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The species richness–climate relationship is a significant concept in determining the
richness patterns and predicting the cause of its distribution. The distribution range
of species and climatic variables along elevation have been used in evaluating the
elevational diversity gradients (EDG). However, the species richness of gymnosperms
along elevation and its driving factors in large geographic areas are still unknown. Here,
we aimed at evaluating the EDG of gymnosperms in the ecoregions of China. We
divided the geographical region of China into 34 ecoregions and determine the richness
pattern of gymnosperm taxa along elevation gradients. We demonstrated the richness
patterns of the 237-gymnosperm (219 threatened, 112 endemic, 189 trees, and 48
shrubs) taxa, roughly distributed between 0 and 5,300 m (above sea level) in China. As
possible determinants of richness patterns, annual mean temperature (TEMP), annual
precipitation (PPT), potential evapotranspiration (PET), net primary productivity (SNPP),
aridity index (AI), temperature seasonality (TS), and precipitation seasonality (PS) are the
major predictor variables driving the EDG in plants. We used the species interpolation
method to determine the species richness at each elevation band. To evaluate the
richness pattern of gymnosperms in an ecoregion, generalized additive modeling and
structural equation modeling were performed. The ecoregions in the southern part of
China are rich in gymnosperm species, where three distinct richness patterns—(i) hump-
shaped, (ii) monotonic increase, and (iii) monotonic decline—were noticed in China. All
climatic variables have a significant effect on the richness pattern of gymnosperms;
however, TEMP, SNPP, TS, and PS explained the highest deviance in diversity-rich
ecoregions of China. Our results suggests that the highest number of gymnosperms
species was found in the southwestern and Taiwan regions of China distributed at
the 1,600- and 2,800-m elevation bands. These regions could be under severe stress
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in the near future due to expected changes in precipitation pattern and increase of
temperature due to climate change. Thus, our study provided evidence of the species–
climate relationship that can support the understanding of future conservation planning
of gymnosperms.

Keywords: endemic, net primary productivity, Hengduan-Qionglai Mountain, structural equation modeling,
threatened

INTRODUCTION

Species are not randomly distributed on the earth’s surface;
instead, they form a distinct distribution pattern (Lomolino,
2001). Comprehending species richness patterns is crucial
to studying the global climate change phenomenon and to
predicting its biological impacts on vegetation. The distributions
of plants along elevation were extensively used to determine
the richness pattern and to formulate the future conservation
planning (Kluge et al., 2017; Paudel et al., 2018; Vetaas
et al., 2019). Therefore, elevational diversity gradients (EDG)
of species richness have received intense attention in recent
years (Lomolino, 2001; McCain, 2004). The species richness
pattern along the elevational gradients and the mechanism that
defines this richness pattern have been the focus of community
ecologists. One of the most interesting features is that species
richness follows common patterns in the distribution along
the elevations (i.e., the EDG pattern) (Rahbek, 1995; McCain,
2004). Available studies suggested different patterns of EDG
that can be summarized into four patterns of species richness—
(i) decrease in species with increasing elevation, (ii) increase
in species with increasing elevation, (iii) highest number of
species at mid-elevation, forming a unimodal pattern, and (iv)
less number of species at mid-elevation, creating a “U”-shaped
pattern. Most researches have explained a significant role of
EDG in defining the diversity patterns of plants (Rahbek, 1995;
Lomolino, 2001; Bhattarai and Vetaas, 2003; Bhattarai et al.,
2004; Wang et al., 2007; Gao et al., 2017; Kluge et al., 2017;
Gao and Liu, 2018; Subedi et al., 2019; Pandey et al., 2020b).
Lomolino (2001) reviewed and summarized the studies linking
the elevational distribution of species richness, and identified
the further need for comparing the richness patterns and the
factors that determine EDG. Lomolino (2001) also prioritized
understanding the richness of different conservation groups (e.g.,
threatened and endemic) and life forms (e.g., tree, shrub, herbs,
etc.) in varied climatic and vegetation-rich ecological regions
(hereafter ecoregion).

In an ecoregion, elevation and environmental gradients
are important as their changes cause the variations in
diversity and distribution of species. An increasing number
of studies have documented that the properties of the plant
community vary concerning abiotic factors along elevation
gradients such as temperature, availability of water, productivity,
evapotranspiration, and seasonality (Rahbek, 1995; Rosenzweig,
1995; Bhattarai and Vetaas, 2003; Hawkins et al., 2003; Körner,
2003; Currie et al., 2004; Gao and Liu, 2018). On the other
hand, the geographical area is also a crucial factor influencing the
diversity at elevational gradients. In general, the large geographic

area could support more species and vice versa (Rosenzweig,
1995; Körner, 2003). Therefore, to explain the species richness
patterns in plants, several hypotheses have been proposed, which
concern the primary productivity (Bhattarai and Vetaas, 2003;
Vetaas et al., 2019), temperature (Hawkins et al., 2003; Vetaas
et al., 2019), availability of water (rainfall/precipitation) (Currie
and Paquin, 1987; Hawkins et al., 2003; Kluge et al., 2017),
potential evapotranspiration (Bhattarai et al., 2004; Vetaas and
Ferrer-Castán, 2008; Geng et al., 2019), and seasonality (Gao and
Liu, 2018; Pandey et al., 2020a).

Temperature and water availability have a direct relationship
with the pattern of species richness by accelerating the metabolic
activities in plants (Pausas and Austin, 2001; Currie et al., 2004).
Water availability and temperature have a different response to
the species diversity; however, their combined effect determines
the synergic mechanisms of plant species richness (Vetaas
and Grytnes, 2002; Gao and Liu, 2018; Pandey et al., 2020b).
Previous studies showed the positive quadratic (mid-elevation
peak) relationship between species diversity and temperature
and water availability along elevation gradients (Bhattarai and
Vetaas, 2003; Kluge et al., 2017; Subedi et al., 2019; Pandey
et al., 2020b). However, the correlation between species richness,
temperature, and water availability varies from region to region.
On the other hand, potential evapotranspiration (PET) has been
reported to be the best determinant of the species richness pattern
of plant species (O’Brien, 1993). Intermediate levels of PET
may be optimal for biological activity. Plant growth forms (tree
and shrub) have different response elevation patterns of species
diversity and PET. Similarly, the aridity index (AI) is the degree
of water deficiency available at a given area. Projections of global
warming suggest an increase of aridity in continental areas, due to
a warming atmosphere. AI provides a good proxy of the complex
nature of aridity change over time (Greve et al., 2019). On the
other hand, climatic seasonality increases the level of tolerance in
plant species and favors the wide spread of organisms. There are
studies that support the use of temperature seasonality (TS) and
precipitation seasonality (PS) in explaining the richness pattern
of plant species, including gymnosperms (Gao and Liu, 2018;
Pandey et al., 2020a). Finally, net primary productivity (NPP)
is directly linked to biochemical oxidation processes (Rahbek
et al., 2007; Vetaas et al., 2019). Species richness is related to
proxies of NPP and generates more individuals by increasing
chances of coexistence. It assumes that the distribution of plants
depends on productivity, and the species richness is positively
correlated (Rahbek et al., 2007; Vetaas et al., 2019). Moreover,
Yang et al. (2017) found a decline in species diversity at high
temperature and less precipitation in low-latitude subtropical
mountains of China, while at the higher-latitude mountainous
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regions of China, water availability was a significant variable
at low elevation but temperature at a higher elevation (Sang,
2009). Therefore, studying the dynamic relationship between
species richness–temperature, water, PET, and NPP is essential
in understanding the richness pattern of plant species along the
elevation gradients in China’s ecoregion.

