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• We report land snail diversity at an
~800 km climatic gradient in northern
China.

• Snail richness increases by 0.8 species
for every 1 °C increase in annual tem-
perature.

• Monsoonal water-energy dynamics
dominate snail species diversity.

• Snail diversity in fragile northwest area
is very sensitive to climate factors.
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Climate-related factors (e.g. environmental energy, water availability and climatic seasonality/variability) and
habitat heterogeneity have long been considered as the main drivers of species diversity on a broad spatial
scale. However, it is controversial whether the above environmental factors can explain observed diversity pat-
terns in varied communities such as invertebrate taxonomic group, especiallymollusks.Moreover, there are until
now few systematic assessments of the relative roles of different factors in determining the patterns of mollusk
species diversity inmonsoon-dominated regions. Here,we depict variations in terrestrialmollusk diversity based
on a dataset comprising 282 assemblages collected from surface soils along an ~800-km climatic gradient from
subtropical towarm temperate andmid-temperate regions in northern China. The results show thatmollusk spe-
cies diversity increases significantly from ~3–4 species to ~17–19 species when annual temperature and precip-
itation increase up to ~12 °C and ~700mm, respectively; however, at or above these values the rate of increase is
reduced. These indicate that the relationships betweenmollusk species diversity and climatic factors are nonlin-
ear. Statistical analysis suggests that water availability (relative humidity) and temperature seasonality (January
temperature and annual temperature range) dominate the observed pattern of mollusk species diversity. More-
over, habitat factors such as vegetation condition and soil types were also important in determining mollusk
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species diversity. They may be an indirect reflection of the effects of monsoonal water-energy dynamic on mol-
lusk communities. Our results suggest that more attention should be paid to water availability and temperature
seasonality in predicting future biodiversity changes, especially in the environmentally stressed northwestern
part of the East Asian monsoon region.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the relationship between species diversity patterns
and environmental factors is crucial in ecology and biodiversity conser-
vation. Environmental energy (Wright, 1983; Currie and Paquin, 1987;
Turner et al., 1987; Currie, 1991; Allen et al., 2002; Brown et al., 2004;
Hunt et al., 2005; Stegen et al., 2009), water availability (O'Brien,
1993; O'Brien, 1998; Hawkins et al., 2003; Field et al., 2005; Wang
et al., 2018), climatic seasonality and variability (Connell and Orias,
1964; Turner et al., 1987; Clarke and Gaston, 2006; Vonlanthen et al.,
2006; Willis et al., 2007), habitat heterogeneity (Kerr and Packer,
1997; Rahbek and Graves, 2001) and human activities (Gaston, 2005)
are considered to be important factors determining the geographical
patterns of species diversity. Many hypotheses, such as energy and het-
erogeneity hypotheses, have been proposed to explain diversity pat-
terns of e.g., vascular plants, mammals and birds. However, their
applicability to invertebrates such as mollusk communities is poorly
investigated.

Terrestrial mollusks, a species-rich group of soil-dwelling inverte-
brates, are an excellent candidate to test the effects of environmental
gradients on species diversity. Their habitat preferences and diversity
patterns can be easily observed due to their restricted mobility, high
densities of individuals in many habitats, and more species diversity
(Cameron et al., 2003; Nekola, 2003). Previous investigations have
shown statistically significant covariation in mollusk and plant
diversity, reflecting common environmental variables and mechanisms
influencing diversity within regions (Horsák and Hájek, 2003;
Dvořáková and Horsák, 2015). Further studies specifically identified
water availability and winter climate characteristics as the main driver
of mollusk richness in forest habitats of Europe and southern Siberia
(Martin and Sommer, 2004; Horsák et al., 2018). However, Moura
et al. (2016) suggested that lowmobility species, such as terrestrialmol-
lusks, would be more sensitive to local habitat features such as vegeta-
tion structure, soil types, and topography. At a regional scale, several
studies of European boreal and temperate zones show that soil proper-
ties, namely soil type, the amount of available calcium in the soil or litter
layer, and soil acidity, are the strongest determinants of mollusk rich-
ness and abundance (Götmark et al., 2008). Taken together, the relative
roles of different factors in shaping species diversity patterns of terres-
trial mollusks are still controversial at various spatial scales. Detailed
studies have been conducted in Europe and North America. However,
relatively little is known about the environmental correlates of terres-
trial mollusk species diversity in other regions such as in the East Asia.

