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Abstract Despite the utmost importance of microorganisms
in maintaining ecosystem functioning and their ubiquitous
distribution, our knowledge of the large-scale pattern of mi-
crobial diversity is limited, particularly in grassland soils. In
this study, the microbial communities of 99 soil samples span-
ning over 3000 km across grassland ecosystems in northern
China were investigated using high-throughput sequencing to
analyze the beta diversity pattern and the underlying ecolog-
ical processes. Themicrobial communities were dominated by
Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi,
and Planctomycetes across all the soil samples. Spearman’s
correlation analysis indicated that climatic factors and soil pH
were significantly correlated with the dominant microbial
taxa, while soil microbial richness was positively linked to
annual precipitation. The environmental divergence–dissimi-
larity relationship was significantly positive, suggesting the
importance of environmental filtering processes in shaping

soil microbial communities. Structural equation modeling
found that the deterministic process played a more important
role than the stochastic process on the pattern of soil microbial
beta diversity, which supported the predictions of niche theo-
ry. Partial mantel test analysis have showed that the contribu-
tion of independent environmental variables has a significant
effect on beta diversity, while independent spatial distance has
no such relationship, confirming that the deterministic process
was dominant in structuring soil microbial communities.
Overall, environmental filtering process has more important
roles than dispersal limitation in shaping microbial beta diver-
sity patterns in the grassland soils.
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Introduction

The unveiling of biodiversity patterns and their underlying
mechanisms has long been a central objective for ecologists
and biogeographers [1]. Over recent decades, mounting efforts
have been directed to understanding the patterns of species rich-
ness at local (alpha-diversity) and/or regional scales (gamma-
diversity) [2–4]. However, beta diversity, which characterizes
the turnover of species to describe the change of community
compositions across two or more sites, is less studied [1, 5, 6].
Beta diversity, varying heterogeneously across ecosystems, can
be a potential indicator for describing the dissimilarity of com-
munity structure. Although several patterns of beta diversity
have been documented, they were mostly focused on plants or
animals. For example, the similarity in composition of local
assemblages, such as non-volant mammals, tropical forests,
and vascular plants, was found to increase with increasing
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latitude [7–10]. Species turnover of amphibians and birds was
strongly influenced by the environment mediated by range sizes
and regional history [11]. Moreover, climatic gradient, topo-
graphic complexity, geographic variation (from gradual changes
to abrupt transitions), ecological interactions, and biogeographic
history (including dispersal barriers) can also have important
roles in shaping beta diversity of macroorganisms [12–16].
However, the pattern of beta diversity of microorganisms is still
scant, although several recent researches have examined the mi-
crobial beta diversity of some soils [17–20].

Understanding the pattern of beta diversity and clarifying
the relative importance of ecological processes (for example,
dispersal limitation versus environmental filtering), in shaping
the community structure, is the central goal of the study of
ecological community and biodiversity [12, 21]. Ecological
processes explaining the changes in community compositions
can be generally grouped into two broad classes, stochastic
and deterministic processes [22–24]. Dispersal limitation is a
typical stochastic process which could significantly impact the
community structure and has been used to explain the specific
decay of the species similarity with increasing geographic
distance [22, 23] (Fig. 1a). In contrast, the deterministic pro-
cess is characterized by environmental filtering, which sug-
gests that the species with similar traits tend to exist in the
same habitat, and this process is governed by the divergence
of environmental conditions [25]. Previous studies suggested
that species similarity has a negative relationship with envi-
ronmental heterogeneity according to the deterministic pro-
cess as shown in Fig. 1b [25]. In other words, the habitat
specialization resulting from adaptive evolution has a crucial
role in determining community composition [26, 27], which is
a typical deterministic process driven by environmental het-
erogeneity. Although stochastic and deterministic processes
have been extensively documented in macroorganisms such
as plants and animals, such studies in microbial communities
and the relative importance of the two processes in regulating
the distributions of microorganisms until recently received
limited attention [17, 28–31].

