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Abstract Species diversity is undergoing rapid reductions globally. Identifying the causes
underlying species diversity patterns and biodiversity hotspots is critical for developing con-
servation strategies. In this study, the 4,594 occurrence records of 854 Typhlocybinae
(Heteroptera: Cicadellidae) species in China were used to investigate the factors affecting
species richness and endemism patterns as well as identify species diversity hotspots to
establish their conservation status. Generalized linear models and hierarchical partitioning
were used to assess the effects of 6 environmental factors on species richness and ende-
mism. Species diversity hotspots were obtained by integrating the 10 grids with highest lev-
els of species richness and endemism; the conservation status of these hotspots was
assessed via gap analysis. We found that species richness and endemism distribution of
Typhlocybinae in China were heterogeneous, mainly concentrated in southern and central
areas. The results also showed that plants were the most important environmental factors
affecting species richness and endemism patterns, followed by niche conservatism. The 10
hotspots were identified; however, they were not fully protected by the existing nature
reserves. This study highlights the importance of plants and niche conservatism in shaping
species richness and endemism patterns of Typhlocybinae. Moreover, establishment of
new nature reserves in hotspot areas with a conservation gap is required.
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Species richness and endemism are important species diversity indices and have
frequently been found to vary greatly among different regions (Bystriakova et al. 2018,
Gaston 2000, López-Pujol et al. 2011, Li et al. 2017, Stevenson et al. 2013, Zhao et al.
2021a). Identifying the factors affecting species richness and endemism patterns is one
of the main goals of ecology and conservation (Gaston 2003, Liu et al. 2017, Ricklefs
2004). Numerous studies have reported that different types of factors influence the pat-
terns of species richness and endemism (Diniz-Filho et al. 2013, Fine 2015, Hawkins
and Porter 2003, Qian et al. 2007). These factors can be grouped into evolutionary
(e.g., niche conservatism) and ecological (e.g., temperature, water availability, topo-
graphic heterogeneity). However, despite the emergence of theoretical advancement
and a growing number of studies in the last few decades, there is no consensus on the
relative importance of different types of factors in explaining species richness and

1Received 21 May 2023; accepted for publication 21 June 2023.
2Corresponding author (email: zzx611324@163.com).

142

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-07-03 via free access

mailto:zzx611324@163.com


endemism patterns (Wang et al. 2011, Wang et al. 2017), especially for insects. It is
generally recognized that the spatial patterns in species richness and endemism are
jointly driven by different types of factors, some of which play a vital role (Lyu et al.
2020, Yan et al. 2013, Zhao et al. 2020a).

To effectively protect species, conservationists frequently focus on species diversity
hotspots (regions where species diversity is extremely high) (Huang et al. 2016, Mar-
chese 2015, Zhang et al. 2021, Zhao et al. 2023) because this maximizes the use of
limited conservation resources. Several species diversity indices have been used to
identify biodiversity hotspots, such as endemism, total species, and threatened species
(Chi et al. 2017, Myers et al. 2000, Noroozi et al. 2019a, Zhang et al. 2015). Identifying
hotspots based on different species diversity indices is required if different types of spe-
cies are to be protected. Establishment of protected areas is considered to be the most
effective measure for protecting species (Grenyer et al. 2006, Primack 2014). Unfortu-
nately, using gap analysis, a large number of studies have shown that the existing pro-
tected areas are not effective in protecting biodiversity hotspots, especially in a country
like China where there is an extremely rich species diversity (Chi et al. 2017, Huang
et al. 2016, Liu et al. 2018, Qin et al. 2019). Therefore, finding conservation gap areas
within biodiversity hotspots and establishing completely protected areas within those
areas are essential for the current conservation strategies.

The family Cicadellidae comprises by far the largest family in the Hemiptera in
terms of species number. The members of this family are ideal for investigating
grassland ecology and conservation, evaluating the conservation status of sites,
monitoring environmental change, and studying the biogeography (Biedermann
et al. 2005, Hamilton et al. 2010, Nielson and Knight 2000, Nielson et al. 2000,
Trivellone et al. 2012). The Typhlocybinae has the second largest number of spe-
cies and is the most evolved subfamily in the family Cicadellidae, with its members
having a short body length (2–4 mm) (Lin et al. 2021). The members of Typhlocy-
binae mainly feed on leaf parenchymal cell contents of various plants, such as
trees, shrubs, and herbaceous plants (Yan et al. 2022, Yuan et al. 2014). The
Typhlocybinae occupy diverse ecological niches and are distributed worldwide.
China is one of the countries with the largest number of Typhlocybinae species,
accounting for approximately 17% of the total global species count. A previous
study identified endemism centers and explored the factors that drive the congru-
ence between species richness and endemism patterns (Yuan et al. 2014). Unfor-
tunately, this study had some shortcomings. For example, it only quantitatively
analyzed the effects of precipitation and temperature on species diversity patterns
and did not assess the conservation status of species. Therefore, the driving fac-
tors of species diversity patterns and conservation status of the subfamily Typhlo-
cybinae need to be further investigated.

