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Large-scale patterns of species richness is an important issue in biogeography and

ecology. The Qinghai-Tibetan Plateau (QTP) is a biodiversity hotspot in the world, which

has an important status in the zoogeographical realms. Here, we analyzed the diversity

patterns of Hemipteran insects in the QTP, and tested whether the patterns can be

jointly explained by modern environmental as well as historical factors. A comprehensive

geographic distribution dataset consisting of 1,166 Hemipteran species, which belong

to 510 genera and 53 families, was compiled and used in our analyses. Patterns of

richness were mapped into a grid-based map with a spatial resolution of 0.5◦ × 0.5◦.

An unbalanced diversity pattern of the Hemipteran insects in the QTP was presented,

with more species in the eastern and southern parts of the plateau, while few species in

the northern and main surface of the plateau. The northwestern Sichuan, the southern

Gansu, the southeastern Tibet, the northwestern Yunnan and the eastern Qinghai were

identified as diversity hotspots of species richness. Further analyses based on General

linear models and Random Forest indicated that the diversity patterns of Hemipteran

insects were influenced by both contemporary environmental factors and historical

factors (e.g., habitat heterogeneity, climate stability, energy availability). Specifically, the

species richness patterns of all Hemipteran insects in the QTP have been mainly affected

by elevation range, temperature annual range, min temperature of coldest month, mean

temperature of coldest quarter and the temperature change since the Last Glacial

Maximum. In contrast, the water-related variables have relatively small effects on species

richness. In addition, although habitat heterogeneity was indicated the most important

factor for different suborders of Hemiptera, the climate stability was another dominate

factor for Heteroptera and Auchenorrhyncha, while Sternorrhyncha was more affected

by historical climate change.

Keywords: biodiversity, distribution, environmental variables, habitat heterogeneity, Hemiptera, Random Forest,

species richness

INTRODUCTION

Large-scale patterns of species richness and underlying mechanisms are central issues in
biogeography and ecology (Qian and Ricklefs, 2000; Ricklefs, 2004; Kreft and Jetz, 2007; Jetz
et al., 2012). Investigating these issues are not only helpful to understand the evolution of species,
but also crucial to the biodiversity conservation (Pennisi, 2005). For instance, Chi et al. (2017)
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proposed to establish new nature reserves for 30 counties by
exploring the geographical distribution patterns of threatened
medicinal plants in China. Zhang et al. (2015) suggested
to establish nature reserves specifically designed for orchids
in southwestern China and Hainan Island by studying the
distribution pattern of 1,449 orchid species in China. Many
studies on the patterns of global species diversity have been
carried out over the past decades (Myers et al., 2000). Most
studies have shown that the spatial patterns of species richness
are highly relevant to contemporary environmental and historical
factors such as ambient energy, water availability, climate
stability, habitat heterogeneity and historical climate change
(Currie and Paquin, 1987; Currie, 1991; Fine and Ree, 2006;
Jansson and Davies, 2008). Although their relative importance
remains controversial, it is generally approved that species
diversity patterns are jointly influenced by these factors (Hawkins
and Porter, 2003; Svenning and Skov, 2005). Furthermore,
there are various hypotheses have been proposed to explain
the mechanisms of species diversity patterns (Palmer, 1994;
Willig et al., 2003; Wang et al., 2009).For instance, the ambient
energy hypothesis regards that the geographical pattern of species
richness is mainly caused by the direct control of energy on the
physiological activities of species (Turner et al., 1988). The water-
energy dynamic hypothesis states that species diversity patterns
are affected by both water and energy (Hawkins et al., 2003a). The
habitat heterogeneity hypothesis predicts that diverse topography
and habitats can increase species diversity (Jiménez et al., 2009).
The freezing tolerance hypothesis holds that in cold regions,
many species cannot survive because they cannot tolerate the
cold winter. As winter temperature decreases, species diversity
gradually decreases (Hawkins, 2001; Hawkins et al., 2003a).