China is one of the biodiversity hotspots of plant species on
the earth, which can be proven by the presence of more than
25,000 species of flowering and non-flowering plants, including
gymnosperms (Wu and Raven, 1999). There are 248 taxa of
gymnosperms distributed in the ecoregions of China (Wu and
Raven, 1999; Fang et al., 2011; Tang, 2015; You et al., 2017;
Pandey et al., 2020a), where more than 80% are threatened, and
around 50% are endemic species (Ying et al., 2004; Pandey et al.,
2020a), demonstrating the hotspot of gymnosperm diversity.
In this study, more attention was given to threatened and
endemic gymnosperms because of their conservation priorities
and geographical limitation, respectively (Vetaas and Grytnes,
2002; Ying et al., 2004; Kubota et al., 2015; Paudel et al., 2018).
An ecoregion features similar climatic affinities and vegetation
types and richness in the distribution of endemic species,
but due to increasing human activities and climate change
phenomena in these regions, concern regarding the conversation
has gained importance (Olson and Dinerstein, 2002). Although
there are studies related to the distribution of threatened species,
little attention was given to understanding the biogeographical
processes in the distribution of threatened species, especially
the gymnosperms (Kubota et al., 2015; Paudel et al., 2018). On
the other hand, endemic species are geographic range specific
and are given more attention; however, little is known about
the elevational pattern of endemic gymnosperms’ distribution
(Kubota et al., 2015). Moreover, southwest China and Taiwan
are abundant in the diversity of gymnosperms (Pandey et al.,
2020a). These regions are characterized by the presence of the
mountain with an elevation range of more than 4,000 m. On
the other hand, extreme and harsh climatic conditions in the
North, Tibetan plateau, and Inner-Mongolian regions might be
the limiting factor for the distribution of gymnosperms (Pandey
et al., 2020a). Therefore, the ecoregions of China are suitable for
the study on the EDG of gymnosperm species. Gymnosperms are
not only the main components of the ecosystem, but studying
their distribution patterns would provide better understanding to
the high degree of diversity within the ecoregions of China.

It is noteworthy that there are studies determining the EDG
of plant species in China. Most of these studies were conducted
in the mountainous region of China (Meng et al., 2012; Dorji
et al., 2014; Chai and Wang, 2016; Yang et al., 2017; Geng et al.,
2019); however, no previous studies have prioritized to evaluate
the species richness of gymnosperms in the larger geographic
area (e.g., ecoregions). A previous study explaining the species
richness pattern of sandy beach based on the ecoregions was
very informative (Bertuzzo et al., 2016); therefore, studying the
importance of elevation on the distribution of gymnosperms
along the ecoregions of China is the priority of this study.
Although there are studies that determine the richness pattern
of gymnosperms in the Himalayan regions (Subedi et al., 2019;
Pandey et al., 2020b), a comprehensive study of the elevational

distribution pattern of gymnosperms in the world’s diverse
ecoregions is yet to be explored. To the best of our knowledge, this
study is the first and most detailed investigation of the elevational
richness pattern of gymnosperms species in China.

Therefore, our objectives were to (i) identify the ecoregions
that harbor the highest species diversity of endemic and
threatened gymnosperms, (ii) determine the effect of
environment affinities that regulate the species richness
patterns of endemic or threatened gymnosperms at different
growth form (trees and shrubs), and (iii) identify the best area for
future research on the gymnosperms at the biogeographic level.

MATERIALS AND METHODS

Study Area
Our study area comprises the ecoregions of China, classified by
Olson et al. (2001). An ecoregion is an area with a recurring
pattern of ecosystems characterized by similar vegetation,
landform, soil, and climate; it may or may not include the human
activity (Olson and Dinerstein, 2002). Ecoregions may originate
from various physical (elevation, plate tectonics, and topographic
variation) and climatic variation (temperature, precipitation, and
seasonal range) barriers. China is divided into two biogeographic
realms (Palearctic and Indo-Malay) and 12 ecoregions (Olson
and Dinerstein, 2002). The country covers a vast area and
characterized by varied climatic and topography conditions.
Therefore, to examine the effect of EDG on gymnosperm
species richness patterns along the ecoregions of China, we
used 12 subsampled ecoregions into 34 sub-ecoregions (used
the term ecoregion in this study) which represent similar
vegetation and forest types (Olson and Dinerstein, 2002; Figure 1;
Supplementary Table 1). China is characterized by diverse
terrestrial ecoregions, including tropical to temperate to alpine
climate (Hou, 1983). These ecoregions feature tropical and
subtropical moist broadleaf forests, temperate broadleaved and
coniferous mixed forests, temperate coniferous forests, temperate
broadleaved and mixed forests, and montane grassland and
shrublands (Hou, 1983). Each ecoregion is characterized by the
rich diversity and endemic species of gymnosperms (Wu and
Raven, 1999) and has a distinct variation in elevation.

Species Data
The numbers of gymnosperm species in each ecoregion were
documented primarily based on Wu and Raven (1999). We used
Wu and Raven (1999); Ying et al. (2004), Jiang et al. (2010); Fang
et al. (2011), and Tang (2015) to collect the elevational range
distribution of gymnosperms, which was analyzed based on the
procedure mentioned in Vetaas and Grytnes (2002) and Bhattarai
et al. (2004). We followed the taxonomy of Flora of China (Wu
and Raven, 1999) and validate the name using “Catalogue of
life”.1 There were 248 taxa of gymnosperm species, while 11
species lack elevational data and were not included in this study.
Therefore, our study comprises 237 species of gymnosperms
that were differentiated into five response variables, namely, all,

1www.catalogueoflife.org/col, accessed between September 2019 and March 2020
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FIGURE 1 | Ecoregion of China and its elevation differentiation. The numbers in the map indicate the number of ecoregions used as a reference in this study. The
differentiation of ecoregions is based on Olson and Dinerstein (2002). 1, Eastern Gobi desert; 2, Junggar basin; 3, Tian Shan Mountain; 4, Tarim basin; 5, Qilian
Mountains; 6, Qaidam basin; 7, North Tibetan Plateau-Kunlun Mountains; 8, Karakoram-West Tibetan plateau; 9, Rock and Ice; 10, East Siberian; 11,
Mongolian–Manchurian; 12, East–Manchurian; 13, Suiphun-Khanka; 14, Nenjiang river basin; 15, Changbai mountains; 16, Northeast China plain; 17, Helanshan;
18, Ordos plateau; 19, Central China-Loess plateau; 20, Qilian Mountains; 21, Southeast Tibet; 22, Tibetan plateau; 23, Central Tibetan plateau; 24, Yarlung
Tsangpo; 25, Northwestern Himalayan; 26, Eastern Himalayan; 27, Qionglai mountain; 28, Eastern Himalayan; 29, Huang-He plain; 30, Qin Ling Mountains; 31,
Changjiang plain; 32, Guizhou plateau; 33, South China; 34, Taiwan.