In this study, using distributed data of the subfamily Typhlocybinae in China, we
aimed to explore the main driving factors that shape species richness and ende-
mism patterns and assess the conservation status of species diversity hotspots.

Materials and Methods

Species distribution data. We collected 4,594 occurrence records of 854
Typhlocybinae species in China based on the study of Li et al. (2021), published
references, and the Global Biodiversity Information Facility (https://www.gbif.org).
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A 100 3 100-km grid size was used to map species richness and endemism pat-
terns due to its appropriateness for richness–environment relationship assess-
ment and resolution of the occurrence records. In a 100 3 100-km grid, species
richness is indicated by the species number, and endemism is measured by
weighted endemism, based on equation (1) (Linder 2001).

Weighted endemism 5
X

1=Mi (1)

whereMi is the number of grids occupied by each species.
Environmental data. Fifteen environmental variables were grouped into 6 cat-

egories (Table 1): (1) temperature: mean annual temperature (MAT) and annual
potential evapotranspiration (PET); (2) niche conservatism: mean temperature of
coldest quarter (MTCQ); (3) water availability: mean annual precipitation (MAP)
and annual actual evapotranspiration (AET); (4) plants: deciduous broadleaf trees
(DBT), evergreen broadleaf trees (EBT), herbaceous vegetation (HV), and shrubs
(SH); (5) habitat heterogeneity: elevation range (ER), slope (SP), range of MAT
(MATR), and range of MAP (MAPR); and (6) historical climate change: MAT
change since the last glacial maximum (MATC) and MAP change since the last
glacial maximum (MAPC). ER, MATR, and MATR are the differences between the
maximum and minimum values in the 100 3 100-km grid. MATC and MAPC in the
100 3 100-km grid was defined as the absolute value of the differences in MAT

Table 1. Six environment data categories and their related environmental
variables.

Categories Environmental variables

Temperature Mean annual temperature (MAT)

Annual potential evapotranspiration (PET)

Niche conservatism Mean temperature of coldest quarter (MTCQ)

Water availability Mean annual precipitation (MAP)

Annual actual evapotranspiration (AET)

Plants Deciduous broadleaf trees (DBT)

Evergreen broadleaf trees (EBT)

Herbaceous vegetation (HV)

Shrubs (SH)

Habitat heterogeneity Elevation range (ER)

Slope (SP)

Range of the MAT (MATR)
Range of the MAP (MAPR)

Historical climate change MAT change since the last glacial maximum (MATC)

MAP change since the last glacial maximum (MAPC)
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and MAP between modern and last glacial maximum (LGM), respectively, and
were calculated using the following equation (2):

MATC 5 jmodernMAT � LGMMATjandMAPC 5 jmodernMAP � LGMMAPj (2)

The remaining variables in the 100 3 100-km grid were calculated as the aver-
ages of the pixels within that grid using ArcGIS 10.7 (Esri, Redlands, CA).

PET and AET at 30 arc-seconds were downloaded from the CGIAR-CSI data-
base (http://www.cgiar-csi.org). Four environment variables from plants were
obtained from global 1-km consensus land-cover data created by Tuanmu and
Jetz (2014). Other related environment data were obtained from the WorldClim
database (http://www.worldclim.org) with a spatial resolution of 30 arc-seconds
(except for MAT and MAP in the LGM at 2.5 min).

Data analysis. Assessing geographical sampling bias is the first step in mac-
roecological pattern analyses and inferences, and the regions with a high degree
of sampling bias should be excluded (Yang et al. 2013). Therefore, an ordinary
least squares (OLS) model using the squared-root transformed number of
records as a predictor variable and squared-root transformed numbers of rich-
ness as a response variable was developed for a 100 3 100-km grid size. Grids
with observed richness ,70% of the expected richness obtained from the OLS
model were excluded from the analyses (Romo and García-Barros 2010, Sán-
chez-Fernández et al. 2008, Zhao et al. 2023). We used generalized linear mod-
els (GLMs) with quasi-Poisson residuals to analyze the relationships between
species richness/endemism and each environment variable. The modified t-tests
were used to assess the significance of OLS and GLMs (Dutilleul et al. 1993).
Moreover, we performed hierarchical partitioning to assess the relative roles of
each environmental variable and determine the key environmental categories
influencing species richness and endemism. Hierarchical partitioning can identify
the most likely causal factors and effectively alleviate collinearity (Chevan and
Sutherland 1991, Olea et al. 2010). However, its use is not recommended when
the number of explanatory variables is .9 (Olea et al. 2010). To overcome this
challenge, we excluded the insignificant variables in GLMs and the lowest R2

value variables until the number of environment variables was 9. The relative
role of each environment variable was determined based on its independent
effects. All analyses were performed using R package 4.2.1 with the lm and glm
functions and hier.part and SpatialPack packages.