The Qinghai-Tibetan Plateau (QTP) is the largest and highest
plateau in the world with the average elevation above 4,000m
(Zhang et al., 2002). The intensive uplift and formation of the
QTP is considered as the most important geological event in
the Miocene-Pliocene era (Zhou et al., 2006), which not only
has changed the natural environment of the plateau itself, but
also has strongly impacted on the surrounding environment as
well as the global climate (Chen et al., 1999; Shi et al., 1999; Li
et al., 2001). Considering the significance of the QTP region in
global change studies, it has become a research hotspot in recent
decades (Zhang et al., 2002). In addition, the QTP region plays an
important role in the field of biogeography (Huang et al., 2006),
which spans three biodiversity hotspots in the world, including
the mountains of south-west China, the Himalaya, and the Indo-
Burma, respectively (listed by Conservation International: www.
biodiversityhotspots.org/xp/Hotspots). The QTP region has been
widely regarded as the center of species diversity for many
groups (e.g., Huang, 1981; Zhang, 1999; Tang et al., 2006).
Previously limited studies on the diversity patterns of different
taxonomic groups in the QTP have shown that most species
are located in the margins of the plateau, such as most of the
birds congregate in the south-eastern margin of the plateau
(Zhang et al., 2016), the species richness of vascular plants is
higher in the northeastern and southeastern areas than in the
hinterland of the QTP (Yan et al., 2013), and the diversity centers
of aphids are also scattered on the edges of the plateau (Huang

et al., 2006). It was reported that energy and water availability
regulated the richness patterns of vascular plants in the QTP (Yan
et al., 2013). The overall species richness patterns of birds in the
QTP are mainly explained by topographical heterogeneity and
temperature amplitude (Zhang et al., 2016), and also impacted
by geological history of the QTP (Lei et al., 2014). According to
the geological history and prominent topographic structures of
the QTP, historical factors are expected to have impact on the
biodiversity patterns in the QTP. Considering there are still few
studies on the mechanism of diversity patterns in the QTP, more
taxonomic groups are needed to test the impact of contemporary
environmental and historical factors on the diversity patterns in
this region.

Hemiptera (Arthropoda: Insecta) is one of the most important
and diverse groups in insects (Kristensen, 1991; Schuh and
Slater, 1995), which is consist of four suborders, Heteroptera,
Sternorrhyncha, Auchenorrhyncha, and Coleorrhyncha (Li et al.,
2017). It is estimated that the recorded number of Hemipteran
species is about one hundred thousand (Zhang, 2011). Most of
the Hemipteran insects are phytophagous and widely distributed
all over the world. Many of them have a wide range of host
plants and are important pests in agriculture and forestry, such
as aphids, scale insects, leafhoppers and planthoppers (Forero,
2008; Guo and Yuan, 2016). In the QTP region, in spite of many
taxonomic studies of these groups have been published, there
have been few studies on the Hemipteran insects that focus on the
spatial patterns except for the aphids (Huang et al., 2006, 2008).
Based on our previous studies (Huang et al., 2006, 2008) on the
diversity patterns of aphids, we assume that there should be a
general distribution pattern for more phytophagous Hemipteran
insects in the QTP. Besides, the patterns of species richness
should be influenced by different factors. It is a good opportunity
to test whether the diversity patterns of herbivorous insects are
affected by both modern ecological factors and historical factors
by using the data of the Hemipteran insects.

In this study, we aim to (1) summarize the taxonomic diversity
of Hemipteran insects in the QTP; (2) analyze the richness
patterns and identify diversity hotspots of Hemipteran insects;
(3) test the relative effect of the modern environmental factors
and historical factors on the pattern of species richness.