The East Asian monsoon region in China is unique in that it is char-
acterized by a significant spatial water-energy gradient, strong climatic
seasonality (four distinct seasons and large seasonal differences be-
tween summer and winter), and diverse habitats (Liu, 1985; Qian,
1991). Terrestrial mollusks are one of the most diverse groups of inver-
tebrates in the region and they represent a substantial part of terrestrial
biodiversity (Yen, 1939; Liu, 1985; Chen and Gao, 1987). As early as the
1980s, 211 species of terrestrialmolluskswere reported for thewhole of
China (Chen and Gao, 1987). It is now estimated that there are N720
species in this species pool of mollusks in China (Yen, 1939; Qian and
Zhou, 2014). However, previous malacological studies focused mainly
on the description of new species and a spatial distribution survey
(Zhou et al., 1999; Wang et al., 2015). Only a few studies have reported
mollusk richness and their relationships with vegetations and soil prop-
erties at a single site (Wu et al., 2008; Ouyang et al., 2012). Thus, little is
known about the large-scale diversity pattern of the mollusk commu-
nity and its environmental predictors in China.

In the present study, we conducted a regional-scale survey of mol-
lusk diversity using 282 assemblages collected from surface soils across
an ~800 km climatic gradient between 32° N and 43° N in northern
China,which lies in the northern part of the present East Asianmonsoon
region. Our aims are 1) to explore the geographical distribution of mol-
lusk species diversity; 2) to identify the role of different environmental
factors in determining the species-diversity gradient pattern; and 3) to
detect trends and rates of change in mollusk species diversity along cli-
matic gradients.

2. Material and methods

2.1. Study area and sample collection

The study region (31.11–43.70°N and 101.78–119.05°E; 13–3350 m
above sea level) covers almost the whole Chinese Loess Plateau (CLP),
the North China Plain and the surrounding areas (Fig. 1) (Liu, 1985). It
lies within the East Asian monsoon region and hence is characterized
by warm wet summers and cold dry winters. The climatic gradient
spans a range from subtropical to warm temperate and mid-
temperate regions, and then to extremely dry deserts. Towards the
southeastmean annual temperature (MAT) andmean annual precipita-
tion (MAP) increase from ~5 to 16 °C and from ~300 mm to 1300 mm,
respectively (see electronic Supplementarymaterial, Appendix S1). Jan-
uary temperature and the average number of days with a minimum
temperature of 0 °C (the duration of the growing season) tend to in-
crease across the study region in a pattern similar to that of MAT and
MAP (electronic Supplementary material, Appendix S1) (Qian, 1991).
The natural vegetation ranges from temperate steppe and desert in
the north and northwest to broadleaved deciduous forest in the south
(electronic Supplementary material, Appendix S2) (Wu, 1994).

In order to explore which climatic factors are highly correlated with
mollusk species diversity, we undertook a regional-scale survey of the
mollusk diversity and sampled 282 plots along the climatic gradient
during May–September in 2004, 2005, 2006, 2010, 2011, 2012, and
2015 (electronic Supplementary material, Appendix S5) (Li et al.,
2016). We analyzed empty but pristine shells alongwith living individ-
uals in each plot to estimate the species richness of terrestrial mollusk
communities. This approach has been widely used in analyzing species
richness of mollusk communities (e.g., Cameron and Pokryszko, 2005;
Cernohorsky et al., 2010; Albano, 2014; Albano et al., 2015). In this
way, we collected mollusk individuals using a combination of a visual
search and extraction from litter and soil in each plot (Cameron and
Pokryszko, 2005). First, we manually looked for mollusk individuals
with shells being 10 mm or larger in diameter in an area of ~4–10 m2

using a visual search. Second, we sampled a 3–5 cm thickness of leaf lit-
ter and soil from four 0.5m×0.5m subplots to collect smallermollusks.
Mollusks were then extracted from each of the litter and soil samples
using the wet sieving method (Horsák and Hájek, 2003), in which ma-
terial is gradually washed through a steel sieve (mesh size 0.5 mm) to
remove fine soil. The coarse plant residues and debris are carefully
checked for nomollusks on top and then removed by hand. After drying,
shells were manually separated from the remaining material under a
stereo microscope, and then all mollusk individuals were identified
and counted. The identification follows the specimens we stored and
the monographs by Yen (1939) and Chen and Gao (1987). All



Fig. 1.Topographicmap of northern China showing the study area (a) and the locations ofmollusk assemblage samples along the climatic gradient (b). Sampling sites are indicated by blue
circles. The dashed lines show isohyets. The arrows indicate the general direction of summer monsoon winds.