Prokaryotes (including bacteria and archaea) play impor-
tant roles in the global nutrient cycling, ecosystem services,
and environmental sustainability [32], and molecular investi-
gations have revealed their widespread occurrence in terrestri-
al ecosystems [33–38]. A large body of studies showed that
microbial communities differ substantially across ecosystem
types [36], with environmental or spatial factors as the major
determinants structuring microbial communities [29–31].
However, the inconsistencies of targeted microbes, experi-
mental methods, and heterogeneous ecological environment
obstruct the comparison between these studies and the under-
standing of the relative influence of deterministic and stochas-
tic processes. In fact, even within same microorganisms and
ecosystems, there are still a number of factors to be considered
when characterizing the underlying processes. For example,
environmental factors may be spatially auto-correlated, and
some ecological, climatic, or temporal variables may be left
unmeasured, which collectively complicates the characteriza-
tion of the relative importance of stochastic and deterministic
processes.

Grasslands are an important part of the earth’s many eco-
logical communities, originally covering as much as 25 % of
the earth’s surface, which is also a dominant landscape in
China, and occupy 40 % of the national land area [39]. They
play important roles in preventing erosion and conserving
biodiversity and potentially serve as a carbon sink to mitigate
greenhouse gas emissions. China is characterized by four ma-
jor grassland ecosystem types covering a distance of approx-
imately 4500 km from northeast to southwest and spanning a
latitude of 23° [40]. The diverse ecosystem types and the
broad spatial scale make grassland a suitable ecosystem to
investigate the soil microbial biogeography. In this study, we
collected 99 soil samples from various grassland ecosystems
along a longitudinal gradient across seven provinces from east
to west of China. These regions differ considerably in spatial
structure, climatic conditions, and soil habitat, thus providing
ideal sites to examine the relative importance of dispersal lim-
itation and environmental filtering. We tested the relative

Fig. 1 Schematic diagram of
dispersal limitation (a) and
environmental filtering (b)
processes. Dispersal limitation
indicates the decaying of the
similarity of species with
increasing geographic distance.
Environmental filtering suggests
that the species similarity is
negatively correlated with the
increase of environmental
heterogeneity
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importance of stochastic and deterministic processes by com-
paring the variation in species dissimilarity with both geo-
graphic distance and environmental divergence. The objec-
tives of this study were to (1) understand the biogeographical
distribution patterns of soil microbial communities in grass-
land ecosystems and (2) to explore the underlying ecological
processes that shape the distribution patterns.

Methods

Sampling sites and soil collection

This broad-scale investigation spans a long distance of
3283 km across various grassland ecosystems (36° 05′ N~49°
44′ N and 84° 01′ E~125° 00′ E) in northern China. Detailed
information about these sampling sites is shown in Tables S1
and S2 and Fig. S1. The sampling sites varied considerably in
their climatic conditions with the average annual precipitation
ranging between 42 and 467 mm and the average annual tem-
perature between −3 and 12 °C. The sampling regions span
across seven provinces from the east to the west of China.

Soil sampling and vegetation surveys were conducted from
August to December in 2012. In total, 99 sites were selected
(Fig. S1) and three independent quadrats (1 × 1 m) were
established for plant community inventory at each site.
Within each quadrat, taxonomy and the count of the grass
species were recorded. Fifteen soil cores were randomly taken
at a depth of 0–10 cm at each site using quincunx sampling
method and homogenized into one sample. Visible stones,
roots, and other residuals were removed in the field. Fresh soil
samples were kept at 4 °C before being transported to the
laboratory. Soil samples were passed through a 2.0-mm sieve
and stored at 4 °C until soil physical and chemical character-
izations took place. Soil subsamples were quickly frozen
using liquid nitrogen, lyophilized to constant weight, and
stored at −80 °C prior to DNA extraction.