MATERIALS AND METHODS

Study Area and Distribution Dataset of the
Hemipteran Insects
The QTP lies between 26◦00′12′′and 39◦46′50′′N, and
73◦18′52′′and 104◦46′59′′E, spans 2,945 km from east to
west, passing through 1,532 km in the north-south direction,
and occupies ∼2.6 million km2, which account for 26.8% of the
total land area of China (Zhang et al., 2002). It is surrounded by
high mountains with Kunlun mountain in the north, Himalayas
mountains in the south, Karakoram mountain in the west and
the steep Hengduan mountains in the east. We followed this
definition of study area, same as Huang et al. (2006) did.

Species categories and distribution records of Hemipteran
insects were compiled primarily from the below resources: (1)
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Fauna Sinica published before this study (including aphids,
plant bugs, scale insects, treehopper, flower bug, plant hopper
and damsel bug); (2) the catalog of insect type specimens
of China which indexed all insect type specimens from 1950
to 2010 (Cui et al., 2007, 2009; Bai et al., 2014); (3) the
Global Biodiversity Information Facility (GBIF, http://www.gbif.
org/); (4) literature survey for new Hemipteran species during
2000–2017 based on the Zoological Records; (5) supplementary
raw data from published literature (e.g., Huang et al., 2006;
Liu et al., 2009; Yuan et al., 2014; Wei et al., 2016); (6)
the academic dissertations on Hemiptera groups searched by
using the China Knowledge Resource Integrated Database; (7)
specimen collection records from the Insect Systematics and
Diversity lab at Fujian Agriculture and Forestry University.

The dataset mainly included the latest checklist of Hemipteran
insects in the QTP and distribution information (distribution
sites, longitudes and latitudes). The taxonomic information were
further validated by using Catalog of Life as well as taxonomic
websites for specific groups. For the distribution records which
provided longitudes and latitudes in original data sources, the
georeferenced data were kept directly. For those only provided
the names of distribution sites, the geographic coordinates were
determined by using the Google map. The final dataset includes
a total of 3,011 records, which represents a comprehensive
distribution dataset for Hemipteran insects in the QTP. The
original data deposited in the DataOpen repository: http://www.
dataopen.info/home/datafile/index/id/184.

Mapping the Distributions
Based on the dataset, the distributions of the Hemipteran insects
were imported into the outline map of the QTP using the
software ArcGIS 10.2 (ESRI, Inc., Redlands, California, USA).
To determine an appropriate scale to present our data, we
primitively tested three grid scales, 1◦, 0.5◦, 0.25◦, to investigate
the richness patterns, respectively. Based on these analyses (see
Supplementary Figure 1), to present decent maps of richness
patterns, the 0.5◦ was chosen to be used in final analyses. The
distribution map of all species was overlaid onto a grid-based
map with a resolution of 0.5◦ × 0.5◦ in order to identify the
diversity centers of species richness. The richness patterns of
three taxonomic categories (family, genus and species) were
displayed on the grid cells according to statistical calculations.
In total, 1,083 distribution grid cells were used in our analyses,
including the incomplete grid cells located on the border of
the QTP. All distribution maps were compiled with Behrman
equal-area projection.

Environmental Data
In order to explore the environmental determinants driving
the diversity pattern of the Hemipteran insects in the QTP,
we selected environmental factors that represent contemporary
and historical climates for analysis. The selection of factors was
mainly based on the routine indicated in previous studies as well
as the potential importance of factors to phytophagous insects.

The contemporary climate data were obtained from the
WorldClim website (http://www.worldclim.org) with the
resolution of 30 arc-second (Fick and Hijmans, 2017). Mean

annual temperature (MAT), Mean temperature of warmest
quarter (MTWAQ), Mean temperature of coldest quarter
(MTCQ), Min temperature of coldest month (MTCP) and Max
temperature of warmest month (MTWP) were used as surrogates
of the energy availability; Mean annual precipitation (MAP),
Precipitation of warmest quarter (PWAQ), and Precipitation
of coldest quarter (PCQ) were used as surrogates of the water
availability; Temperature annual range (TAR, defined as the
difference between MTWP and MTCP) and Precipitation
seasonality (PS, coefficient of variation) were used as surrogates
of the climate stability.

