountain regions (Stevens,
1992; Rahbek, 1995; Grytnes and McCain, 2013; Guo et al.,
2013; Negi et al., 2021). Several hypotheses, e.g., energy and
water availability, energy–water balance, seasonality, and habitat
heterogeneity, have been proposed to explain the elevational
pattern of species richness. The habitat heterogeneity hypothesis
states that an increase in heterogeneity leads to an increase in
species richness (MacArthur and MacArthur, 1961). Similarly,
the energy hypothesis states that greater availability of energy
is an optimum condition for enhancing species richness and
climate stability (Turner et al., 1987; Hawkins et al., 2003; Panda
et al., 2017).

The Himalaya, a global biodiversity hotspot (Myers, 1988)
and a climatically sensitive region, supports more than 10,500
species of flowering plants, which are distributed across the
subtropical foothills to high alpine climatic zones. These regions
are important to study species richness patterns across a wider
geographical coverage (Rana and Rawat, 2017). Studies based on
field observations and overlapping elevational ranges along an
elevational gradient in the Himalaya show a common pattern
of a mid-elevation peak in the species richness (Vetaas and
Grytnes, 2002; Bhattarai and Vetaas, 2003, 2006; Oommen
and Shanker, 2005; Acharya et al., 2011; Kluge et al., 2017;
Manish et al., 2017; Thakur et al., 2021). Field observation-based
studies along the elevational gradients in the Himalaya report
the highest number of species at the mid-elevations (Kharkwal
et al., 2005; Sharma et al., 2018; Rana et al., 2019a; Bhat et al.,
2020). The causes of such variations include a primary role
of water–energy dynamics (Acharya et al., 2011), evolutionary
history (Rana et al., 2019b), and disturbances (Negi et al.,
2018a,b; Thakur et al., 2021; Rana et al., 2022). However, spatial
and climatic patterns are postulated to explain these patterns
of variation in species richness over elevational gradients

(Connell and Orias, 1964). Panda et al. (2017) suggested
that energy variables (i.e., potential evapotranspiration and
temperature seasonality) provide a better explanation than
water variables (i.e., aridity index and precipitation of the driest
quarter) in explaining plant species richness in the Western
Himalaya. Similarly, a combination of ambient energy (i.e., air
temperature, solar radiation, and potential evapotranspiration)
and water availability (i.e., soil water content and precipitation)
was found to be the main drivers of the elevational pattern
of species richness in the Eastern Himalaya (Manish et al.,
2017). Recent studies from the Himalayan region indicate that
the freezing line and disturbance also play important roles in
driving the species turnover along the elevational gradient (Rana
et al., 2022). However, the specific causes for the hump structure
of association between plant species richness and elevation
are difficult to decipher due to the intricate linkages among
these processes (Acharya et al., 2011). Thus, currently, many
hypotheses still remain to be tested for habitat heterogeneity
and climate stability, which can provide important insights into
explaining species richness patterns (Pan et al., 2016).

Many assessments of biodiversity patterns along elevational
gradients rely on field data gathered in transects or plots. Species
richness maps based on field observations have been proven to
be the best alternative for identifying biodiversity-rich areas with
complete geographical coverage (Murray-Smith et al., 2009;
Oliveira et al., 2019; Testolin et al., 2021). Identification of
degraded regions, sensitive and species-specific habitats (Negi
et al., 2018a), and hotspots of invasive species (Gallardo-
Cruz et al., 2009; Bellard et al., 2013; Pouteau et al., 2018)
through spatially explicit methods is useful for climate change
adaptation, restoration of degraded lands, and conservation of
specific habitat or region (Bellard et al., 2013).