Soil physical and chemical characterizations

Soil pH was measured using a soil to water ratio of 1:2.5 on a
Delta pH meter (Mettler-Toledo Instruments Co., Columbus,
OH, USA). Soil organic carbon (SOC) was determined using
the K2Cr2O7 oxidation method. Total N (TN) was determined
using the Dumas method with an Element Analyzer (Vario EL
III, Elementar, Hanau, Germany) [41]. Soil nitrate (NO3

−-N)
and ammonium (NH4

+-N) were determined with a
Continuous Flow Analyzer (SAN++, Skalar, Breda, Holand)
as previously described [42]. Soil available phosphorus was
extracted with 0.5MNaHCO3 and measured using theMo-Sb
anti-spectrophotometry method [43]. Soil available potassium
was extracted with 1 M ammonium-acetate from air-dried
samples and determined as previously described [44]. Soil

moisture content was measured by oven-drying soil samples
at 105 °C for 24 h. Soil particle size (clay <0.002 mm, silt
0.002–0.05 mm, and sand >0.05 mm) was determined using a
Mastersizer 2000 Laser Diffraction Particle Analyzer
(Malvern Instruments Ltd, Malvern, UK).

DNA extraction and PCR amplification of bacterial
and archaeal 16S rRNA genes

Soil DNA was extracted using the Power Soil DNA Isolation
Kits (MO BIO Laboratories, Carlsbad, CA, USA) according to
the manufacturer’s protocol, with a modification that the initial
cell lysis procedure was performed on a FastPrep-24 DNA
Isolation System (MP Biomedicals, Santa Ana, CA, USA) at
a speed of 5.0 m s−1 for 40 s. The concentration of extracted
DNAwas assessed using an IMPLEN P-330 NanoPhotometer
UV/Vis spectrophotometer (IMPLEN, Munich, Germany).

The primers 515f and 806r [45] were employed to amplify the
bacterial and archaeal 16S rRNA genes from the extracted DNA,
with a 12-bp bar code linked to the 5′ end of the reverse primer as
previously described [46]. The 50-μl PCR reaction mixtures
contained 4 μl of DNA template, 1 μl of each primer (10 μM),
25 μl Premix Taq™ (Takara Biotechnology, Dalian, China), and
19 μl of sterilized ddH2O. The thermal cycling conditions were
as follows: 3 min at 94 °C, followed by 35 cycles of 45 s at
94 °C, 60 s at 50 °C and 90 s at 72 °C, and 10 min at 72 °C. The
PCR products were purified using a Wizard SV Gel and PCR
Clean-Up System (Promega, San Luis Obispo, CA, USA) and
sent for 2×150-bp paired-end sequencing on an IlluminaMiSeq
sequencer (Illumina, Inc., San Diego, CA, USA).

Sequence processing

Following the 2 × 150-bp paired-end sequencing, raw
Illumina FASTQ files were de-multiplexed, quality filtered,
and analyzed using Quantitative Insights into Microbial
Ecology (QIIME) v1.8.0 [47]. Briefly, raw reads were merged
together using the Fast Length Adjustment of Short reads
(FLASH), and 95% of the bases sequenced had quality scores
higher than 30 [48]. Reads were truncated at any site contain-
ing more than three consecutive bases, and any reads contain-
ing ambiguous base calls and shorter than 190 nt were
discarded. A chimera filtering approach UPARSE [49] was
employed to bin the sequences into operational taxonomic
units (OTUs) at a 97 % sequence identity. Representative se-
quences were extracted from each OTU, sequence alignment
was performed with PyNAST [50], and taxonomy assignment
by the Ribosomal Database Project (RDP) [51] based on the
latest released Greengenes database [52]. Resampling process
was implemented at a depth of 50,967 sequences per sample
for diversity analysis.
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Data analysis

The Global Position System (GPS) coordinates for each site
were converted to Universal Transverse Mercator coordinates
in meters prior to the Mantel test and partial Mantel test using
the vegan library in R software. Environmental variables listed
in Table S3 were standardized (mean=0 and standard devia-
tion=1) for Spearman’s rank correlation (SPSS 19.0, IBM
Co., Armonk, NY, USA). Climatic factors including mean
annual temperature, mean annual precipitation, and the re-
maining 12 factors (Tables S1 and S2) were obtained from
the WorldClim [53]. Plant taxonomy was identified based on
the Angiosperm Phylogeny Group (APG) III system [54].
OTUs at the 97 % similarity for bacteria and archaea were
used in the downstream analyses.