The Last Glacial Maximum (LGM) climate data were also
obtained from the WorldClim website (http://www.worldclim.
org), including the Mean annual temperature (MAT) and
Mean annual precipitation (MAP) during LGM which were
reconstructed by MIROC-ESM model (Watanabe et al., 2011).
Followed a previous study (Wang et al., 2017), we calculated the
absolute values of the anomaly in the Mean annual temperature
(MAT) and Mean annual precipitation (MAP) between the LGM
and the present (Tano and Pano) to represent the historical
climate change since the LGM (i.e., |MAT LGM –MAT present| and
|MAP LGM – MAP present|). We also used normalized difference
vegetation index (NDVI) (1-km2 resolution; data comes from
the Environment and Ecology Scientific Data Center of western
China, National Natural Science Foundation, China http://
westdc.westgis.ac.cn) and elevation range (ELE) to represent the
habitat heterogeneity. ELE was defined as the difference between
the maximum elevation and the minimum elevation inside each
grid cell by with a digital elevationmodel derived from the Global
30 Arc-Second Elevation Dataset (GTOPO30) at a resolution of
1-km (https://eros.usgs.gov/elevation-products).

Environmental data of all grids with a spatial resolution of
0.5◦ × 0.5◦ were extracted by calculating the average of each
grid cell. Data extraction were performed using the software
of ArcGIS 10.2 (ESRI, Inc., Redlands, California, USA) and R
x64 3.4.1(http://www.r-project.org/).

Data Analysis
Richness was defined as the total number of species or genus
or family in each grid cell. General linear models (GLMs)
was applied to test the relationships between species richness
of Hemipteran insects and environmental variables because
the frequency distribution of species richness conformed to
the Poisson distribution, which was consistent with previous
studies (Wang et al., 2012; Liu et al., 2017). It should be noted
that the quasipoisson parameter was set to make up for the
overdispersion in our data (Crawley, 2007). So the GLMs with
quasipoisson errors was used to assess the explanatory power
of the environmental variables by implementation of the glm
function in R x64 3.4.1(http://www.r-project.org/). Following Liu
et al. (2017), we used the adjusted R2adj (%) to measure the
explanatory power of each variable, which was calculated as:
R2adj (%) = 100 × (1 – (residuals deviance/model DF)/(species
richness deviance/residuals DF)). The spatial autocorrelation
could inflate type I error, so modified t-test was used to test
the significance levels of each regression coefficient, which in
order to eliminate the effects of spatial autocorrelation in the
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significance test (Dutilleul et al., 1993). The species richness was
log10-converted before analysis.

In order to compare with the results of GLMs analysis,
the Random Forest, which was another way to explore
the relationships between species richness and environmental
factors, was employed to evaluate the relative importance of all
variables. What needs to be pointed out is that Random Forest is
not only insensitive to the spatial autocorrelation, but also can
deal with the non-linear relationship between species richness
and variables (Breiman, 2001;Marmion et al., 2009). Based on the
function of randomForest in R x64 3.4.1, we obtained the value
of the relative importance of each environmental factors, which
is expressed in terms of node purity.

In order to investigate themore detailed relationships between
the species richness and environmental factors for different
groups in Hemiptera, the data set were divided according to
suborders and the same analyses were implemented. Only the
families with more than 50 distribution records were included
during the analyses. As a group restricted to some areas in the
southern Hemisphere, the suborder of Coleorrhyncha was not
recorded in our data set. Therefore, the results for the other three
suborders, Heteroptera, Sternorrhyncha, and Auchenorrhyncha,
were shown in the manuscript.