Modeling species richness using SDMs is frequently used
to anticipate how potential plant species richness in mountains
may alter due to climate change. Although only a few research
studies focus on the use of SDMs to predict richness patterns
along elevational gradients (Syfert et al., 2018), no attempts
have been made to predict a spatial pattern of species richness
using SDM approach in the Indian Himalayan region (IHR).
The true ranges of most plant species are unknown due to a
limited number of their recorded locations. This has prompted
for using a valid species distribution model for mapping, using
field-based data on species locale. In such cases, the use of SDM
without knowing the true species ranges of plant species can add
ambiguity in predictions for research and policy issues, such as
conservation priority. Thus, this study is an attempt to prove
that SDM algorithms are a useful approach for predicting true
species richness patterns at a spatial scale. This was followed
by testing the ecological hypotheses related to water, energy,
climate, and habitat heterogeneity to identify determinants of
tree species richness in the Western Himalaya.
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Materials and methods

Study area and species data

The study area located in Pithoragarh district (Uttarakhand)
in the Western Himalaya (Figure 1) has a unique importance in
terms of diverse and unique flora and fauna (Oli and Zomer,
2011). It is situated at the confluence of the Western, Central,
and Trans-Himalayan bioregions, forming an intersection of
flora, fauna, and human cultures. The study area has a wide
elevational gradient ranging from 412 to 7,132 m asl constituting
the vegetation types covering subtropical to alpine regions. It
is also an important ecological barrier depending on varying
topographies from the outer Siwalik to the inner high Himalaya
and consists of a variety of plant diversity covering subtropical to
alpine vegetation (Saxena et al., 1985). The region is attitudinally
divisible into subtropical (300 to 1,500 m), temperate (1,500 to
3,500 m), and alpine (>3,500 m) zones (Saxena et al., 1985).
The mean annual temperature of the area ranges from 30 to
12◦C lower to higher altitudinal ranges (Thakur et al., 2020).
Vegetation sampling was carried out during 2016–2019 along an
elevational gradient ranging from 800 to 4,000 m asl at 33 sites of
an approximate interval of 100 m in the Pithoragarh district. We
have used the phytosociological method (Misra, 1968, Muller
Dombois and Ellenberg, 1974; Negi et al., 2018a; Rawal et al.,
2018) to sample trees species. The sample plots were randomly
laid at the interval of 100 m elevation along the altitude.
Within 100 m elevation, we have randomly placed three plots
of 2500 m2 each, and within one random plot (2,500 m2), five
quadrats of 10 × 10 m (100 m2 size each) were placed for tree
sampling. Thus, a total of 99 plots (2,500 m2 size) were laid along
33 elevations or sites (800–4,000 m asl) along the elevational
gradient in the studied area. Trees with a circumference at breast
height (cbh) > 30 cm were considered for sampling. A total of
2,193 geocoordinates for 51 tree species were recorded using a
global positioning system (Supplementary Table 1).

Environmental data

A comprehensive set of environmental variables that were
considered to be the main factors influencing the distribution
of plant species (Dirnböck et al., 2003; Körner, 2012) were
used in this study. We have used 23 environmental variables
to understand the relative importance of climate, water, energy,
and habitat heterogeneity for explaining spatial variation in tree
species richness at the regional scale (Supplementary Table 2).
We extracted 19 bioclimatic variables from Worldclim21 at the
resolution ∼1 km2 (Fick and Hijmans, 2017) and elevation
from USGS GTOPO-302 with a resolution of 30 arc seconds.

1 www.worldclim.org

2 https://lta.cr.usgs.gov/GTOPO30

The slope and aspect were extracted from an elevation layer
using the “slope” and “aspect” tools in the spatial analyst
tools of ArcGIS 10.1. In addition, the normalized difference
vegetation index (NDVI), which has been suggested to be useful
in predicting plant species distribution and richness (Williams
et al., 2009; Cramer and Verboom, 2017), was also derived
from the public domain Sentinel-2B of 10-m-resolution images
for pre-monsoon and post-monsoon seasons. The data were
extracted on March 10, 2019, and October 19, 2019, from the
open-source Earth Resources Observation and Science (EROS)
Data Center of the US Geological Survey (USGS) archive.3