We selected the top 10 grids with highest species richness and endemism as
species richness and endemism hotspot areas, respectively (Noroozi et al.
2019b). These grids were then integrated to obtain species diversity hotspots.
Gap analysis was used to assess the conservation status of the species diversity
hotspots. In particular, the species diversity hotspot layer was overlaid with the
nature reserves layer, and the conservation gap was determined as the hotspot
grids with a nature reserve coverage of ,10% of the grid area (Xu et al. 2017).
The map of the nature reserve was obtained from the National Earth System Sci-
ence Data Center (http://www.geodata.cn/) and Protected Planet (https://www.
protectedplanet.net).
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Results

Species diversity patterns. Based on the constructed OLS model (Fig. 1), 13
grids were under-sampled and, therefore, these grids were removed. Overall, the
species richness and endemism distribution of Typhlocybinae in China was het-
erogeneous. In particular, species richness and endemism were concentrated in
southern and central China and was lower in northern China (Fig. 2a, b).

Species richness–environment relationships. Results of GLMs show that
PET, DBT, and MAPC were not significant for species richness. HV and MATC
were negatively associated with species richness (Table 2). The other environ-
mental variables were positively correlated with species richness (Table 2). Fur-
thermore, PET, DBT, HV, MATC, and MAPC were not significant for weighted
endemism (Table 2). The remaining environmental variables were positively asso-
ciated with weighted endemism (Table 2).

Hierarchical partitioning revealed the effects of environmental variables of dif-
ferent categories on species richness and weighted endemism (Fig. 3a, b). Plants
(EBT) had the greatest influence on species richness and weighted endemism, fol-
lowed by niche conservatism (MTCQ) (Fig. 3a, b). The next most important envi-
ronment variables for species richness and weighted endemism were temperature
(MAT) and habitat heterogeneity (ER) (Fig. 3a, b). Water availability (MAP and
AET) had little effect on species richness and weighted endemism. Historical cli-
mate change also exerted a low effect on species richness (MATC) (Fig. 3b).

Species diversity hotspots and conservation. Based on the hotspot analy-
sis, 10 species diversity hotspots located in central and southern China were iden-
tified (Fig. 4): south Yunnan (No. 1), northwest Yunnan (No. 2), central Sichuan

Fig. 1. Ordinary least squares models (OLS) (y ¼ 0.652x 1 0.503) for the
number of records and species richness.
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Fig. 2. Patterns of species richness (a) and weighted endemism (b) of
Typhlocybinae in China.
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(No. 3), Qinling Mountains (No. 4), eastern Yungui Plateau (No. 5), eastern Hunan
(No. 6), eastern Wuyi Mountains (No. 7), Taiwan Island (No. 8), southern Guang-
dong (No. 9), and Hainan Island (No. 10). Furthermore, the gap analysis showed
that the grids of the hotspots were not effectively covered by the existing nature
reserves, i.e., there were conservation gaps (Fig. 4).

Discussion

The findings of the present study indicated that plants are the most important
environmental variables affecting species richness and endemism of Typhlocybinae
in China. This result is reasonable, considering that Typhlocybinae are herbivorous
insects. Plants can influence the species diversity of Typhlocybinae by providing
them with food sources and different habitats (Yuan et al. 2014). Although a previ-
ous study stated that plants play an important role in driving the species diversity
patterns of Typhlocybinae in China, it failed to test this quantitatively. The results of
the present study provide a strong statistical answer (Fig. 3) and, thus, indicate that
the plant variable must be considered when investigating the key causes of species
diversity patterns of Typhlocybinae within a region. Several studies have claimed

Table 2. Relationship between species richness/weighted endemism and
each environmental variable obtained from GLMs.

Environmental
Variables

Species Richness Weighted Endemism

r R2 (%) R R2 (%)

MAT 0.079** 10.61 0.102* 10.34

PET 0 ns 0 0 ns 0.57

MTCQ 0.073** 19.10 0.101** 21.07

MAP 0.000** 9.26 0** 11.54

AET 0.001** 12.26 0.002* 10.51

DBT 0.019 ns 0.61 0.026 ns 0.76

EBT 0.035** 18.91 0.048** 26.22

HV �0.026* 5.92 �0.026 ns 3.76

SH 0.105** 19.05 0.128** 18.28

ER 0** 5.79 0** 8.47

SP 0.1** 7.13 0.138** 9.24

MATR 0.047** 4.44 0.073** 7.25

MAPR 0** 9.26 0** 11.54

MATC �0.267* 10.74 �0.234 ns 5.21

MAPC �0.001 ns 0.58 �0 ns 0.22

* P , 0.1; ** P , 0.05; ns, not significant.
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that the distribution of vegetation in China will shift under the influence of climate
change (Wang et al. 2017, Weng and Zhou 2006, Zhao and Wu 2014). In this case,
it can be expected that the species diversity patterns of Typhlocybinae may also
shift in the future accordingly.