RESULTS

Species Diversity of Hemipteran Insects in
the QTP
A total of 1,166 Hemipteran species were recorded in the
checklist of species, which belong to 510 genera, 53 families. The
detailed taxonomic information for each family were presented
in Supplementary Table 1. Among all Hemipteran groups, the
Cicadellidae represented by 274 species was the most abundant
family, accounting for 23.5% of the total species, followed by the
Aphididae (222 species) and Miridae (179 species) representing
19.04 and 15.35% of all species, respectively. The two families
with the highest genus diversity are Cicadellidae (116 genera,
22.75% of all genera) and Aphididae (106 genera, 20.78% of
all genera). However, some families such as Aphelocheiridae,
Asterolecaniidae, Berytidae, Caliscelidae, Cydnidae, Fulgoridae,
Heterogastridae, Issidae only had 1 genus and 1 species in
the dataset.

Distribution Patterns of Species Richness
The general distribution pattern of all Hemipteran insects in the
QTP was an unbalanced pattern with more species distributed in
the eastern and southern parts of the plateau and few species in
the northern edge and the main surface of the plateau (Figure 1).
The distribution patterns of three taxonomic categories (family,
genus and species) were almost the same (Figure 1). Higher
diversity of species were concentrated on five areas as follows:
(1) the northwestern Sichuan; (2) the southern Gansu; (3)
the southeastern Tibet; (4) the northwestern Yunnan, and (5)
the eastern Qinghai, which were identified as species diversity
centers (Figure 1).

FIGURE 1 | The distribution and richness patterns of Hemipteran insects in

the QTP. (A) all records, (B) family richness, (C) genus richness, and (D)

species richness.

Relationships Between Species Richness
and Environmental Factors
GLMs indicated that the pattern of species richness for all
Hemipteran insects was influenced by a variety of factors
(Table 1). Some variables belonging to the historical climate
change (such as Tano), habitat heterogeneity (such as ELE and
NDVI), climate stability (such as TAR), and energy availability
(such as MTCP, MTCQ, and MAT) had stronger explanatory
power than the water-related variables (Table 1).Specifically,
Tano was the strongest predictor accounting for 23.90% (P
= 0.0236) of the explanatory power, followed by ELE with
the adjusted R2adj was 21.45% (P = 5e-04), TAR (R2adj =

21.41, P = 0.0022), NDVI (R2adj = 18.06%, P = 0.1172),
MTCP (R2adj = 17.74, P = 0.0045), MTCQ (R2adj = 16.72%,
P = 0.0064), and MAT (R2adj = 14.98%, P = 0.0159).
The R2adj of all the variables associated with water were
all below 10% (i.e., MAP, PWAQ, PCQ, PS, and Pano). In
general terms, climate stability variables (whether historical
or contemporary climate), habitat heterogeneity variables, and
temperature-related variables primarily determined the patterns
of Hemipteran insects in the QTP.
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TABLE 1 | Coefficient of determination R2adj (%) of the General linear models for

all selected variables. Modified t-test was used to test the significance.

Hemiptera Heteroptera Sternorrhyncha Auchenorrhyncha

No. of

species

1,166 272 314 343

Variables R2adj R2adj R2adj R2adj

Energy Availability

MAT 14.98** 12.68* 8.55** 15.1*

MTWAQ 11.57* 10.07 6.58* 11.23

MTCQ 16.72** 14.32* 8.96** 17.39**

MTCP 17.74** 15.55** 8.71** 18.89**

MTWP 7.44 6.42 4.08 7.15

Habitat Heterogeneity

NDVI 18.06 21.24 13.17 13.68

ELE 21.45*** 19.52** 8.62* 26.28**

Water Availability

MAP 8.88** 8.36** 3.39** 9.86**

PWAQ 7.46** 6.6* 2.9** 8.7**

PCQ 1.63 1.52 0.12 2.11

Climate Stability

TAR 21.41** 19.01** 9.24** 24.9**

PS 5.41 6.16 1.56 5.86

Historical Climate Change

Tano 23.90** 20.33 23.52 15.53

Pano 0.16 1.13 0.93 0.21

*P < 0.1; **P < 0.05; ***P < 0.001. MAT, mean annual temperature; MTWAQ,

mean temperature of warmest quarter; MTCQ, mean temperature of coldest quarter;

MTCP, min temperature of coldest month; MTWP, max temperature of warmest month;

NDVI, normalized difference vegetation index; ELE, elevation range; MAP, mean annual

precipitation; PWAQ, precipitation of warmest quarter; PCQ, precipitation of coldest

quarter; TAR, temperature annual range; PS, precipitation seasonality; Tano, MAT

anomaly; Pano, MAP anomaly.