All the environmental layers were resampled to 1 km2 using
bilinear transformation to maintain the uniformity. To deal
with collinearity, we have performed the multicollinearity test
among the predictor variables using the “usdm” package in
R (Naimi, 2015) and retained only variables with a variance
inflation factor (VIF) less than 8 or correlation coefficient r ≥ 0.8
(Supplementary Figure 1). Based on the multicollinearity
test, we used a non-collinear set of predictor variables, i.e.,
precipitation seasonality (PS), mean diurnal range (MDR),
mean temperature of driest quarter (MTDQ), precipitation
of warmest quarter (PWQ), slope, aspect, and normalized
difference vegetation index (NDVI) in the final ensemble model
(Supplementary Figure 2). These variables were categorized
into water, energy, climate stability, and habitat heterogeneity
based on the potential importance of factors to plant species
richness. The MTDQ surrogates as energy availability (Panda
et al., 2017; Gao and Liu, 2018), PWQ as water availability
(Panda et al., 2017; Gao and Liu, 2018), MDR and PS as climate
stability (Gao and Liu, 2018), and NDVI, slope, and aspect as
habitat heterogeneity (Mouchet et al., 2015; Nieto et al., 2015).

Stack species distribution modeling

As uncertainty in distribution predictions can skew
policymaking and planning, fitting a number of alternative
statistical approaches finds an agreement among SSDM
projections (Marmion et al., 2009; Gritti et al., 2013). The
SSDM is ideal for extrapolation of predicted species richness,
even with a small number of presence locations with a narrow
environmental range (Cayuela et al., 2009; Williams et al.,
2009; Mateo et al., 2010). We used the SSDM approach
and implemented the R package “SSDM” which integrates
multiple individual SDMs to produce a community-level model
(Ferrier and Guisan, 2006). The SSDM package provides eight
different methods, namely, the generalized linear model (GLM),
generalized additive model (GAM), multivariate adaptive
regression splines (MARS), generalized boosted regression
model (GBM), classification tree analysis (CTA), random forest
(RF), support vector machines (SVM), and artificial neural

3 http://earthexplorer.usgs.gov/
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FIGURE 1

Study area map with sites locations. Scale in the map represents the study site.

networks (ANN), to generate a distribution model for a given
species. To get the binary map, we used the sensitivity–
specificity equality (SES) to compute the binary map threshold
(Schmitt et al., 2017). We first produced individual binary
maps for each species using these modeling algorithms. We
have then checked values of area under the curve (AUC) and
kappa metrics that evaluate the accuracy of the individual
model for each species. The AUC metric is a widely used
statistic for assessing the discriminatory capacity of species
distribution models (Barbet-Massin et al., 2012; Leroy et al.,
2018). This metric assesses the balance between a true-positive
rate (sensitivity) and a false-positive rate (100 – specificity),
which is a threshold-independent metric that varies from 0 to
1, where values near or equal to 1 represent that the models
reached excellent discriminatory power and values around
0.5 represent species predictions no better than a random
distribution. The model needs the presence and absence data
of the occurrence data. Many studies proved that the presence–
absence of biotic data in species distribution models tended to
perform better than the presence-only models (Barbet-Massin
et al., 2012; Schmitt et al., 2017; Leroy et al., 2018). It is

believed that presence–absence models will yield more reliable
results if the presence data that are available seem insufficient
or uncertain. To reduce over-prediction and extrapolation into
unknown areas can be minimized by absence and/or pseudo-
absence points (Barbet-Massin et al., 2012). We randomly
created pseudo-absence data of each species with an equal
number of its presence data randomly within the study. We
summed individual binary maps generated using the SSDM
approach for all species, and the final model was selected for
AUC > 0.90 to produce an ensemble species richness map. The
accuracy (disagreements between the prediction and reality)
of the species richness maps across the sets of spatial grains
was assessed using the observed occurrence data of the species.
We analyzed the proportion of accurate richness predictions
and true negatives, true positives, and similarities in species
richness using the species richness error, prediction success,
and Cohen’s kappa coefficient (Schmitt et al., 2017). The work
flow of modeling approach is shown in Figure 2. Subsequently,
we developed the partial dependency plots to better explain
the relationship between tree species richness and predictor
variables. The partial dependency plots represent the influence
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FIGURE 2

Methodological flow diagram of SSDM approach. (I) Input species occurrences and environmental layers; (II) modeling algorithms for deriving
binary maps; and (III) ensembling binary maps to produce community-level richness.

of predictor variable on target variable (richness in our case)
while controlling the average effects of other predictor variables
(Mouchet et al., 2015). For interpretation, we have smoothed the
response variables with a spline fit (Mouchet et al., 2015).