threatened, endemic, tree, and shrub species. In total, we assigned
237 species as all species, threatened species (n = 219, 92.4%
of total species), endemic species (n = 112, 47.25% of total
species), trees (n = 189, 79.74% of total species), and shrubs
(n = 48, 20.25% of total species). All species are the native
species of gymnosperms reported within the floristic region
of China. Threatened species are taxonomically diverse species
and of high conservation values. Gymnosperms are threatened
plant species, where 40% of these species are at high risk of
extinction (Wu and Raven, 1999; Ying et al., 2004; Jiang et al.,
2010). We used a list of globally threatened species that occur
in China from the IUCN Red List of Threatened Species.2 The
IUCN Red List is the most comprehensive database of the global
conservation status of plants and animals. Endemic species are
confined to specific geographical regions and have distribution
restrictions. They have a range of contractions and are more
frequently found in specific locations of origin. We followed Wu
and Raven (1999) and Ying et al. (2004) to extract the information
of endemic species. We divided the species of gymnosperms
based on the life form. We extracted the life from tree and shrub

2http://www.iucnredlist.org, accessed between September 2019 and March 2020

following Wu and Raven (1999). Six species ofGnetumwere vine;
therefore, we merged the information of vine and shrub.

Differentiation of Elevation Gradients
To determine the species richness of gymnosperms along
each elevation gradient, we divided the geographical region
of China based on ecoregion, and the elevation gradients in
each ecoregion were reclassified. Previous studies have suggested
the differentiation of elevation at a 100-m elevation band, and
following Vetaas and Grytnes (2002), we divided the elevation
range of each ecoregion into a 100-m elevation band. Based on
our preliminary findings, the elevational range distribution of
gymnosperms in China ranged between 0 and 5,300 m above sea
level (a.s.l). Therefore, we divided the elevation between 0 and
5,300 m into 54 zones of 100 vertical meters each (however, each
ecoregion has differences in elevation range). First, we generated
a base elevational grid map of the ecoregions of China using
Digital Elevation Model (DEM) downloaded from SRTM 90
digital elevation data.3 We reclassified the DEM of each ecoregion
into 100-m elevation bands and extracted the total geographic

3http://srtm.csi.cgiar.org/
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area of each elevation band using ArcGIS (v10.3.1) (ESRI Inc.,
Redlands, CA, United States).

Environmental Variables
Species richness depends on temperature, humidity, and
primary productivity-related climatic variables. Therefore, in
this study, to quantify the effect of environmental constraints
on species richness along elevation gradients, we used seven
environmental variables—temperature, precipitation, PET, NPP,
AI, and climatic seasonality. We included mean annual
temperature (TEMP,◦C/year), mean annual precipitation (PPT,
mm/year), PET (mm/year), NPP, AI, TS (◦C/year), and PS
(mm/year) as predictor variables in this study. TEMP, PPT,
TS, and PS were extracted from CHELSA 1.2 (Karger et al.,
2017)4 available with mean annual values between year 1979 and
2013. CHELSA data was downloaded at 30 arc-second resolution
or approximate 1-km resolution on the side at the equator.
CHELSA gives a more realistic climate pattern, especially in
mountainous areas, than models based on climate station
interpolation alone. PET and AI were downloaded from CGIAR
Consortium for Spatial Information (CGIAR-CSI; Antonio and
Robert, 2019)5 at 0.5-km resolution on the side of the equator.
The data is available with average values between the 1970 and
2000 time periods. Most theoretical studies use NPP as the
driving variable, but recent studies use alternative capture of
productivity. NPP assembles the net amount of solar energy
available to the plant to convert into organic matter through
photosynthesis. NPP represents the primary food source of the
ecosystem and is measured in units of elemental carbon. NPP
was downloaded from the EOSDIS project (Imhoff and Bounoua,
2006)6 downloaded at approximately 900 arc-second resolution
or 28 km on a side at the equator available between year 1982 and
1998. Following Rahbek et al. (2007), we calculated productivity
integrated over the available area of 100-m elevational bands;
therefore, summarized NPP (SNPP) was calculated as the product
of area and NPP (SNPP = Area × NPP). For analysis, we
used SNPP as a surrogate of NPP. The area coverage of each
ecoregion is listed in Supplementary Table 1. The data for all
seven environmental variables were extracted from the global
dataset in ArcGIS software and processed to yield representative
values of each variable at each 100-m elevation band.

Statistical Analysis
Three-step procedures were followed to evaluate the species
richness patterns of gymnosperms along elevation gradients
in China—(i) determine the species richness of gymnosperms
along each ecoregion following the estimation method, (ii)
select the best ecoregion based on elevational range and species
richness similarities following hierarchical classification, and (iii)
select the best variable associated with the species richness
patterns of gymnosperms along elevation gradients based on
accuracy measure.

4http://chelsa-climate.org/bioclim/
5https://cgiarcsi.community/2019/01/24/global-aridity-index-and-potential-
evapotranspiration-climate-database-v2/
6http://sedac.ciesin.columbia.edu/data/set/hanpp-net-primary-productivity

First, we used the interpolation technique to estimate species
richness of different gymnosperm groups at each elevational band
in the respective ecoregions (McCain, 2004). The interpolation
method is widely used in overcoming problems of undersampling
because it assumes that a species is present between its upper
and lower elevation limits (Bhattarai and Vetaas, 2003; Vetaas
and Ferrer-Castán, 2008; Kluge et al., 2017; Gao and Liu, 2018).
Since each elevation band has a different surface area, we
therefore divided the number of species by the area of each band
representing the species richness that was used for subsequent
analyses. We assessed the elevational pattern of species richness
for each studied gymnosperm group (all species, threatened,
endemic, tree, and shrub species) by polynomial regression. The
best-fit model was selected based on high R2 values (coefficient
of determination). The land area coverage of each elevation band
varied from one another and in ecoregion. Previous studies have
shown that the variation in land area cover is significant in
determining the richness patterns in any region (Rosenzweig,
1995). The mountains are in conical shape, where the surface
area decreases with increase in elevation. The variation in surface
area also influences the species richness. Moreover, the area at
each elevation also provides a reasonable size for the gene pool
(Körner, 2003). Therefore, to avoid bias due to area, following
Gao and Liu (2018), the species richness in each elevation band
was divided by the area of respective intervals prior to analyses.

Secondly, to understand the composition of variation of
gymnosperm species richness along elevation gradients in the
ecoregions of China, we analyzed the floristic similarities between
ecoregions based on hierarchical classification using dendrogram
clustering (Gauch and Whittaker, 1981). The analysis helps
to group similar ecoregions based on predictor and response
variables using Euclidean distance values. The ecoregions having
similar climatic conditions and species resemblance share the
same clade in a group, and hence identical factors will be
responsible for explaining the species richness patterns. Further,
we selected one ecoregion from each group based on the highest
species richness and most extended elevation gradients among
the group (Supplementary Figure 1). Based on the preliminary
result, Eco 12 (East-Manchurian region), Eco 19 (Central China-
Loess plateau), Eco 20 (Qilian mountain region), Eco 22 (Tibetan
plateau), Eco 27 (Hengduan–Qionglai mountain region), Eco
33 (South China region), and Eco 34 (Taiwan) were selected
for further analysis to determine the species richness patterns
of gymnosperms. This analysis was performed in IBM SPSS
Statistics software (V 21.0).