The results of Random Forest for all Hemipteran insects were
basically consistent with that of GLMs (Figure 2A). The most
important environmental factors are almost identical, but there
are some differences in the order of relative importance. Variables
representing habitat heterogeneity were indicated with highest
importance. The Random Forest also indicatedmore explanatory
power of some indicators related to water availability, such as
MAP and PWAQ, than the GLMs.

Based on the results of the two analyses, the richness
patterns of Hemipteran insects in the QTP were affected by
different factors, but their relative importance varied. Overall,
habitat heterogeneity and climate stability were the most
important determinants.

By combining the results of GLMs and Random Forest for
different suborders, it was shown that generally the habitat
heterogeneity was the most important factor for all suborders
(Table 1, Figures 2B–D). However, the relative importance of
different factors varied for different suborders. Besides habitat
heterogeneity, the GLMs analysis indicated climate stability
is another important factor for the three suborders, while
the Random Forest analysis indicated that climate stability is
more important for the Heteroptera and Auchenorrhyncha, but
historical climate change is more important for Sternorrhyncha.

DISCUSSION

Diversity Patterns and Distribution Centers
of Hemipteran Insects in the QTP
The species richness of Hemipteran insects was higher in the
edges of the QTP, particularly in the eastern and southern
marginal areas of the plateau. Similar patterns of species richness
has also been revealed by previous studies for such as aphids
(Huang et al., 2006, 2008), birds (Zhang et al., 2016) as well as
vascular plants (Yan et al., 2013). Although fewer distributions on
the plateau central surface may indicate relative lack of collection
effort, it is more likely that this reflects a reasonable distribution
pattern if considering the geological history of this region and
the cold weather and vegetation types caused by high altitude
(Li et al., 2001; Yan et al., 2013). Considering most Hemipteran
insects are phytophagous, the low diversity of vegetation types
(Yan et al., 2013) limits the diversity of Hemipteran insects on
the plateau surface. Besides, the quaternary glacial movement
accompanied by the uplift of the QTP (Yang et al., 2008) may
cause extinction of Hemipteran species on the plateau surface
and migration from higher to lower altitudes. On the contrary,
the complex topography, various types of vegetation and diverse
habitats in marginal areas of the QTP (An et al., 2001; Densmore
et al., 2007) can continuously provide appropriate habitats for
Hemipteran insects. Our study, together with previous studies,
may indicate the spatially unbalanced distribution pattern
is not limited to Hemipteran insects and general for more
taxonomic groups.

In this study, five diversity centers for Hemipteran insects
were identified in the QTP. The northwestern Sichuan province
and northwestern Yunnan province are located in the Hengduan
mountains region which is commonly now known as not only
one of the 35 biodiversity hot spots in the world (Boufford, 2014)
but also a transitional zone between the QTP and the Yungui
Plateau (Xu et al., 2010). The characteristic of this region is the
extreme terrain undulation (Wu et al., 2013; Boufford, 2014)
and deep gorges flanked by towering mountains in the north
and south direction, which results in various types of climate
and vegetation (Anderson et al., 2005) for a variety of habitats
for Hemipteran insects. The southeastern Tibet region, which
is located on the southern boundary of the QTP. The most
prominent feature of this region is the strong differentiation
of climate and vegetation types along altitudes (Zhang and
Zhong, 1988), which provide the potential for higher diversity
of Hemipteran insects. The southern Gansu province and
eastern Qinghai province lie in the transitional region from the
plateau hinterland to the surrounding hilly region. The species
diversity may be affected by the complicated environmental
factors in these areas on account of the marginal effects
generated by the communication between adjacent ecosystems
(Huang et al., 2008).