Table 1
Explanatory power (R2) of each predictor for the species diversity patterns of mollusk
evaluated by general linearmodels (GLM) in northern China. Regressionswere conducted
for the mollusk species richness - ES (300) and Shannon H′ separately. Adjusted percent-
age of explained variation (Adj. R2) and its significance are shown. Symbols in brackets in-
dicate that the relationship between species diversity and the predictor is positive (+) or
negative (−). Asterisks indicate the significance levels of these models.

Environmental variables Adj. R2 (%)

Richness - ES (300) Shannon H′

Environmental energy
MAT 11.4(+)⁎⁎⁎ 12.1(+)⁎⁎⁎

WI 7.0(+)⁎⁎⁎ 7.0(+)⁎⁎⁎

Water availability
MAP 10.4(+)⁎⁎⁎ 10.9(+)⁎⁎⁎

HHH 19.6(+)⁎⁎⁎ 15.2(+)⁎⁎⁎

AET 18.4(−)⁎⁎⁎ 8.3(−)⁎⁎⁎

January precipitation 1.4(+)⁎⁎ 2.0(+)⁎⁎

July precipitation 3.9(+)⁎⁎⁎ 6.3(+)⁎⁎⁎

Climatic seasonality and variability
January temperature 20.8(+)⁎⁎⁎ 17.0(+)⁎⁎⁎

July temperature 4.0(+)⁎⁎⁎ 4.3(+)⁎⁎⁎

ATR 24.1(−)⁎⁎⁎ 13.4(−)⁎⁎⁎

ABT 17.0(+)⁎⁎⁎ 15.7(+)⁎⁎⁎

No. of days 10–22 °C 5.5(+)⁎⁎⁎ 1.2(+)⁎

Habitat factors
Elevation 0.5(−) 2.9(−)⁎⁎

Vegetation type 0.8(+) 0.7(+)
NDVI 19.6(+)⁎⁎⁎ 18.8(+)⁎⁎⁎

Soil type 1.6(+)⁎ 1.3(+)⁎

HII 0.2(−) 0.1(−)

Variable abbreviations: MAT, mean annual temperature;WI, warm index;MAP, mean an-
nual precipitation;HHH, relative humidity; AET, Annual evaporation; ATR, annual temper-
ature range; ABT, annual biotic temperature; NDVI, normalized difference vegetation
index. HII, human influence index.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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individuals were identified to species level. All the specimens were de-
posited in Key Laboratory of Cenozoic Geology and Environment, Insti-
tute of Geology and Geophysics, Chinese Academy of Sciences, China.

2.2. Environmental variables

The physical and climatic attributes of each plot were spatially inter-
polated from a database consisting of 722 meteorological stations from
the ChinaMeteorological Administration (Lin et al., 2002). For each plot,
we first obtained themonthlymean temperature (MMT) and precipita-
tion (MMP) and then calculated three categories of eco-climatic indices
from the MMT and MMP data (Lu et al., 2006). The environmental var-
iables analyzed are (Table 1): 1) environmental energy/ambient tem-
perature (Turner et al., 1987): MAT; warm index (WI, annually
accumulated temperature above 5 °C). 2)Water availability and aridity:
MAP; relative humidity (HHH); annual actual evapotranspiration
(AET); January precipitation and July precipitation. 3) Climatic seasonal-
ity and variability (Carrara and Vázquez, 2010): mean temperature of
the coldest month (January temperature); mean temperature of the
warmest month (July temperature); annual temperature range (ATR);
annual biotic temperature (ABT, no. of days above 0 °C); No. of days
10–22 °C. 4) Vegetation factors: vegetation structure (Ran et al.,
2012); normalized difference vegetation index (NDVI) (Xu, 2018).
5) Habitat heterogeneity: elevation; soil types (FAO/IIASA/ISRIC/
ISSCAS/JRC, 2012). 6) Human activities: human influence index (HII)
(Sanderson et al., 2002; WCS/CIESIN, 2005). All these variables were
considered to be potentially significant influences on the presence or
absence of a particular mollusk taxon at a given location.