Third, a univariate generalized additive model (GAM) was
used to formally determine the explained deviance of each
environmental variable on gymnosperm species richness (Vetaas
and Grytnes, 2002; Bhattarai et al., 2004). GAM was used
because it is a semi-parametric approach that permits data to
determine the shape of the response curve by applying smooth
spline, allowing the exploration of shapes of species response
curves to environmental gradients (Hastie and Tibshirani, 1990).
Therefore, this statistical model was fitted in better agreement
with ecological data and has been extensively used in determining
the species-climate relationship along elevation (Vetaas and
Grytnes, 2002; Bhattarai and Vetaas, 2003; Bhattarai et al., 2004;
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Vetaas and Ferrer-Castán, 2008; Paudel et al., 2018). Additionally,
we performed multivariate GAM to evaluate the best-supported
model following the variable selection approach. The best
model was selected based on the least Akaike’s information
criterion (AIC) value and the highest percentage of deviance
explained. Additionally, we used path analyses to evaluate
the potential causal relationship between species richness and
environmental variables. Structural equation modeling (SEM)
uses regression and path analyses for the significance of the
overall model structure that is suitable to evaluate the species–
climate relationship (Grace and Pugesek, 1997; Grace, 2006). As
all predictor variables potentially mediate the species richness
pattern, we tested the effect of individual variables and all
the variables together on species richness of gymnosperms
(Grace and Pugesek, 1997; Grace, 2006). Moreover, SEM is also
applicable to examine the performance of GAM (Panda et al.,
2017). SEM models were derived for species richness of all
studied response variables and plotted them in figures. Colors
were assigned to distinguish between predictor and response
variables, positive/negative response of predictor variable to the
response variable. GAMs were performed in “mgcv” while SEM
with “lavaan” library in R v4.0.1 (R Development Core Team,
2017).

RESULTS

Gymnosperms’ Distribution Along
Elevation Gradients
We recorded 237 taxa of gymnosperms in China distributed
between 0 and 5,300 m showing two distinct peaks of species
richness along the elevation. All species richness formed a hump-
shaped pattern (R2

= 0.942, p < 0.005), and the highest species
numbers were recorded at 1,600 m (n = 111) and 2,800 m
(n = 104) (Figure 2A). There were 219 species (92.4%) of
threatened gymnosperms distributed between 0 and 5,100 m
a.s.l. Threatened species distribution was distinctly unimodal
(R2
= 0.88, p < 0.005), where the highest number of species

was found at the 1,800-m (n = 105) and 2,800-m (n = 94)
elevation bands (Figure 2A). Endemic species accounts for
47.25% (112) of the total gymnosperms of China and formed
a unimodal distribution pattern (R2

= 0.942, p < 0.005). They
were distributed between 0 and 5,100 m a.s.l., where the highest
species were recorded at 1,800 m (n = 51) and 2,700 m (n = 56)
(Figure 2A). Based on life form, 189 tree species of gymnosperms
(79.74% of total species) were distributed between 0 and 4,900 m,
peaked at 1,800 m (n= 89) elevation band (R2

= 0.88, p < 0.005)
(Figure 2A). On the other hand, 48 species of a shrub (20.25% of
total species) were distributed between 0 and 5,300 m. Initially,
shrub richness increases from 0 to 1,600 m a.s.l. and then forms a
plateau between 1,600 and 3,600 m a.s.l., above which the number
of shrub species declined (R2

= 0.893, p < 0.005) (Figure 2A).
With increasing elevation, gymnosperm species showed variation
in the proportion of species composition (Figure 2B). The ratio
of threatened and tree species for all species of gymnosperm
decreases with increasing elevation. On the other hand, the
proportion of endemic species showed a gradual increase up to

4,500 m a.s.l. and an abrupt decrease, while the proportion of
shrub showed an increasing trend (Figure 2B).

Distribution of Gymnosperms Along
Ecoregions
It is apparent from Figure 3 and Supplementary Table 1 that
the ecoregion in the south of China is undoubtedly rich in
the distribution of gymnosperms along elevation gradients. The
southwestern regions, in particular, have the highest species
richness and elevation gradients as well. The highest number of
all species (n= 113), endemic (n= 65), tree (n= 105), and shrub
(n= 65) were reported from Eco 27, whereas Eco 32 accounts for
the highest number of threatened species (n= 89).

A monotonic increase in species richness was noticed in
Eco 12 (Figure 4A) and Eco 19 (Figure 4B), whereas Eco 20
(Figure 4C) and Eco 22 (Figure 4D) showed a monotonic
decrease in richness pattern. On the other hand, in Eco 27
(Figure 4E), Eco 33 (Figure 4F), and Eco 34 (Figure 4G), distinct
unimodal distribution patterns of species richness were reported.
The elevation ranges of Eco 12, 19, 20, 22, 27, 33, and 34 were
0–1,700, 0–3,100, 1,400–4,900, 1,800–above 5,300, 300–above
5,300, 0–2,600, and 0–4,000 m.a.s.l., respectively (Figure 4 and
Supplementary Table 1). A total of 19, 32, 26, 23, 113, 87, and 47
species of gymnosperms were recorded in Eco 12, 19, 20, 22, 27,
33, and 34, respectively (Supplementary Table 1). Numbers of
threatened, endemic, tree, and shrub species also differ according
to the ecoregions (Supplementary Table 1). It is noteworthy that
only one endemic species was reported from Eco 12 and of 26
gymnosperm species in Eco 20, 25 species are listed in threatened
categories of the IUCN Red List. The species richness peak varies
according to ecoregion (Figure 4). The distribution of all species
was high at 700 m in Eco 12 (n= 16), 1,600 m in Eco 19 (n= 25),
2,600 m in Eco 20 (n = 23), 2,600 m in Eco 22 (n = 21), 2,700 m
in Eco 27 (n = 70), 1,000 m in Eco 33 (n = 62), and 1,000 m in
Eco 34 (n= 31) (Figure 4). Similar trends of richness peaks were
noticed in other studied response variables as well (Figure 4).

Relationship Between Gymnosperms
Richness and the Environmental
Variables
Bivariate GAM analyses between gymnosperm richness (all
species, threatened, endemic, tree, and shrub species) and
seven environmental factors are shown in Table 1. The results
showed a significant relationship between species richness and
environmental variables in all ecoregions (Table 2 and Figure 5).
TS significantly explained the highest deviance in richness
pattern of gymnosperms in the East-Manchurian region (Eco 12)
(Table 1). PS and TEMP have profound effects on the richness
pattern of gymnosperms in the Central China–Loess plateau (Eco
19). On the other hand, TS and PS significantly explained the
highest deviance in richness pattern of gymnosperms in Tibetan
Plateau (Eco 22), Qilian mountain region (Eco 20), and South
China region (Eco 33). Similarly, the effect of TS on threatened
and tree species of gymnosperms in the Hengduan–Qionglai
mountain region (Eco 27) was high. SNPP explained the highest
deviance in richness pattern of gymnosperms in Taiwan (Eco
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FIGURE 2 | (A) Elevational pattern of species richness of gymnosperms in China. The dash lines indicate the best fit model of polynomial regression. (B) The
proportion of different subgroups concerning total gymnosperm species.