The microbial communities with a relative abundance
higher than 0.5 % at the phylum level were displayed in the
heat map using the pheatmap package (R software 2014). The
richness pattern was analyzed in ArcGIS 9.3 using the ordi-
nary kriging interpolation (ESRI, Redlands, CA, USA). The
Euclidean distances of spatial and environmental variables
between each pair of sites were calculated before the Mantel
test based on 10,000 randomizations of the original data, and
the importance of each variable was evaluated with the
Spearman’s correlation coefficient.

A structural equation model (SEM) was constructed using
AMOS 21.0 (SPSS Inc., IBM Co., Armonk, NY, USA) to
analyze the direct and indirect impacts of spatial and environ-
mental factors on the beta diversity pattern. Firstly, the factors
were converted into distancematrices; for example, unweight-
ed UniFrac distance and Bray-Curtis distance were calculated
for the beta diversity of soil prokaryote community and plant
community, respectively. Euclidean distance was calculated
for richness, climatic factors (14 factors in Table S2), soil
texture (percent of silt and percent of sand), and soil nutrients
(SOC, TN, NO3

−-N, NH4
+-N, soil available phosphorus, and

soil available potassium). Mantel test was employed to calcu-
late the correlations between those matrices, and the resultant
covariance matrix was used as the input data for AMOS.
Model fits were determined according to a non-significant
χ2 test (P>0.05), low Akaike value (AIC), high goodness-
of-fit index (GFI; >0.90), and low root square mean error of
approximation (RMSEA; <0.05) [55].

Results

The composition of plant and soil microbial communities

In total, 105 species were identified for the plant communities,
and 24 species of them had species frequency higher than 5 %
in individual quadrats, including Cleistogenes songorica,
Bothriochloa ischaemum, and Leymus chinensis. Meadow

steppe in the eastern part of the study area was dominated
by herbaceous perennial mesophytic and xerophytic species,
such as C. songorica, Achnatherum extremiorientale, and
L. chinensis. Typical steppe is distributed across the middle
part of the region, dominated by typical xerophytic species,
such as B. ischaemum, Stipa krylovii Roshev, Suaeda glauca,
and L. chinensis. Desert steppe is distributed in the western
region, where dry-tolerant, short grasses such as S. krylovii
Roshev and Stipa gobica Roshev were prevailing. Alpine
steppe occupies a small area and is distributed in the western
part, primarily dominated by Carex scabrirostris Kükenth,
Kobresia pygmaea, and Potentilla bifurca.

A high number of 13,392,210 high-quality bacterial/archaeal
16S rRNA gene reads were obtained through the high-
throughput sequencing and could be classified into 37,660
OTUs at a 97 % sequence similarity. The top 23 phyla with the
relative abundance of the total microbial community higher than
0.5 % are shown in a heat map (Fig. 2). The microbial commu-
nities were dominated by Proteobacteria, Actinobacteria,
Acidobacteria,Chloroflexi, andPlanctomycetes across the 99 soil
samples, with their relative abundances ranging from 10.0–42.0,
4.01–41.0, 0.00–33.0, 2.03–29.0, and 2.01–13.0 %, respectively,
in individual samples. In addition, the remaining three abundant
phyla (Gemmatimonadetes,Bacteroidetes, andVerrucomicrobia)
were comprising up to 15 % of the total microbial community in
individual soil samples (Fig. 2).

Relationships between the dominant microbial taxa
and environmental factors

Spearman’s correlation analysis found that Proteobacteria
were significantly and positively related to the precipitation of
the driest month (r=0.50, n=99, P<0.01), and the remaining
significant impact factors were mainly classified into climatic
factors (Tables S1 and S2). Actinobacteria had significantly
negative relationships with climatic factors, and the most sig-
nificant one was the precipitation of the driest month (r=−0.33,
n=99, P<0.01). Furthermore, soil pH, generally recognized as
an integrative and key environmental factor, had significant
correlations with Acidobacteria, Gemmatimonadetes,
Bacteroidetes, and Verrucomicrobia. We also found that SOC
and TN were remarkable environmental factors (Table S3).