Species richness–environment
relationship

To validate the relative importance of environmental factors
for determining tree species richness generated from SSDM,
we have used the structural equation model (SEM) approach.

SEM is a sophisticated and reliable regression model commonly
employed in ecological research (Panda et al., 2017; Rana
et al., 2019b). SEM general methodology entails the creation
of a multivariate dependence model that can be statistically
validated using field data. This multivariate technique not only
aids in a model selection among alternatives, but also presents
a quick and efficient solution to a succession of overlapping
regression associations. The analysis was carried out in R
using the packages “lavaan,” “semPlot,” and “lavaan” from the
CRAN repository (Rosseel, 2012). We compared tree species
richness to each group of ecological determinants. Then, for
each ecological driver, we investigated the combination of
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FIGURE 3

Tree species richness map, derived from adding all individual
species distribution maps.

environmental variables with tree species richness. The beta
coefficient, R2 value, and root mean square error were used to
assess the model’s performance.

Results

Pattern of species richness

The SSDM approach successfully predicted a tree species
richness map with a spatial resolution of 1 km2 under the
present climatic environments (Figure 3). We extracted pixel
values of predicted richness with an elevation to derive the
elevational pattern of tree species. The observed pattern shows
higher synchronicity (R2 = 0.94, p < 0.001) with an expected
richness pattern (Supplementary Figure 3). The elevational
pattern of predicted species richness showed a positively skewed
hump-shaped pattern with a richness of 20–27 species peaked
at approximately 2000 m asl. The predicted richness was about
10–15 species between 2,000 and 3,000 m asl elevation. However,
above 3,000 m asl, the tree richness recorded was far less, ranging
from 2 to 6 species (Figure 4). Consequently, the predicted
richness shows a sharp decline in the occurrence of species above
2,000 m asl.

Variables determining tree species
richness

Interestingly, all variables explained marginal variance
(about 11–16%) to explain tree species richness in the region
(Supplementary Figure 4). Habitat heterogeneity variables, i.e.,

FIGURE 4

Elevational pattern of predicted tree species richness showing
positively skewed humped. Dotted black line indicates the
richness peak.

NDVI, aspect, and slope, explained 16.46, 15.18, and 11.90% of
the variance, respectively, in explaining tree species richness.
Water (PWQ) and energy (MTDQ) variables contributed
14.28 and 12.96% of the variance, respectively, to explain
tree species richness. Climate stability variables, i.e., MDR
and PS, have explained 15.90 and 13.32% of the variance,
respectively, to explain tree species richness. These results
indicate that the predicated richness patterns are explained
differently by various factors, but their relative importance
varies. The SEMs adequately fitted the output of key predictor
variables for the water–energy, habitat heterogeneity, and
climate stability models. The SEM of habitat heterogeneity,
water–energy, and climate stability explained 36, 23, and 32%
of the variance, respectively, in explaining tree species richness.
The habitat heterogeneity model shows a strong significant
positive correlation (r = 0.76, p < 0.001) between NDVI and
tree species richness and aspect (r = –0.23, p < 0.05) and a
weak negative correlation with slope (r = –0.05, p > 0.05)
(Figure 5A). Similarly, a water–energy model based on MTDQ
shows a positive relationship (r = 0.52, p < 0.05) between tree
species richness (Figure 5B). In a climate stability model, a
strong positive relationship (r = 0.80, p < 0.001) between PS
and tree species richness was found (Figure 5C). The partial
dependency plots show a sharp increase in richness values with
an increase in NDVI values above 0.25, indicating higher values
of NDVI sustain higher tree species (Figure 6A). These plots
also reflect a relationship between MDR and predicted tree
species richness that generates a hump-shaped curve with the
maximum predicted species richness at an approximate increase
in MDR between 10 and 12◦C (Figure 6B). The richness varies
between 10 and 12 species with an increase in MDR from
8 to 13◦C (Figure 6B). For MTDQ, a tree species richness
pattern increased with an increase in MTDQ (Figure 6C).
The relationship between tree species richness and PS shows a
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FIGURE 5

SEM output to evaluate the significance of environmental determinants: (A) Habitat heterogeneity, (B) water–energy, and (C) climate stability on
tree richness (TR).

parabolic response and increased with an increase in PS ranging
from 80 to 120 mm (Figure 6D); it reflected an inverse response
for species richness values up to 15 species (Figure 6D).
The predicted richness and PWQ relationship has revealed
an accelerating unimodal pattern peaked at a PWQ value of
750 mm (Figure 6E). Overall, this research contribution reveales
a combined effect of water, energy, and habitat heterogeneity
and climate stability, which have a greater role in explaining tree
species richness in the mountain region.