34) of China (Table 1). Similarly, multivariate GAM explained
65.2–83.5%, 68.6–88.5%, 76.3–89.1%, 65.1–93.2%, 56.2–89.3%,
63.5–76.0%, and 58.2–78.7% deviance in richness pattern of
gymnosperms in Eco 12, 19, 20, 22, 27, 33, and 34, respectively
(Table 2). Additionally, SEM results showed that environmental
variables significantly explained 69–77%, 69–83%, 77–90%, 73–
88%, 84–87%, 70–77%, and 42–69% variations in species richness
of gymnosperms in Eco 12, 19, 20, 22, 27, 33, and 34 of China,
respectively (Figure 5).

DISCUSSION

Species Richness Pattern
Distribution of Gymnosperms Along Elevation
Gradients
The patterns of all studied forms of gymnosperm species
richness in response to elevation gradients in China were
consistent, showing a unimodal distribution pattern. However,
the different forms (threatened, endemic, trees, and shrub
species) of gymnosperm species showed discernible richness
across elevational bands (Figure 2A). A common phenomenon
in the distribution of plant species along elevation gradients is
the hump-shaped pattern. Analogous to our findings, similar
richness patterns of plant distribution were reported in the
previous studies conducted in the mountainous regions of China
and the world (Rahbek, 1995; Vetaas and Grytnes, 2002; Bhattarai
and Vetaas, 2003; Bhattarai et al., 2004; Vetaas and Ferrer-Castán,
2008; Sang, 2009; Meng et al., 2012; Dorji et al., 2014; Kluge
et al., 2017; Liu et al., 2017; Liu and El-Kassaby, 2018; Geng
et al., 2019; Subedi et al., 2019; Vetaas et al., 2019; Pandey et al.,
2020b). The study showed two peaks of gymnosperm richness
at 1,600 and 2,800 m a.s.l. for all studied groups (Figure 2A).
This pattern is unique and has not been reported before. The
possible explanation might be (i) the biotic homogenization at the
specific elevation ranges between 1,600 and 2,800 m a.s.l. because
of propagation of exotic and opportunist species and (ii) possible
distribution of other plant species at the specific elevation range

might inhibit the distribution of gymnosperms. Our study found
that the highest richness of threatened gymnosperms was noticed
at 1,800 m and increased at a mid-elevation gradient. Our
findings were different from the previous research conducted
in the Himalayan region. The distribution of threatened plants
was high at the low elevational band showing monotonic decline
with increasing elevation (Paudel et al., 2018). It is noteworthy
that high endemic species were found between 2,700- and 2,800-
m elevation bands and formed a unimodal distribution pattern.
Similar patterns were observed in the Himalayan region (Vetaas
and Grytnes, 2002). However, the peak in endemic species was
noticed between 3,500 and 4,500 m a.s.l. (Vetaas and Grytnes,
2002). Percentage compositions of tree and shrub species to
all species of gymnosperms showed an opposite trend. The
proportion of tree species decreases with increasing elevation,
while that of shrub species rises. Studies that test elevational
patterns of different life forms (tree and shrubs) also found
divergent trends between the life forms (Vetaas and Grytnes,
2002; Bhattarai and Vetaas, 2003).

Distribution of Gymnosperms Along Ecoregions
Three distinct patterns of gymnosperm richness along elevational
gradients in ecoregions were noticed: linear increase (Eco 12 and
19), linear decrease (Eco 20 and 22), and unimodal distribution
pattern (Eco 27, 33, and 34). The pattern of species richness is also
determined by the range of elevation in each ecoregion (Vetaas
and Grytnes, 2002). The ranges of distribution of Eco 12 and
19 were from 0 to 1,700 m and from 0 to 3,100 m, respectively,
implying a limited range distribution, therefore forming a linear
pattern. On the other hand, the lowest range distributions of Eco
20 and 22 are 1,400 and 1,800 m, respectively, and extend to the
tree line, indicating the absence of low range species distribution.
However, the longest elevational range of Eco 27, 33, and 34
provided a suitable habitat for species distribution and helped in
the formation of the most common pattern of species richness
in the mountainous regions of China. In general, our results
were consistent with previous studies that the southwestern and
Taiwan regions of China are rich in the distribution of plant
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FIGURE 3 | Species distribution of gymnosperms along ecoregions—(A) all species, (B) threatened, (C) endemic, (D) tree, and (E) shrub species. The numbers in
the red color indicate the ecoregion designation number referred to Figure 1.

species at various degrees (Vetaas and Grytnes, 2002; Meng et al.,
2012; Gao et al., 2017; Liu et al., 2017; Shrestha et al., 2017; Geng
et al., 2019; Liao et al., 2020; Pandey et al., 2020a). Our study
also showed that the East Manchurian region (Eco12), Central
China – Loess plateau (Eco 19), Qilian mountain region (Eco 20),
Tibetan plateau (Eco 22), Hengduan – Qionglai mountain region
(Eco 27), South China region (Eco 33), and Taiwan (Eco 34)
are important areas of gymnosperms distribution in China. Eco
12 comprises of Heilongjiang province in the extreme northeast,
whereas Beijing, Hebei, part of Shanxi and Shaanxi province, in
the central region are in Eco 19. On the other hand, Eco 20, 22 and

27 covers Gansu, Sichuan, Chongqing Municipality and Tibet
Autonomous Region in the southwest region. Eco 33 comprises a
part of Zhejiang, Jiangxi, Fujian, Guangxi, Guangdong, Hainan,
Hong Kong, and Macao in the southern region while, Eco 34
includes the entire Taiwan region of China.

The southwestern region is highly significant in terms of plant
species diversity featuring a high number of species and a high
level of endemism (Wu and Raven, 1999; Ying et al., 2004; Li et al.,
2009). This area includes important mountainous regions, the
Tibetan Plateau, the Hengduan Mountains, and the Qinling Daba
Mountains which are considered the cradle of plant diversity,
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FIGURE 4 | Gymnosperm distribution patterns along elevation gradients in ecoregions of China—(A) Eco 12 (East–Manchurian region), (B) Eco 19 (Central
China–Loess plateau), (C) Eco 20 (Qilian mountain region), (D) Eco 22 (Tibetan Plateau), (E) Eco 27 (Hengduan–Qionglai mountain region), (F) Eco 33 (South China
region), and (G) Eco 34 (Taiwan).

including gymnosperms (Li and Feng, 2015; Liao et al., 2020;
Pandey et al., 2020a). The rich diversity of plant species in the
mountainous region has previously been studied testing EDG
(Wang et al., 2007; Zhang et al., 2009; Dorji et al., 2014; Liu et al.,
2014; Chai and Wang, 2016; Yang et al., 2017; Liu and El-Kassaby,

2018). The diversified topography, hydrothermal conditions,
subtropical climatic conditions, and elevation differentiation in
the ecoregion of southern China might support the diversity
of gymnosperms. Qinling is China’s geographical north–south
boundary mountains, the east–west trend across Central China,
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TABLE 1 | Percentage of deviance explained by individual predictors for the
species richness patterns of all gymnosperm species, threatened, endemic, tree,
and shrub in ecoregions of China evaluated by the generalized additive model
(GAM).