The patterns of microbial richness

Geographical distance had negligible impacts on the microbial
OTU richness (r=0.08, n=99, P>0.05), and regional scale
differences in OTU richness could also be observed (Fig. 3).
Soil microbial OTU richness ranging from 43 to 284 was con-
spicuously lower in the west of the region than the other parts
of the region where OTU richness was ranging from 42 to 354.
By contrast, higher richness of soil microbial communities was
observed in the middle region with higher annual precipitation
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(r=0.58, n=99, P<0.01; Tables S1 and S2). These results
could be due to the relatively higher annual precipitation in
most parts of the middle regions (369–467 mm) as compared
with the average level of 257 mm in other sites.

Relationships between beta diversity and environmental
distance or geographic distance

Mantel test was performed to explore the relative importance
of dispersal limitation and environmental filtering processes in
shaping the microbial beta diversity. The dispersal limitation
process hypothesizes that geographic distance would impact
the community structure (Fig. 1a), while the environmental
filtering suggests that the species assembling is governed by
the divergence of environmental conditions (Fig. 1b). Mantel
test showed that geographic distance was positively correlated
with the UniFrac dissimilarity matrices (r= 0.11, n = 99,
P<0.05; Fig. 4a), indicating a significant distance decay rela-
tionship. However, after controlling for environmental dis-
tance, spatial distance was not significantly correlated with
UniFrac dissimilarity matrices (partial Mantel test; Table 1).
Environmental divergence also had a significant positive rela-
tionship with the beta diversity index (r = 0.36, n = 99,
P<0.01). The increase of environmental divergence obvious-
ly enhanced the beta diversity of soil microbial communities
and thus suggested an environmental filtering process
(Fig. 4b). After controlling for spatial distance, environmental
distance was still significantly correlated with UniFrac dissim-
ilarity matrices (r=0.34, n=99, P<0.01; Table 1).

The main factors impacting the beta diversity patterns

A SEM was constructed to evaluate the direct and indirect
effects of spatial factors, climatic factors, soil pH, soil texture,

and nutrients on the patterns of soil microbes and plants. The
final SEM adequately fitted the data input derived from the
Mantel test (χ2 = 0.764, degrees of freedom=6, P=0.998,
RMSEA<0.001, GFI=0.998, AIC=42.8). Overall, this mod-
el could explain 74 and 91 % of the variance in community
(beta diversity) for soil microorganisms and plants, respective-
ly (Fig. 5).

The dominant factors influencing the beta diversity patterns
of plants and soil microorganisms were quite similar (Fig. 5).
In particular, climatic factors significantly influenced the beta
diversity of soil prokaryotes (λ=0.34, P<0.001) and the beta
diversity of plants (λ= 0.26, P< 0.05). Soil pH showed a
strong effect on the prokaryotic beta diversity (λ= 0.21,
P<0.05) but not on the plant beta diversity. The remaining
factors had no significant direct effect on the beta diversity of
plant and soil microbial communities, using the SEM.
Negligible positive impacts were obtained between the beta
diversity of plant and soil microbial communities, which was
different from the results of Mantel test. The beta diversity of
plant conspicuously impacted the beta diversity of soil micro-
bial communities (r=0.28, n=99, P<0.01; Fig S2). In sum-
mary, environmental factors, especially the climatic factors,
were the determinative drivers structuring the beta diversity
of soil microbial communities, based on the direct and total
effects (Table 2).