Model evaluation and validation

The relative success of all the models was evaluated in
predicting tree species richness by comparing mean AUC
values and kappa statistics. Among all the models, RF and
ANN generated results with the maximum mean AUC and
kappa values >0.90. The cross-model correlations showed a
high correlation between RF and ANN models (r = 0.81;
Supplementary Table 3); thus, we used an ensemble model
of these two variables to obtain a reliable predicted richness

map. It was also reflected in the investigation of maps and
correlation statistics that RF and ANN generated similar results,
in terms of both AUC scores and the physical locations where
species occurrences were projected. The final model exhibiting
a high kappa value (0.99) signifies that the model performance
was excellent (Supplementary Table 4). The mean richness
error, i.e., the difference between actual and predicted richness,
is quite low (4.95), revealing a superior utility of the map
(Supplementary Table 4).

Discussion

Pattern of species richness

Mapping spatial pattern of species richness using ground
observations is important for biodiversity monitoring, and
conservation, as well as developing management and adaptation
strategies (Rodríguez et al., 2007). The predicted pattern of
tree species richness using SSDM showed a positive skewed
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FIGURE 6

(A–E) Examples of partial dependency plot showing the relationships between the predicted tree species richness with important predictor
variables.

hump-shaped pattern. The hump-shaped association predicted
by SSDM between species richness and elevation is consistent
with various earlier investigations (Krömer et al., 2013; Syfert
et al., 2018). The results of this study reveal that tree species
richness peaks at around 2,000 m containing 20–27 taxa;
however, most other Himalayan studies show that a richness
peaks at much lower elevations: (i) 1,000 m (Bhattarai and
Vetaas, 2006), (ii) 600–1,000 m (Behera and Kushwaha, 2006),

(iii) 1,500 m (Acharya et al., 2011), and (iv) 500–1,000 m
(Rana et al., 2019a). In the study region, a mid-elevation
zone is dominated by various tree genera such as Quercus,
Rhododendron, Pinus, and Alnus with a sharp decline in species
richness toward higher elevations. The uppermost limits in our
sampling at around 4,000 m in the region were dominated
by Abies pindrow, Betula utilis, and Pinus wallichiana. This
indicates that subalpine trees are primarily sink populations in
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the region and are unable to cope with the harsh and stressful
open subalpine environment. Findings from other parts of
the Himalayan region have revealed that the elevation ranging
between 1,500 and 2,000 m is an essential transition zone
between subtropical and temperate flora (Rana et al., 2019a).
If we examine the species–area relationships of the region, the
lower half of the region is anticipated to have more species due to
the larger area available for species (Supplementary Figure 5).
The present results have reflected that the richness was high at
2,000 m and in consonance with the previous field-based studies
from the Himalaya (Vetaas and Grytnes, 2002; Bhattarai et al.,
2004). The higher peak of tree species richness in our study
can thus be attributed to the habitat specificity of tree species
and a low level of anthropogenic pressure. Generally, mountain
regions with a wider elevational gradient exhibited a unimodal
pattern of diversity, and this kind of pattern is globally well-
recognized for the respective transects (Rahbek, 1995; Gaston,
2000; Arya et al., 2017; Rana et al., 2019a). Previous studies
have suggested that elevational patterns of plant richness may
be influenced by biotic processes, environmental heterogeneity,
climate, and evolutionary history (McCain and Grytnes, 2010;
Rana et al., 2019a).