Ecoregion Predictors % Deviance explained

All species Threatened Endemic Tree Shrub

ECO 12 PET 27.5 26.6 45.8NS 9.88NS 45.3

TEMP 28.9 27.7 44.6NS 9.15NS 45.3

PPT 31.1 31.4NS 46.6NS 38.9 22.0NS

AI 46.2 42.5NS 63.9NS 28.1NS 29.7NS

SNPP 5.99NS 5.68NS 7.41NS 0.4NS 30.2

TS 45.2 43.7 52.9 39.5NS 50.3

PS 3.86NS 3.84NS 15.7 0.04NS 22.0

ECO 19 PET 30.4 31.8 21.3 28.8 25.6NS

TEMP 73.4 68.2 54.0 63.3 74.3

PPT 0.08NS 0.66NS 7.4 0.98NS 2.90NS

AI 3.06NS 5.86 1.05NS 6.45NS 0.00NS

SNPP 16.7NS 7.69NS 14.0 3.56NS 17.4NS

TS 55.4 54.1 27.2 51.6 31.5

PS 86.6 83.5 27.5 80.7 38.1

ECO 20 PET 37.7 37.7 36.3 37.5 19.6NS

TEMP 41.9 41.9 41.0 41.2 26.6NS

PPT 21.5 21.5 20.6 20.5 15.7NS

AI 3.95NS 3.95NS 4.41NS 3.63NS 0.02NS

SNPP 44.6 44.6 46.6 43.7 2.35NS

TS 70.8 70.8 73.1 71.7 8.06NS

PS 83.8 83.8 83.5 83.6 40.7

ECO 22 PET 54.4 58.6 43.6 62.8 25.4NS

TEMP 59.1 62.1 48.4 66.1 26.4NS

PPT 10.3 11.9 5.83 13.8 1.75NS

AI 30.2 37.4 19.2 36.1 5.55NS

SNPP 51.0 60.1 46.1 62.1 19.3NS

TS 82.9 82.6 77.9 75.7 64.0

PS 76.2 75.0 75.2 64.4 58.5

ECO 27 PET 17.1 15.8 16.9 13.9 25.2

TEMP 43.5 42.7 39.3 38.8 50.6

PPT 22.5 23.6 21.8 23.8 4.89NS

AI 10.3 10.7 56.4 9.35 2.23NS

SNPP 44.5 38.6 43.4 33.4 76.2

TS 76.6 72.1 75.1 68.3 79.9

PS 28.8 26.8 30.6 23.4 49.8

ECO 33 PET 75.8 76.4 75.4 75.4 49.0

TEMP 78.2 78.8 78.1 78.1 63.6

PPT 33.3 32.8 32.5 32.5 22.4NS

AI 27.9 28.8 18.6 30.4 13.4

SNPP 58.8 59.4 58.0 58.0 44.5

TS 84.2 84.0 87.0 81.4 83.9

PS 74.1 74.6 64.9 74.3 58.3

ECO 34 PET 37.7 36.4 35.3 36.5 14.7NS

TEMP 36.9 35.6 35.7 35.7 14.7NS

PPT 33.8 33.8 45.1 36.0 15.7NS

AI 44.9 43.6 42.0 44.4 16.1NS

SNPP 80.4 79.1 67.3 77.0 52.2

TS 43.4 43.9 41.7 43.3 6.9NS

PS 21.4 20.3 20.4 20.8 0.3NS

PET, potential evapotranspiration; TEMP, mean annual temperature; PPT, mean
annual precipitation; SNPP, net primary productivity; AI, aridity index; TS,
temperature seasonality; PS, precipitation seasonality.
NS is the non-significant values. All other values are significant at p < 0.05.

with the highest elevation of 3,771.2 m. The Daba Mountains
strike northwest–southeast, with the highest elevation of 3,053 m.
The complex topography of mountains, valleys, and canyons
has formed various climates and habitats, making the southern
mountainous region the center of gymnosperm species diversity
(Li et al., 2009). On the other hand, more than 200 peaks in
Taiwan Island with an elevation of more than 3,000 m (You
et al., 2017) have resulted in a variety of hydrothermal conditions
along elevation gradients are a suitable site to study the EDG of
gymnosperms richness.

Moreover, Eco 27 is rich in the diversity of gymnosperms
in an ecoregion at the elevation of 2,700 m. It is noteworthy
that this region included the Hengduan Mountains region. The
Hengduan Mountains served as a center of distribution and
speciation of alpine species, including gymnosperms (Zhang
et al., 2009). Our findings are similar to previous studies
conducted in the adjoining Himalayan region, especially in
Nepal (Bhattarai and Vetaas, 2003; Paudel et al., 2018; Subedi
et al., 2019; Pandey et al., 2020b). Previous studies in the
Himalayan region have shown that the highest diversity of
gymnosperms is found at the elevation above 3,000 m, forming
a unimodal distribution pattern (Subedi et al., 2019; Pandey
et al., 2020b). The topographic variation, change in temperature
and precipitation, and abundant energy in the Hengduan
Mountains region might favor the distribution and diversification
of gymnosperms (Vetaas and Grytnes, 2002; Vetaas et al.,
2019). On the other hand, the area is also rich in the diversity
of endemic gymnosperm taxa. High elevation differentiation,
isolated habitat, and younger evolutionary history are such
factors that cause endemism (Zhang et al., 2009). On the other
hand, the tree species are more consistently distributed than a
shrub, meaning that the climatic resistance of tree is higher than
the shrub (Sang, 2009).

In particular, the northern regions have low mean annual
temperature and precipitation; therefore, unfavorable climatic
conditions of the north act as limiting factors in the distribution
of gymnosperms. The diversity of living organisms peaks at
the tropics and gradually declines toward the pole (Kerkhoff
et al., 2014). The current study provides ample evidence
to support the “tropical conservatism hypothesis” (Wiens and
Graham, 2005). It is very difficult to elaborate on the
tropical conservatism hypothesis without the evolutionary,
biogeographic, diversification, dispersal, and local coexistence
process (Kerkhoff et al., 2014). However, in general, the
ecoregions in the southern region of China are essential sites for
the conservation of all subgroups of gymnosperm species.

Determinants of Species Richness Along
the Elevation
The drivers of EDG of gymnosperms in ecoregions of China can
be explained by seven main environmental variables temperature,
precipitation, PET, NPP, AI, TS, and PS. These abiotic variables
showed significant variation along the elevation and determine
the distribution of species at different locations and elevations.
Therefore, elevational patterns may vary among ecoregions, and
no single diversity pattern is predictable.
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FIGURE 5 | Structural equation model (SEM) examining the influence of potential evapotranspiration (PET), mean annual temperature (TEMP), annual precipitation
(PPT), net primary productivity (SNPP), aridity index (AI), temperature seasonality (TS), and precipitation seasonality (PS) on species richness of gymnosperms in
ecoregions of China—(A) Eco 12, (B) Eco 19, (C) Eco 20, (D) Eco 22, (E) Eco 27, (F) Eco 33, and (G) Eco 34. The colors of the arrow represent positive (green) and
negative (red) relationship; the number in the arrow denotes the standardized partial regression coefficients. Only significant variables were used in the figure.
Significance: *p < 0.05; **p < 0.005; ***p < 0.001.
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TABLE 2 | Percentage of deviance explained by the multivariate generalized additive model (GAM) and the best model that determine the richness patterns of
gymnosperms in an ecoregion of China.