Discussion

Previous investigations suggested that grassland ecosystems
encompass relatively more diverse microbial communities
than other ecosystem types (e.g., desert ecosystem and arctic
tundra) [36, 56]. Within grassland habitats, most studies re-
vealed that the dominant taxa of soil microbial communities

Fig. 2 Heat map showing the
relative abundance and
distribution of the top 23
abundant phyla of the total
microbial community in the
grassland ecosystems. These top
23 phyla represented 99.4 % of
the sequences. Dendrogram at left
indicates the relatedness of soil
microbial community structures
for the 99 samples. The gray
column below the heat map
indicates the detail sampling sites
along longitude. The color-coded
column at the right of the heat
map corresponds to the relative
abundance of each phylum
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were quite similar, which is also corroborated by our study
(Fig. 2). For example, Proteobacteria, Actinobacteria,
Acidobacteria, Chloroflexi, and Planctomycetes found to be
dominant in our study are bacterial phyla known to be highly
abundant and ubiquitous in other grassland soils [17, 36, 56,
57]. The phylum Proteobacteria ranged from 10.0 to 42.0 %
in this study, and they currently contain 528 named and de-
scribed genera [58]. Members of the phylum Actinobacteria
made up an average of 21.4 % of soil bacterial communities.
The phylum Actinobacteria commonly contains three sub-
classes in soil, and many of them are well known and fully
studied [58]. The Acidobacteria phylum were ranging from
0.00 to 33.0 %, in general, which were more sensitive with
soil pH [59, 60]. In this case, the pattern was most likely

driven by the previously observed phenomenon that soil
pH largely governs the distributions of many soil
acidobacterial taxa [59]. Members of the phylum
Chloroflexi made up an average of 11.3 % of soil bacterial
communities, and this phylum is affiliated with a number
of the candidate classes and so may display quite different
physiologies [61], such as the only one isolate from soil
was a filamentous aerobic heterotroph, but no conclusions
could be drawn yet about the general properties of soil
chloroflexi [62]. The planctomycetes are a group of bud-
ding bacteria [63], and most isolates of this phylum were
from aquatic environments, and it was not clear whether
these are physiologically and genetically good models for
soil planctomycetes [62].

Fig. 3 Maps showing the interpolated OTU richness of soil
microorganisms analyzed with the kriging algorithm. Different colors
indicated different OTU richness of the soil microorganisms. From the

upper color scale to the lower, the change from OTU-rich sites to sites
with fewer OTUs was indicated
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Soils are highly heterogeneous environments containing
enormously diverse prokaryotic communities [64, 65].
Previous studies have covered various aspects of soil micro-
bial diversity, including levels of species richness [34, 66], and
abiotic/biotic factors impacting diversity and composition of
communities [60, 67]. In this study, prokaryotic richness was
strongly related to annual precipitation, which was in consis-
tence with the water-energy dynamics [68], which was used to
test the species richness patterns with climates. Hence, at the
level of richness and beta-diversity, soil microbial community
patterns matched those of macroorganisms, which was simi-
larly and significantly influenced by climatic factors [68, 69].

The relative importance of stochastic and deterministic pro-
cesses in structuring the beta diversity patterns was substan-
tially debated in previous studies [10, 24, 30, 31, 70].
Knowledge of the biodiversity patterns of microbial commu-
nities in grassland soils is important to predict the responses of
grassland ecosystems to future environmental and anthropo-
genic changes [17, 29, 36, 60]. In this study, we tested the

competing effect of stochastic and deterministic processes
concerning the changes in dissimilarity of species composi-
tion with geographic distance and environmental heterogene-
ity, by focusing on regional scale in which the environment
was spatially structured. We identified a significant trend of
increasing dissimilarities in the bacterial communities with
increasing environmental heterogeneity. The results showed
that the environmental divergence–dissimilarity relationship
was strong in grassland ecosystems, which indicated that en-
vironmental filtering process might be more important than
dispersal limitation process. Partial mantel test analysis also
revealed the same trend that the contribution of independent
environmental variables had a significant positive relationship

Fig. 4 Correlations between the beta diversity of soil microbial community and geographic distance (a) or environmental distance (b). The
environmental distance between each pair of sites was estimated as the Euclidean distance in multi-dimensional environmental space

Table 1 Mantel and partial Mantel tests for the correlation between β
dissimilarity index and the geographic distance or environmental distance
using Spearman’s rho