Effects of Environmental Factors on the
Patterns of Species Richness
The pattern of species richness is the result of a combination
of different determinants including contemporary environmental
and historical factors (Svenning and Skov, 2005). The results
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FIGURE 2 | Results of Random Forest for the importance of all variables for (A) Hemiptera; (B) Heteroptera; (C) Sternorrhyncha; (D) Auchenorrhyncha. Importance

values (y-axis) are represented by the increase in node purity. MAT, mean annual temperature; MTWAQ, mean temperature of warmest quarter; MTCQ, mean

temperature of coldest quarter; MTCP, min temperature of coldest month; MTWP, max temperature of warmest month; NDVI, normalized difference vegetation index;

ELE, elevation range; MAP, mean annual precipitation; PWAQ, precipitation of warmest quarter; PCQ, precipitation of coldest quarter; TAR, temperature annual range;

PS, precipitation seasonality; Tano, MAT anomaly; Pano, MAP anomaly.

of GLMs and Random Forest for all Hemipteran insects
were generally consistent in this study, which demonstrate
that the richness patterns of Hemipteran insects can be
explained by different factors (e.g., habitat heterogeneity, climate
stability, environmental energy, water availability) with varied
relative importance.

Both analyses indicated that the variables of habitat
heterogeneity (especially ELE) are critical in explaining the
overall species richness patterns of Hemipteran insects. Based
on the distribution patterns of environmental variables in the
QTP (Figure 3), the biodiversity centers mentioned above
share common features of more types of vegetation and higher
elevation difference even >6,000m (Figures 3A,B). According
to the habitat heterogeneity hypothesis, species diversity may
be affected by habitat heterogeneity through the increase of
suitable niches as well as species differentiation (Bhattarai et al.,
2004; Stein et al., 2014, 2015). The strong correlation between
habitat heterogeneity and species richness was also reported for
vascular plants in the QTP (Mao et al., 2013). This also validates
our results when considering the close relationship between
Hemipteran insects and their host plants (e.g., Li et al., 2017).
A previous study on avian species richness in the Hengduan
mountains also found that the topographic heterogeneity had a
marked impact on the species patterns of birds (Wu et al., 2013),

suggesting habitat heterogeneity has a significant effect on the
richness of many groups in the QTP.

Climatic stability is important driving force for geographical
distribution of organisms. Our results showed that TAR
(representing climate stability) had significant influence on the
species richness of Hemipteran insects in the QTP. This is
consistent with the climate stability hypothesis which states
that stable climate will increase species richness in one region
(Stevens, 1989). The five biodiversity centers identified in this
study were located in areas with low annual temperature
difference (Figure 3C), which is more suitable for species survival
in these areas. The temperature variation from LGM till now
(Tano; Table 1) was also one of the main influences, indicating
that Hemipteran insects were sensitive to the long-term climate
stability. Most of the plateau was covered by glaciers during the
LGM (Shi et al., 1997), as well as the historical climate changes
were much stronger on the plateau surface than the frontier area
(Figure 3E), may result in less diversity of Hemipteran species
in the northern high altitudes and main surface of the plateau.
Besides, themarginal areas less affected by the quaternary glaciers
have been supposed as refugia for animals and plants (Huang
et al., 2005; Fan et al., 2008; Duan et al., 2011; Lei et al., 2014).
The stable habitats in these areas should also help conserve
more diversity of Hemipteran insects. It has been shown that
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FIGURE 3 | Distribution patterns of environmental variables in the QTP. (A) NDVI, normalized difference vegetation index; (B) ELE, elevation range; (C) TAR,

temperature annual range; (D) PS, precipitation seasonality; (E) Tano, MAT anomaly; (F) Pano, MAP anomaly; (G) MAT, mean annual temperature; (H) MTWAQ, mean

temperature of warmest quarter; (I) MTCQ, mean temperature of coldest quarter; (J) MTCP, min temperature of coldest month; (K) MTWP, max temperature of

warmest month; (L) MAP, mean annual precipitation; (M) PWAQ, precipitation of warmest quarter; (N) PCQ, precipitation of coldest quarter.
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quaternary climate changes or stability can explain diversity
patterns among taxonomic groups in different regions (Araújo
et al., 2008; Svenning et al., 2008; Sandel et al., 2011). Our
results together with previous findings indicate that historical
climate stability is an important factor affecting the pattern of
species richness.