2.3. Data analysis

To characterize species diversity patterns along the climatic gradi-
ents, we first identified all mollusk taxa in the surface soil and counted
the number of identified specimens within each quadrat. We then



Fig. 2. Spatial distribution ofmollusk species richness innorthernChina. Low richness is shown in lighter grey andhigh richness in dark green. Contours connect pointswith approximately
the same number of species per site.
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used these data to calculate the total number of species (S - the number
of species in each sample), total individuals (N - the number of individ-
uals in each sample) and other diversity indices, including species rich-
ness and evenness. Species richness can be measured by the total
number of species and the rarefaction index - ES(n), ameasure of diver-
sity which estimates the number of species in a sample of size n individ-
uals (n values: 300). The use of rarefaction is appropriate for controlling
for differences in the number of individuals per sample, and their effects
on species richness estimates. Shannon-Wiener ln-based index (H′)
(Pielou, 1975) were also used to calculate diversity: H0 ¼ −

Pn
i¼1ðPi�

lnPiÞ, where Pi is the proportion of the ith species, ln is the natural log.
The Shannon-Wiener index is a measure of the relative dominance of
different species within a community and is widely used because the
metric incorporates both species number and evenness of individual
distribution amongdifferent species. These diversity indiceswere calcu-
lated using PRIMER (Plymouth Routines in Multivariate Ecological Re-
search) version 5.0 (Clarke and Gorley, 2006).
2.4. Statistical analysis

Weanalyzed bivariate plots ofmollusk species diversity and the var-
ious predictor variables (environmental factors) in the studied region
and tested the observed relationships. General linear models (GLM)
were first performed to evaluate the explanatory power of each climate
and habitat variable separately for mollusk species diversity pattern in
northern China. To further test the relative effects of different groups
of environmental factors in shaping species diversity pattern, we con-
ducted model averaging in the subsequent regression analyses. The
model averaging starts with the selection of explanatory variables. As
the two energy-related variables (MAT and WI), five frequently-used
water-related variables (i.e. MAP, HHH, AET, January precipitation and
July precipitation) and five climate seasonality variables (i.e. ATR, Janu-
ary temperature and July temperature) are probably correlated with
each other, we select only one or two variables from each group in the
subsequent analyses to eliminate the influences of multi-collinearity
on regression analysis. The Pearson correlation coefficient of pair-wise
comparisons was carried out, and highly correlated predictors (with
an absolute correlation coefficient N 0.7) were not entered into the
model simultaneously so as to minimize the multi-collinearity issue.
To further check this issue, multi-collinearity diagnostics analysis was
also carried out with multivariate linear regression, based on which
variance-inflation factor (VIF) was estimated. Variables having a VIF
N 20 will be considered highly suspicious of multi-collinearity and not
be considered to enter the model. We then constructed models using
all possible combinations of predictors, and then used the Akaike Infor-
mation Criterion corrected for small sample size (AICc) for model rank-
ing and computing model weights (Burns and Strauss, 2011). We used
model averaging to compute the relative importance of predictors as
the sum of the weights of those models containing the corresponding
predictors. We conducted all the analyses in R 3.4.4 (R foundation for
Statistical Computing, Vienna, AT).We conductedmultiplemodel selec-
tion and model averaging using theMuMIn package (Bartoń, 2018).

3. Results

3.1. Spatial distribution of mollusk species diversity

Approximately 200,000 specimens were collected in our investiga-
tion from 282 surface soil samples. They were assigned to ~180 terres-
trial mollusk species in 15 families. The number of species in our data
set represents most previously reported mollusk species on the CLP
and surrounding areas (Liu, 1985; Chen and Gao, 1987), accounting
for ~25% of the reported species diversity of terrestrial mollusks in the
whole of China according to Qian and Zhou's (2014) estimation. The
most species-rich families are Valloniidae, Pupillidae, Ariophantidae,
Bradybaenidae, and Lymnaeidae, comprising ~80% of the recorded spe-
cies. The dominant species include Vallonia tenera, V. cf. pulchella, Pupilla
aeoli, Gastrocopta armigerella, Punctum orphana,Macrochlamys angigyra,
Opeas striatissimum, Cochlicopa lubrica, Kaliella lamprocystis, Cathaica
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pulveratrix, C. pulveratricula, C. richthofeni, C. fasciola, Metodontia
huaiensis and M. yantaiensis (electronic Supplementary material, Ap-
pendixes S3–S4).