Ecoregion Species richness Variables % Deviance explained

Eco 12 All species s(SNPP) + s(TEMP) + s(TS) 67.20

Threatened s(SNPP) + s(TEMP) + s(TS) 68.60

Endemic s(SNPP) + s(PPT) + s(AI) + s(TS) 83.50

Tree s(SNPP) + s(PET) + s(TS) 65.20

Shrub s(SNPP) + s(TEMP) + s(TS) 76.30

Eco 19 All species s(SNPP) + s(PET) + s(TEMP) + s(TS) 88.50

Threatened s(PET) + s(TEMP) + s(TS) 79.40

Endemic s(SNPP) + s(TEMP) + s(AI) + s(PS) 68.60

Tree s(SNPP) + s(TEMP) + s(AI) + s(TS) 80.10

Shrub s(SNPP) + s(TEMP) 84.60

Eco 20 All species s(SNPP) + s(PET) + s(TEMP) + s(PPT) + s(PS) 89.10

Threatened s(SNPP) + s(PET) + s(TEMP) + s(PPT) + s(PS) 89.10

Endemic s(SNPP) + s(TEMP) + s(PPT) + s(PS) 88.50

Tree s(SNPP) + s(PET) + s(TEMP) + s(PPT) 85.00

Shrub s(SNPP) + s(TEMP) + s(AI) 76.30

Eco 22 All species s(TEMP) + s(TS) + s(PS) 88.90

Threatened s(TEMP) + s(TS) + s(PS) 91.80

Endemic s(AI) + s(TS) 78.30

Tree s(TEMP) + s(PET) + s(PPT) + s(TS) 93.20

Shrub s(TS) + s(PS) 65.10

Eco 27 All species s(TEMP) + s(AI) + s(TS) + s(PS) 83.40

Threatened s(SNPP) + s(TEMP) + s(PPT) 69.50

Endemic s(SNPP) + s(PET) + s(TEMP) 56.20

Tree s(SNPP) + s(PET) + s(TEMP) + s(PS) 69.30

Shrub s(TS) + s(PS) 89.30

Eco 33 All species s(SNPP) + s(PET) + s(TS) + s(PS) 74.70

Threatened s(SNPP) + s(PET) + s(TS) + s(PS) 76.00

Endemic s(SNPP) + s(PET) + s(TS) + s(PS) 69.90

Tree s(SNPP) + s(PET) + s(TS) + s(PS) 73.60

Shrub s(TEMP) + s(TS) + s(PS) 63.50

Eco 34 All species s(SNPP) + s(PET) + s(TEMP) + s(PPT) 65.70

Threatened s(SNPP) + s(PET) + s(TEMP) + s(PPT) 66.10

Endemic s(SNPP) + s(PET) + s(TEMP) + s(PS) 58.20

Tree s(SNPP) + s(TEMP) + s(AI) 78.70

Shrub s(SNPP) + s(TEMP) + s(PS) 64.30

PET, potential evapotranspiration; TEMP, mean annual temperature; PPT, mean annual precipitation; SNPP, net primary productivity; AI, aridity index; TS, temperature
seasonality; PS, precipitation seasonality.
Cubic spline smoother(s) is fitted to the variables. The variables in bold are significant at p < 0.05.

Effect of Temperature Constrain
Following the species–temperature relationship (Currie et al.,
2004), a strong effect of temperature was found on the richness
pattern of all predictor sets of gymnosperm species in ecoregions
of China. Pronounced positive responses were noticed in Eco 20,
22, 27, 33, and 34 (Figure 5). Previous studies have also reported
similar findings with several mechanisms invoked (Hawkins
et al., 2003; McCain and Grytnes, 2010; Classen et al., 2015;
Gao et al., 2017; Liu and El-Kassaby, 2018). The temperature
decreases along with the elevation and species richness also
decline (Bhattarai and Vetaas, 2003; McCain and Grytnes, 2010;
Pandey et al., 2020b), where temperature decreases by an average
of 0.6◦C at each 100-m elevation increase (Körner, 2003). The
ambient temperature is a primary determinant of productivity

and determines the number of resources available to the plant
for the production of energy (McCain and Grytnes, 2010;
Vetaas et al., 2019). The species decline at higher elevation can
also be linked to the “environmental stress hypothesis” (Bijlsma
and Loeschcke, 2005). The optimum temperature decreases
with elevation, and therefore, few species can adapt in harsh
climatic conditions (Bijlsma and Loeschcke, 2005; Gao and Liu,
2018; Pandey et al., 2020b). On the other hand, the richness
pattern of gymnosperms is negatively associated with TEMP
in Eco 19 and 33 (Figure 5). The TEMP of Eco 12 ranges
between −1.4 and 5.2◦C, while Eco 19 ranges between 4.7
and 14.4◦C. The possible reason that resulted in contradictory
findings might be because the species found in this region
have a long-range distribution and are mostly confined at lower
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elevational bands (0–3,100 m) (Bhattarai and Vetaas, 2003;
Classen et al., 2015). The significant positive relationship between
temperature and elevation in threatened and endemic species
indicates that with the temperature change, these species are
more likely to face extinction (Sanderson et al., 2002). A species
can be threatened because of anthropogenic activities (Xu et al.,
2019, 2020); however, raising temperature cannot be overlooked
because, in the past two decades, human activities are mainly
responsible for climate change (Olson and Dinerstein, 2002;
Paudel et al., 2018; Xu et al., 2019). Previous studies have also
confirmed that increasing temperature causes the range shift
and extinction in montane species (Körner, 2003); therefore,
the gymnosperms in the southern region of China will be
highly affected.

Precipitation and Gymnosperms Species Richness
Mean annual precipitation is used as a surrogate of water
availability to plants. An area with abundant water might
favor the highest species diversity by accelerating the growth
of plants (Pausas and Austin, 2001; Hawkins et al., 2003).
Similar findings were reported in our study (Lomolino, 2001;
Körner, 2003; Dorji et al., 2014). The ecoregions with high
precipitation (Eco 20, 22, and 27) show significant and highly
expressed variables in determining the species richness of
all subgroups of gymnosperms, while the regions with low
precipitation (Eco 12 and 19) show no significant effects in
richness pattern (Table 1). The positive relationship between
species richness and precipitation is common, and similar trends
were observed in other plant species—palm (Eiserhardt et al.,
2011), Rhododendron (Shrestha et al., 2017), and mangroves
(Osland et al., 2017). Recent studies have adopted the implicitly
available water related to analyses of EDG along the mountainous
regions (McCain, 2006; Dorji et al., 2014; Liu et al., 2014;
Li and Feng, 2015). Availability of water played a significant
role in the diversity of plant species and determining the
hump-shaped distribution pattern of species richness (Bhattarai
and Vetaas, 2003; Bhattarai et al., 2004; Li and Feng, 2015;
Kluge et al., 2017), including gymnosperms (Subedi et al.,
2019; Pandey et al., 2020b). A dynamic relationship exists
between available energy and water, where energy regulates
the diversity of plants at low elevation while available water
is responsible for species distribution at a higher elevation
(Vetaas and Grytnes, 2002; Kluge et al., 2017). Analogous to
our results, Feng et al. (2016) found that the richness patterns
of endemic plant species were highly expressed by current
precipitation. Although organisms have evolved to survive all
conditions of environmental tolerance, as the endemic species
have a narrow range of distribution and locality specificity,
the water demand will not be consistent among different
endemic species. Some gymnosperms of North America and
taxa of Gesneriaceae of China have high moisture demand,
while some can be resistant to drought (Feng et al., 2016;
Liu et al., 2017; Liu and El-Kassaby, 2018). Previous studies
(O’Brien, 1993; Hawkins et al., 2003; Osland et al., 2017),
also advocate a positive quadratic (hump-shaped) relationship
between species richness and precipitation. This trend is
common in ecological studies because the relationship trends

between species and ecological variables tend to be stable
after reaching a climax since other environmental variables
act as limiting factors. The increasing water deficit toward
higher elevation under a global warming scenario might
cause an unpredicted downward shift in species diversity
(Crimmins et al., 2011).