In a study from Nepal, Bhattarai and Vetaas (2006) observed
a decreasing trend of trees above 1500 m asl with narrow
elevational ranges at the transition zone of the gradient with a
wider elevational range in the middle. This is due to boundary
effects, i.e., a change in environmental or climatic conditions
at lower and higher elevational zones (Feng et al., 2016). In
addition, optimum water (precipitation seasonality in our study)
and temperature (mean diurnal range in our study) create more
favorable conditions, which results in more plant species at mid-
elevation (McCain, 2007). Even at high elevations, the decline
in species richness may be due to the decreasing temperature,
precipitation, and humidity (Sinha et al., 2018). Furthermore,
we observed that a declining pattern of predicted tree species
richness after 2000 m is also supported by observed tree species
richness over the Himalayan region (Stevens, 1992; Kharkwal
et al., 2005; Rodríguez et al., 2007; Malik, 2014; Malik and
Nautiyal, 2016; Sharma et al., 2018; Sinha et al., 2018; Rana et al.,
2019a; Bhat et al., 2020). This suggests that the SSDM has the
potential utility to predict the observed richness pattern using
field-based plant species data.

Role of habitat heterogeneity

Habitat heterogeneity is widely recognized as a key driver of
high species richness in mountain environments, as it promotes
diversification, reduces extinction, and provides niche space for
species cohabitation (Stein et al., 2014). Environmental variables
related to habitat heterogeneity (slope, aspect, and especially
NDVI) are critical in explaining the overall tree species richness
patterns. In a study, Pouteau et al. (2018) reported that the

inclusion of remotely sensed derived NDVI provides a better
prediction of plant species richness because of its multispectral
nature. Interestingly, high NDVI values were observed around
2,000 m asl elevation in our study region strongly explaining
a mid-elevation peak in tree species richness (Supplementary
Figure 6A). The wider elevational gradient in our study site
shows variations in NDVI values and climatic conditions which
depicted a different zonation of vegetation types. Feilhauer et al.
(2012) have also emphasized that a wider elevational gradient
and a clear floristic and climatic gradient have a clear association
between NDVI and plant species richness. Forests may have
a diverse range of vegetation types with significant internal
heterogeneity, which is likely to support a greater number of
ecological groupings, such as species associated with clear-cuts,
broadleaf or coniferous, forest floors (Ellenberg and Leuschner,
2010). We found evidence for habitat heterogeneity, implying
that a greater variety of vegetation types should support a greater
number of species. Slope and elevation have an important role
in the species composition of the region due to a change in the
incoming solar radiation (Gallardo-Cruz et al., 2009; Scherrer
and Körner, 2011), which changes over short horizontal
distances. The small change in the distribution of solar radiation
and water moisture with a change in the slope may contribute
to a difference in the micro-climate of the area. This will directly
or indirectly change the plant composition and species richness
(Vetaas, 2000; Gallardo-Cruz et al., 2009; Moeslund et al., 2013).
In those places where rainfall does not exceed 400 mm per
year, species richness is comparatively high on damp north-
facing slopes compared with sun-exposed south-facing slopes
(Vetaas, 1992; Sternberg and Shoshany, 2001). However, at
higher elevations, energy inputs may be an important limiting
factor. Our findings are consistent with these facts that changes
in land-use patterns between contrasting slopes may reflect
varied vegetation structures and plant diversity (Burnett et al.,
1998). The land-use patterns, microclimatic conditions, and
their interactions potentially regulate vegetation structure and
abiotic factors (Shrestha and Vetaas, 2009). Our findings, as well
as prior research on other plant groups (Shrestha and Vetaas,
2009; Shrestha et al., 2018), found support for the role of habitat
heterogeneity in maintaining high richness in the mountain
region.