Species richness per plot varied from 1 to 29. We observed signifi-
cant spatial differences in species diversity along the climate gradient
in northern China (Fig. 2). Maximum species richness occurs in the
southeast of the studied region, with an average of ~17–19 species
(i.e. in the Qinling Mts. and the southern part of the North China
Plain); by contrast, striking minima occur on the desert fringe in the
northwest part of the study area, with an average of only ~1–3 species
(Fig. 2). The western part of the study area (i.e. west of the Liupan
Mts. and near the Tibetan Plateau) are also notably poor in species rich-
ness (~3–4 species). Across all 282 plots, there is a significant latitudinal
decreasing trend in mollusk species richness (rate = −0.8 species
degree−1, R2= 0.220, p b 0.01) (Fig. 3a). Similarly, a distinct spatial gra-
dient of Shannon-Wiener index (H′: 0.2–1.9) is evident,withH′ increas-
ing from northwest to southeast (Fig. 3b).

3.2. Trends and rates of change of species diversity along climatic gradients

Three commonly used statistical models (linear, quadratic polyno-
mial and piecewise) were used to determine the relationships between
climatic factors and taxon richness. The scatter plots reveal that the re-
lationship between MAT/MAP and richness is non-linear: a quadratic
polynomial model provides a better fit to the data than the other
methods (Fig. 3c–j). The results reveal significant positive relationships
betweenMAT/MAP and mollusk species diversity, with mean increases
of ~8–10 species from the northwest (S ~1–3) to the southeast (S
~13–15) (Fig. 3c–f). However, the rate of increase of mollusk species di-
versity varies; specifically, species diversity increases significantly as the
annual temperature and precipitation increase up to around 12 °C and
~700 mm, respectively, while at or above these values the rate of in-
crease is reduced.

3.3. Primary determinants of mollusk species diversity in northern China

Among the variables examined, energy-related, water availability,
climate seasonality and habitat variables are significantly correlated
with mollusk species richness - ES (300) in northern China; here, ATR,
January temperature, HHH and NDVI are the most important variables
(explained 24.1%, 20.8%, 19.6%, 19.6% respectively), followed by AET,
ABT and MAT in GLM models (Table 1). Soil type, HII, and elevation
show a relatively weak explanatory power for changes in mollusk spe-
cies richness (Table 1).

The influence of environmental variables on mollusk Shannon H′
shows a similar performance to species richness. Climate seasonality
variables, January temperature, ABT and ATR were identified as the
best predictor of Shannon H′, accounting for 13.4–17.0% of the variation
in ShannonH′ respectively. NDVI, HHH andMAT also significantly influ-
ence the Shannon H′, explaining 12.1–18.8% of the variation separately
(Table 1). Similarly, the R2 of HII, soil type, vegetation structure, and el-
evation were all below 5% (Table 1), indicating a relatively weak corre-
lation with Shannon H′.

To further compare the relative effects of different groups of factors
(i.e. energy, water availability, climate seasonality, vegetation and soil
type, and other habitat factors) in shaping species diversity pattern,
we first checked for collinearity prior to model building and selected
one or two variables from each group, and then used model averaging
to compute the relative importance of predictors. The multiple model
selection and model averaging analyses showed that different types of
environmental parameters have different influence on changes of both
Fig. 3. Scatter plots of mollusk species richness - ES (300) and Shannon H′ versus latitudinal gra
drawnwhen the relationships were significant at p b 0.05. Solid lines with grey areas indicate 9
annual precipitation. ATR, annual temperature range; NDVI, normalized difference vegetation
mollusk species richness and evenness. Overall, water availability
(HHH), climate seasonality (ATR), and vegetation (NDVI) had the larg-
est influence on the mollusk diversity (Table 2). Variables of energy-
related, elevation, and soil type are less important than climate season-
ality, water availability, and vegetation variables. The effect of human
activity on species diversity pattern is the weakest among these vari-
ables (Table 2).