Linking Species Richness to PET and AI
Potential evapotranspiration is used as a surrogate variable of net
atmospheric energy balance available to the primary producers
(Currie, 1991). PET combines the effects of temperature, water,
and solar radiation to estimate the net atmospheric energy
balance (Antonio and Robert, 2019). Although we found that
PET was a significant variable and highly expressed in the
richness pattern of all subgroups of gymnosperms in Eco 22
and 33, the significant relationships between species richness and
PET were also noticed in other ecoregions. We hypothesized
a positive relationship between species richness patterns and
PET. The result is more consistent with the “species-energy
theory” of Currie (1991) and Wright (1983) and the “water-energy
dynamic model” of O’Brien (2006), supporting that richness has
a strong and positive relationship with PET. However, in this
study, significant positive and negative trends were distinctively
noticed between richness patterns and PET (Figure 5). Vetaas
and Ferrer-Castán (2008) and Pausas and Austin (2001) found
that species richness is negatively related to PET when the region
experiences water deficit. Eco 12 and 19 receive low rainfall,
and the climatic features are mostly dry and arid; therefore,
they may have a negative influence on richness patterns. On
the other hand, significant hump-shaped patterns were noticed
in the distribution of plant species where PET was a highly
significant factor in the variation of woody species richness
(Bhattarai and Vetaas, 2003; Xu et al., 2016). The plant uses solar
energy for the ecological process providing the availability of
water and vice versa. Therefore, the hump-shaped distribution
pattern in our study might also be a result of the dynamic
relationship between the components of PET (i.e., temperature,
water, and solar radiation). In this study, AI was the least
explained variable in Eco 20, 27, and 33 while it was the
secondary variable in other regions (Table 1). This finding was
also supported by Liu et al. (2019); Panda et al. (2017) and Dakhil
et al. (2021). AI used in this study was derived as a ratio of
precipitation and PET. AI shows a direct effect on the plant
growth and photosynthesis. It might result that the south and
southwestern regions of China experience high precipitation and
PET throughout the year; therefore, the area experiences least
dryness due to aridity.

Response of NPP on Species Richness
Net primary productivity has positive effects on the diversity
of species. It is more closely related to the “more individual
hypothesis” (Clarke and Gaston, 2006; Vetaas et al., 2019).
This hypothesis explains that NPP will generate more
individuals that promote high richness by increasing the
probabilities of coexistence (Clarke and Gaston, 2006). NPP
was extensively used to study the richness pattern of animals
(Qian et al., 2007; Keil and Jetz, 2014). Recently, NPP was
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used to explain the richness pattern of plants (Thuiller et al.,
2006; Kreft and Jetz, 2007; Vetaas et al., 2019). It is based on
the first law of thermodynamics and directly linked to the
biochemical oxidation process in plants (Vetaas et al., 2019).
Non-significant negative relationships were noticed between
species richness and NPP in Eco 12 and 19 (Table 1). Previous
studies have found no significant NPP effect on plant species
richness (Peters et al., 2016). Interestingly, high deviance in
the richness pattern of gymnosperms is expressed by NPP
(Table 1). It was found that species richness of all subgroups of
gymnosperms was positively related to NPP in all ecoregions,
except Eco 12 and 19. This finding was consistent with previous
documentation patterns (Thuiller et al., 2006; Kreft and Jetz,
2007; Vetaas et al., 2019). NPP helps increase population
size and hence reduce interspecific competition (Thuiller
et al., 2006). Accordingly, the amount of available resources
in a habitat is important for maintaining population size.
Therefore, the ecoregions with rich NPP will also result in high
species diversity.

Climatic Seasonality and Species Richness
Climatic seasonality (both TS and PS) showed a significant
effect on the richness pattern of gymnosperms in ecoregions
of China. In contrast to the findings as reported by Pandey
et al. (2020a), our study showed that the mountainous
region of China (Eco 22, 27, and 33) favors gymnosperm
richness because of the seasonal variation in temperature
and precipitation. Shrestha et al. (2017) also explained that
climatic seasonality was an important variable in controlling
the richness pattern of Rhododendron species in China. The
seasonal variation in the tropical and subtropical mountainous
regions of China is uniform (Shrestha et al., 2017). Moreover,
Panda et al. (2017); Gao and Liu (2018), and Pandey et al.
(2020a) all reported a significant role of climatic seasonality
for the range in shift of plants at high elevations mostly
on the mountains of the Himalaya. Less variation in climate
provides profound environmental stability, meaning less energy
is required by the organisms to regulate metabolic functions
(Gao and Liu, 2018). This creates a physiological barrier
between species growing in low land and at higher elevation,
which helps in the accumulation of more species along
elevation gradients.

CONCLUSION

This is the first study to evaluate the elevational distribution
pattern of gymnosperm richness in China, a biological hotspot
of the world. Based on our investigations, we presented a
significant relationship between gymnosperm species richness
and environmental correlates along elevation gradients in the
ecoregion of China. Moreover, we demonstrated that the
highest diversity of all richness groups of gymnosperms was
found in the subtropical ecoregion (i.e., southern China).
Three types of richness patterns were distinctively noticed
in China—(i) hump-shaped, (ii) linear increase, and (iii)
monotonic decrease—along elevation gradients. All the richness

groups of gymnosperms have different elevational patterns,
while the environmental variables highly expressed the richness
patterns. The environmental limitation inhibits the distribution
of gymnosperms in the northern ecoregions of China, while
the favorable subtropical environment encourages the richness
of gymnosperms in the southern ecoregions. We conclude that
Hengduan–Qionglai Mountains, South China, and Taiwan are
the richest in the diversity of gymnosperms along elevation
gradients. These ecoregions also support a high number of
threatened and endemic species, and therefore, implementation
of future suitable conservation strategies is needed. Also,
we recommend researchers to include the ecoregions or
biomes and sub-ecoregions in their spatial modeling studies
at regional or global scales, because the drivers showed a
high variation in their relationship or contribution to the
variation of species richness pattern from sub-ecoregion to
another and also at growth form levels (trees or shrubs). Further
research is needed on gymnosperms to assess the dynamics
of species richness under climate change scenarios at biome
and sub-ecoregion levels. This would provide greater insights
into conservation planning of biodiversity at community and
ecosystem levels.
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Supplementary Figure 1 | Dendrogram of hierarchical analysis based on
gymnosperms species richness and environmental variables along elevation
gradients in each ecoregion of China. The separation of ecoregions is based on

euclidean values of similarities. The red color box indicates the group of similar
ecoregions.

Supplementary Table 1 | The ecoregions of China with the geographic
code assigned in this study, names of eco-regions, and the
characteristics forest types each region. The elevation range represents the
lower and higher elevation bands of respective ecoregions expressed in meter
(above sea level). Area is the total surface coverage of terrestrial land expressed in
sq. km. Species richness is the number of species present in each
ecoregions.
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