Role of water and energy

The energy (MTDQ) and water variables (PWQ) have
explained much variance to define the distribution of tree
species richness in this study. The MTDQ and PWQ explained
14.28 and 12.96% of the variance, respectively, in tree species
richness. Both MTDQ and PWQ values show a declining
trend with a more pronounced decline after 2,000 m asl
along the elevational gradient in the region (Supplementary
Figures 6B,C). These findings suggest that richness patterns
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around 2,000 m asl are the best-suited environments for the
growth of tree species, and they are confined under exceptionally
severe conditions (such as extremely cold temperatures) at
high elevations and warmer climates at low elevations (i.e.,
subtropical climate). Despite the availability of sufficient energy,
water stress has a negative impact on species richness, and with
optimal water availability, plants would use the maximal photon
flux required for their physiological processes (Panda et al.,
2017). This can be explained by the area’s cold and dry climates,
which may have resulted in a high biotic reliance on energy
(Panda et al., 2017). Interaction between water and energy,
either directly or indirectly (via plant productivity), provides a
strong explanation for globally extensive plant diversity along
the gradients (Hawkins et al., 2003). Thus, energy and water can
better explain the hump-shaped pattern of tree species richness
as reflected in Figures 6C,E. Sufficient energy and moisture
stimulate photosynthesis in plants, which increases plant species
richness through physiological processes (Bhattarai and Vetaas,
2003; Hawkins et al., 2003; Currie et al., 2004). Similar
observations have been reported from other mountain regions
of the world (O’Brien, 1998; Hawkins et al., 2003; Marini et al.,
2008; Gao and Liu, 2018; Lu et al., 2018; Pandey et al., 2020a,b)
and from the Himalaya (Panda et al., 2017; Vetaas et al., 2019;
Pandey et al., 2020b). However, if we had also evaluated the
lowest portion of the gradient, our general positive association
between species richness and temperature along the elevational
gradient might have assumed a different shape (Bhattarai et al.,
2004). Despite the fact that the energy (MTDQ) and water
variables (PWQ) may underlie such cumulative species–energy
connections, knowledge of their relative contributions is limited
so far, and further investigation is necessary to gain insight into
these mechanisms. Thus, integrating water–energy variables is
critical for future biodiversity research.

Role of climate stability

Climatic stability is an important driving force in shaping
the geographical distribution of plant species in mountain
regions. Our results have shown that MDR and PS (representing
climate stability) influenced the tree species richness pattern in
the Himalayan region. In the study region, we observed that
areas with a moderate mean MDR are more favorable for the
survival of tree species around 2,000 m asl (Supplementary
Figure 6D). The high and low values of MDR are an indication
of high and low moisture, respectively. Vetaas (1993) has
suggested that ideal moisture conditions at mid-elevation may
be associated with the existence of the cloud zone, where a
significant amount of water is deposited directly onto plants
from clouds and light mist consequently decreases sunlight and
evapotranspiration, resulting in a higher atmospheric humidity
that may promote high species richness. Contrary to this,
high moisture at higher elevations and substantial diurnal

temperature during growing seasons (as depicted in Figure 6B)
could trigger physical harm to the plants and their reproductive
success. This suggests that stable climates enhance species
richness as has previously been reported in other mountain
regions (Gao and Liu, 2018; Zhao et al., 2018).

Conclusion, limitations, and
implications of the study

The current SSDM analysis demonstrates the relevance of
water, energy, climate, and habitat heterogeneity in determining
the mid-elevation peak in species richness, paving the way
for the next step of extending the model inference regarding
diversity patterns to a larger range of the Himalaya. The water–
energy, climate stability, and habitat heterogeneity variables had
significant effects in explaining plant species richness. This is
implying that climate and land cover should be incorporated
as explanatory factors in models of species richness along
elevational gradients. The mapped richness is baseline data
for the region and can be updated with more robust field
observations. Investigation of the relationship between elevation
and plant distribution ranges by putting hypotheses related
to habitat heterogeneity and climate stability will improve the
understanding of ecological drivers of plants in the Himalayan
region. Furthermore, the SSDM approach has shown the
potential utility to predict the observed richness pattern which
would be useful for biodiversity management and conservation
planning in the region. Due to the lack of accurate absence
information in the data used for SSDMs, it is expected that some
plant absence records that appear to be accurately predicted
are actually incorrect, thereby increase the predictive success of
performance metrics. In addition, it is obvious that additional
surveys would improve the dataset.

The mapped species richness can also be used to identify
biodiversity-rich areas for conservation and decision-making.
Further, the areas with low species richness can be identified
for restoration and management planning. The plantation of
habitat-specific tree species in degraded areas would be useful
for the mitigation of climate change. These maps can be utilized
as a potential input for assessing the vulnerability of forests
under current and contrasting future climate change scenarios.
Therefore, mapping areas of biological importance along with
their respective degrees of knowledge is the first step toward
effective conservation planning.
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