4. Discussion

4.1. Importance of water availability and climatic seasonality in determin-
ing mollusk species diversity in northern China

Ecologists have long recognized that water availability has a major
impact on species diversity and composition, which is expressed by
the water-energy dynamics hypothesis (O'Brien, 1993; O'Brien, 1998;
Hawkins et al., 2003; Field et al., 2005; Wang et al., 2011; Li et al.,
2013; Wu et al., 2017). In our analysis, we found that the water-
related variables (e.g. MAP, HHH) were the primary determinants of
mollusk species diversity in the East Asian monsoon region (Table 1).
In general, mollusk species diversity significantly increases with in-
creasing water availability from northwest to southeast in northern
China. This positive correlation is consistent with the finding for mol-
lusks in East Asian islands (Chiba, 2007).

Our study area is in the northern part of the East Asianmonsoon re-
gion, where the summer monsoon rain-belt moves northwards and
gradually weakens (Liu, 1985; Qian, 1991). MAP in northern China de-
creases northwards from 1300 to 200 mm, with the northwestern
part widely recognized as experiencing water deficits. Such drought
conditions delay reproduction and reduce the fertility of mollusk indi-
viduals (Sulikowska-Drozd and Maltz, 2014), which decreases mollusk
diversity. Notably, this also resembles the general spatial pattern of
tree, mammals and bird species richness in China (Ding et al., 2006;
Lin et al., 2009; Shen et al., 2012; Liu et al., 2017; Wang et al., 2017;
Liu et al., 2019). This consistent relationship between species diversity
and water availability suggests that the mechanisms underlying mol-
lusk diversity and other group's diversity may be the same across the
East Asian monsoon region, supporting the water-energy dynamics
hypothesis.

Our results also show that the spatial pattern of mollusk species di-
versity is strongly correlatedwith seasonal climatic variables: ATR,min-
imummonthly temperature (January temperature ranging from−12 °C
to 2 °C), and ABT (range ~230–350 days) (Table 1). These variables rep-
resent seasonal energy differences between summer andwinter season,
reflecting the length of the growing-season, and are the major factors
determining modern climatic stability.

Mollusks are ectothermic and their body produces little heat and
their physiological activities are limited by the environmental tempera-
ture, especially in winter (Kerney and Cameron, 1979; Chen and Gao,
1987). Higher winter temperature and a longer growing season mean
that mollusks have more time to feed, grow and reproduce and thus
they have faster growth rates and higher survival rates (Baur and
Raboud, 1988). Growing-season length and environmental energy in
winter are highly correlated with the availability of trophic resources
and primary productivity, and thus they are more direct measures of
community energy use than annual measurements. Therefore, com-
pared with annual variables, seasonal climatic variables (e.g. January
temperature and growing season length) are much more important in
determining variations in the mollusk diversity in northern China. The
causal linkage between temperate seasonality (especially winter cold-
ness) and geographical pattern of mollusk species richness has been
dient (a, b), MAT (c, d), MAP (e, f), ATR (g, h), and NDVI (i, j). Regression lines (red) were
5% confidence limits. Variable abbreviations: MAT, mean annual temperature; MAP, mean
index.



Table 2
Multiple regressions ofmollusk species diversity and environmental variables showing the estimated coefficients (β), standard errors and relative importance (RI). Themodels were con-
structed using themultiple model selection and model averaging among the topmodels using AIC values. Bold RI values indicate predictors with a high relative importance. Asterisks in-
dicate the significance levels of these models.

Environmental variables Species richness - ES (300) Shannon H′

β RI β RI

(Intercept) −6.9649 (7.8167) 4.071e-01 (1.031e+00)
Energy (MAT) −0.4479 (0.4042)⁎ 0.74 −3.842e−03 (2.466e−02) 0.37
Water availability (HHH) 0.0515 (0.0171)⁎⁎ 0.98 8.662e−03 (2.229e−03)⁎⁎⁎ 1.00
Climatic seasonality (ATR) −0.0363 (0.0128)⁎⁎ 0.98 −7.102e−01 (1.523e−03)⁎⁎⁎ 1.00
ABT 0.0544 (0.0318)⁎⁎ 0.93 1.317e−03 (2.330e−03) 0.49
Vegetation (NDVI) 6.0579 (2.0341)⁎⁎ 0.99 1.111e+00 (2.423e−01) ⁎⁎⁎ 1.00
Soil type −0.0001 (0.0005) 0.31 −3.044e−05 (8.608e−05) 0.32
Elevation 0.0004 (0.0005) 0.53 −7.717e−06 (3.727e−05) 0.30
Human influence (HII) −0.0026 (0.0128) 0.28 −4.788e−04 (1.927e−03) 0.29