The relationship between species diversity and modern climate reflects the
impact of the evolutionary history on species distribution patterns (Ricklefs 2006,
Rohde 1992). The niche conservatism hypothesis claims that species tend to
retain the niche of their ancestors, making it difficult to evolve in response to new
physiological tolerances (e.g., winter coldness) (Harrison and Grace 2007, Wiens
2004, Wiens et al. 2010). If the climate conditions in a region differ greatly from the
ancestral niche of the clade, the species diversity in the region is reduced due to
the limited colonization caused by niche conservatism. Accordingly, the species
diversity was high in a region where climatic conditions were similar to those of the
ancestral niche (Wiens 2004, Wiens et al. 2010). A recent study showed that

Fig. 3. Independent effects of each environmental variable for species rich-
ness (a) and weighted endemism (b).
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Typhlocybinae originated during the middle Cretaceous period (Yan et al. 2022),
and the temperature during this period was high, indicating that this group is suitable
for living in tropical climate conditions. Therefore, from the viewpoint of the niche
conservatism hypothesis, southern China, where the temperature in winter is higher,
had a higher Typhlocybinae species richness and endemism than northern China,
where the temperature in winter is lower (Fig. 2).

Numerous studies have found that temperature is closely related to the formation of
species diversity patterns, with high species diversity observed in high temperature
regions (Chen et al. 2011, Luo et al. 2012, Qian 2010, Qian and Xiao 2012). This result
is consistent with the findings of the present study. Temperature affects species diver-
sity by affecting physiological activities (Wang et al. 2009). China’s topography is com-
plex, with towering mountains, basins of various sizes, undulating plateaus and hills,
and fertile plains (Meng et al. 2008). Furthermore, it is characterized by a wide range of
climate variation (Qian 2013). However, our study found that, although habitat hetero-
geneity was positively related to species richness and endemism of Typhlocybinae, it
was not a dominant factor. The relative importance of temperature and water availability
in the formation of species diversity patterns has been widely discussed over the past
few decades, but no consistent results have been obtained (Chen et al. 2011, Liu et al.
2022, Lü et al. 2018, Xu et al. 2016). Our study indicated that temperature was more
important than water availability for species richness and endemism patterns of Typhlo-
cybinae in China. This is likely related to the fact that these insects are terrestrial organ-
isms. A previous study declared that historical climate change dominated the diversity

Fig. 4. Species diversity hotspots and conservation status.
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patterns of planthoppers in China (Zhao et al. 2020b) Nevertheless, our study found
that historical climate change had a low impact on the Typhlocybinae species richness.
This difference shows that, even within the same region, the dominant factor may vary
between groups in shaping the species diversity patterns.

A large number of events (e.g., climate change and habitat loss) have resulted
in a significant decrease in the number of insects at many different places world-
wide (Cardoso et al. 2020, Dicks et al. 2021, Van Klink et al. 2020, Wagner et al.
2021), which has prompted conservationists to pay greater attention to the conser-
vation of insects. In China, the number of insects far exceeds that of plants, but
the corresponding conservation research is less than that of plants. Identifying
species diversity hotspots is extremely important for insect conservation because
they provide a cost-effective conservation solution. The 10 species diversity hot-
spots of Typhlocybinae obtained in our study host high species richness and ende-
mism. Therefore, these hotspots should be given priority for conservation.
Unfortunately, 20 out of a total of 29 (68.96%) hotspot grids were not effectively
covered by the existing nature reserves, thereby showing significant conservation
gaps and indicating that the Typhlocybinae are not effectively protected. Further-
more, it was found that each hotspot had a different degree of conservation gap.
For example, all grids belonging to Hainan are not covered by the existing nature
reserves. One of the three grids in southern Yunnan was not covered by the exist-
ing nature reserves. Given that the protected areas are a key tool to protect spe-
cies, establishment of nature reserves in conservation gap areas is urgently
required for effective conservation of Typhlocybinae. Consistent with our results,
previous studies have also found significant conservation gaps in other insect taxa
in China, such as true bugs (Jiang et al. 2022). These results imply that China’s
nature reserves may not be adequately protecting insects, and further research is
required to confirm this in the future.
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