Effects of Controlling for R value of the
correlation

Geographic distance 0.11*

Environmental distance 0.36**

Geographic distance Environmental distance 0.02

Environmental distance Geographic distance 0.34**

The significances are tested based on 10,000 permutations

*P< 0.05

**P< 0.01

Fig. 5 Path diagrams from structural equation model (SEM) describing
the direct and indirect effects of the different variable groups in explaining
the variations of β-diversity of prokaryotes. Numbers associated with
single headed arrows are partial regression coefficients of multiple
regressions (***P < 0.001, **P < 0.01, and *P < 0.05), and solid line
indicated significantly relationship, while the dashed linewas non-signif-
icant. The unexplained variation (1 − R2) represented the effect of
unmeasured variables and measurement error
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with beta diversity, while the spatial distance did not obvious-
ly impact the beta diversity when controlling for environmen-
tal variables. Therefore, deterministic process played a more
important role than stochastic process in the pattern of beta
diversity of soil microbial communities, supporting the pre-
dictions of niche theory which indicated that species were able
to reach all sites where environments were suitable and this
habitat specialization process was a classic deterministic pro-
cess driven by environmental heterogeneity deterministic;
thus, species beta diversity pattern was simply determined
by the divergence degree of environmental conditions be-
tween sites [28, 71, 72]. These findings are in consistence with
results from previous studies. For example, Casamayor and
Barberán [73] concluded that the environment (especially the
composition and concentration of salinity), rather than geo-
graphic distance per se, structured beta diversity of
bacterioplankton in oceans and lakes at global scale. Zinger
et al. [74] found that pattern of bacterial beta diversity in
global-scale oceans was significantly influenced by the pro-
ductivity of seawater. Wang et al. [31] stated that environmen-
tal variables imposed strong selection pressures on the beta
diversity of bacterial communities for nearly all samples, thus
indicating a dominant effect of deterministic processes on
bacterial assemblages.

SEM analysis revealed that climate had a strong direct ef-
fect on plant and prokaryotic beta diversity and indirectly
affected these metrics by altering edaphic conditions
(Table 1 and Fig. 5). These results were also corroborated by
the relationships between dominant taxa and the environmen-
tal factors (Table S3). The change of soil pH was positively
correlated with the variance of prokaryotic beta diversity in
pairs of sites (Fig. 5) but had no significantly direct effect on
plant beta diversity according to SEM. Soil pH, as the most
important factor in soil habitat as revealed by our previous
results [42], could impose strong selective pressures. At local
scale (i.e., centimeters to meters), soil biota composition is
often explained by variation in the physical and chemical
properties of soil, such as soil water, carbon, and nutrition,
as well as the influence of dominant plants determining sub-
strates entering the soil [28, 75]. While, at regional or

continental scales (i.e., meters to thousands of kilometers),
other factors such as climate, topography, may have a more
important role [28, 67]. In this study, SEM well explained the
impact of environmental and spatial factors on soil microbial
beta diversity, but there still was a part of residual variation
(26 %) remaining unexplained, which had differential impacts
on plant beta diversity. Although the underlying influence
could not be fully identified from the existing data, analyses
implied that they could be caused by some unmeasured vari-
ables or by spatial structures that have been missed and re-
quired more complex functions to be described [76]. Thus, as
many environmental factors as possible should be included
and classified to give a comprehensive view of the influence
of ecological process and to distinguish the original variables
from the derived variables.

Conclusion

In this study, ecological theories for macroorganisms were
applied to explore the beta diversity of the microorganism
communities. We examined the relative importance of sto-
chastic and deterministic processes in structuring the beta di-
versity of microbial communities in grassland ecosystems.We
provide evidence that the environmental divergence–dissimi-
larity relationship was obviously strong and environmental
filtering process was obviously clear. Therefore, the determin-
istic process played a more important role than the stochastic
process in the pattern of beta diversity of soil microbial com-
munities which is in consistence with the findings from
macroecological studies.
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