Variable abbreviations:MAT,mean annual temperature; HHH, relative humidity; ATR, annual temperature range; ABT, annual biotic temperature; NDVI, normalized difference vegetation
index. HII, human influence index.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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also observed in southern Siberia (Horsák et al., 2018). This is consistent
with the findings for plant, amphibia and ants in northern China and
Mongolia (Luo et al., 2010; Wang et al., 2011; Wen et al., 2013; Shen
et al., 2016; Liu et al., 2017).

Temperature affects species diversity by influencing the rate of
physiological activity, either through its absolute value or its seasonal
variability. Our results emphasize the importance of seasonal differ-
ences between summer and winter in determining mollusk species di-
versity and suggest that the two processes may act in parallel or even
synergistically.

4.2. Vegetation and soil properties influencing mollusk species-diversity

Our analysis also indicates thatmollusk species diversitywas related
to habitat factors, including vegetation condition (e.g. NDVI, vegetation
types) and soil properties (soil types) (Tables 1 and 2). Terrestrial mol-
lusks feed mainly on living plants, lichens, and dead organic matter
(Mason, 1970; Kerney and Cameron, 1979; Chen and Gao, 1987);
thus, the relatively dense vegetation coverage and higher plant diver-
sity, associated with increased water availability, enrich food resources
and facilitate the microenvironmental habitats for soil fauna which is
conducive to the survival of various mollusk species (Aubry et al.,
2010; Barker andMayhill, 2010). Similar to our results, previous studies
have also found that mollusk diversity in China and Europe is signifi-
cantly correlated with vegetation conditions (e.g., Horsák and Hájek,
2003; Wu et al., 2008; Ouyang et al., 2012; Dvořáková and Horsák,
2015). The strong covariation of mollusk diversity and vegetation/
plant diversity further emphasized the close functional links between
the two groups. This suggests that the effects of monsoonal water-
energy dynamic on mollusk communities could also be exerted indi-
rectly via vegetation and other habitat factors.

Soil properties are also among the driving factors of mollusk species
diversity (Table 1). Previous studies have reported that microclimatic
conditions (soil acidity, slope and orientation of the plots) may play
an important role in determining mollusk species diversity, especially
at the regional scale. It is important to note that other variables related
to soil properties were not fully considered in our analysis andmay sig-
nificantly contribute to species diversity gradient of mollusk. Future
studies based onmicroclimatic conditions and other factors (e.g. spatial
heterogeneity, soil parent material, slope, oriental, biotic interactions
and perturbations) are needed to further reveal the changes of mollusk
species diversity gradient on a large scale.

In conclusion, although empirically limited to northern China and to a
consideration of mollusk species only, our results strongly suggest that
variations in water availability and temperature seasonality variables
provide afirst-order, albeit partial, explanation for the spatial distribution
of mollusk species diversity in the East Asian monsoon region. Although
our data-set comprises a total of 180 extant mollusk species distributed
dominantly in northern China, our samples probably do not account for
all mollusk species present. More efforts are needed in the future to pro-
vide a complete species inventory for one of themost biodiverse areas in
northern China.

5. Conclusions

Terrestrialmollusk species diversity in northern China varies substan-
tially in a near-zonal pattern, being lowest in arid-to-semiarid areas and
highest in mesic-to-humid areas. Statistical analyses indicate that a com-
bination of water availability and seasonal climatic parameters explains
most of the variance in mollusk species diversity. Mollusk species diver-
sity increases significantly as the annual temperature and precipitation
increase up to around 12 °C and ~700 mm, respectively, while at or
above these values the rate of increase is reduced. Our results show
that the low availability of water resources in the arid temperate region
results in precipitation being amore important factor than other environ-
mental variables. Our data therefore indicate a fundamental role of mon-
soonal water-energy dynamics in determining the structure of mollusk
diversity in East Asia, especially in the cold and arid temperate region.
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