Previous studies have shown that ambient energy has
significant effect on species diversity of different groups
and sometimes the most important factor in predicting the
geographical variation of species richness (Turner et al., 1987;
Currie, 1991; Hawkins et al., 2003b; Wang et al., 2011). Based on
our results, some temperature-related variables (MTCP, MTCQ,
MAT) are also important for explaining the diversity patterns
of Hemipteran insects in the QTP. This is consistent with the
findings of birds in theQTP (Zhang et al., 2016) andwoody plants
in China (Wang et al., 2011). The eastern and southern marginal
areas of the QTP are with higher mean annual temperature
than that the hinterland of the plateau (Figure 3G), while the
temperature on the plateau main surface is lower than the
marginal areas during the coldest period (Figures 3I,J), together
indicating that Hemipteran insects may prefer warmer habitats.
The congruence between the distribution of temperature-related
variables and the unbalanced diversity pattern of Hemipteran
insects in the QTP echoes previous proposals that freezing
tolerance ability of species limit their distributions (Hawkins,
2001; Hawkins et al., 2003b; Wiens and Donoghue, 2004).

Although the explanatory power of water availability obtained
by GLMs analysis was relatively low compared with other factors,
the Random Forest analysis showed that some of water-related
variables (MAP and PWAQ) were almost as important as some
variables of environmental energy (MTCQ and MTCP). This
indicates that water and energy may jointly regulate the richness
patterns of Hemipteran insects in the QTP, which is consistent
with the water-energy dynamic hypothesis (O’Brien, 1998). Yan
et al. (2013) also found that the richness patterns of woody plants
in the QTP were jointly determined by water and energy. Besides,
Wei et al. (2016) also showed that the distribution patterns
of scale insects, one Hemipteran group, in China were jointly
determined by temperature and precipitation. The sufficient
energy and water in the eastern and southern edge areas of
the QTP (Figures 3G,L) are conducive to photosynthesis and
energy accumulation of plants (Gurevitch et al., 2002), thus
these areas can maintain higher richness of plants as well as
Hemipteran insects.

For each suborder of Hemiptera, habitat heterogeneity is the
common most important factor affecting their species richness,
which is closely related to the phytophagous characteristics of
Hemipteran insects (Li et al., 2017). The higher the heterogeneity
of habitats, the richer their food resources are. Moreover, climate

stability also has significant effects on the species richness
of Heteroptera and Auchenorrhyncha, which indicates that
these two suborders tend to live in regions with more stable
contemporary climatic conditions. But for the Sternorrhyncha,
their distribution patterns may have been more affected by
climate changes during evolutionary history.

CONCLUSION

This study provides the first investigation of spatial patterns
and determinants of the diversity of Hemipteran insects in
the QTP. Basically there is an unbalanced pattern of species
richness with the eastern and southern edges of the QTP hosting
higher diversity of Hemipteran insects. Five diversity centers,
namely the northwestern Sichuan, the southern Gansu, the
southeastern Tibet, the northwestern Yunnan and the eastern
Qinghai, were identified. Habitat heterogeneity and climatic
stability are most important determinants for the diversity
patterns of Hemipteran insects. However, the diversity patterns
cannot be simply explained by only these two factors, instead
jointly influenced by contemporary environmental factors and
historical factors. We suggest that more studies based on datasets
of other taxonomic groups are needed to further test whether
such an unbalanced spatial pattern of species diversity in the QTP
exist for more groups.
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