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ABSTRACT

Patterns of variation in plant and animal diversity along precipitation gradients have been extensively studied, but much
less is known about how and to what extent precipitation affects the biogeographic distribution of microbial diversity in
arid areas across large spatial scales. Here we collected soils from 54 sites along a 3700 km transect covering a wide range of
grassland ecosystems with distinct aridity gradients. We quantified the bacterial community diversity and the effects of
climate, edaphic parameter and geographic distance on the bacterial community structure using high-throughput 16S rRNA
gene sequencing. Of the 35 phyla detected, 6 were dominant: Actinobacteria, Acidobacteria, Alphaproteobacteria,
Deltaproteobacteria, Bacteroidetes and Planctomycetes. Aridity was a major factor influencing bacterial diversity, community
composition and taxon abundance. Although the pattern of bacterial species richness is markedly different from that of
plant species richness, most soil bacteria were endemic to particular bioregions like macro-organisms. Community
similarity significantly declined with environmental distance and geographic distance (r = −0.579 and −0.773, respectively).
Geographic distance (historical contingencies) contributed more to bacterial community variation (36.02%) than combined
environmental factors (24.06%). Overall, our results showed that geographic distance and climatic factors concurrently
govern bacterial biogeographic patterns in arid and semi-arid grassland.
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INTRODUCTION

Soil microorganisms play vital roles in ecosystems and mediate
a number of critical processes such as biogeochemical cycling
(Hodge, Campbell and Fitter 2001; Balser and Firestone 2005) and
soil formation (Rillig and Mummey 2006). Despite their ubiquity
and importance, our understanding of the spatial patterns of
microbial diversity across large spatial scales is limited (Ward
et al. 1998; Horner-Devine, Carney and Bohannan 2004; Fierer
and Jackson 2006; Bardgett and Van der Putten 2014).

There is currently debate regarding which factors are the
primary drivers of microbial spatial distribution at larger spa-
tial scales (Lauber et al. 2009), although growing evidence indi-
cates that soil microorganisms have a restricted global distri-
bution due to variations in climatic, soil and plant conditions
(Cho and Tiedje 2000; Zhou et al. 2002). There is still question as
to whether processes and factors that control spatial patterns
for macro-organism communities, such as contemporary envi-
ronmental conditions and historical contingencies, also drive
the spatial variation of microbial diversity and what the relative
importance of these factors is (Martiny et al. 2006; Ramette and
Tiedje 2007; Ge et al. 2008). The traditional view is that a cos-
mopolitan dispersal of microbes occurs because of their min-
imum size and high local abundance (Finlay and Clarke 1999;
Finlay 2002), and that spatial diversification in microbial com-
munities is mainly driven by contemporary environmental con-
ditions (McArthur, Kovacic and Smith 1988; Lauber et al. 2008),
or, as Becking put it, ‘everything is everywhere, but, the envi-
ronment selects’ (Bass Becking 1934). For example, a consider-
able body of research has shown that soil pH is a key factor
accounting for the majority of the variation in soil bacterial di-
versity and biogeographic distribution across regional and con-
tinental scales (Fierer and Jackson 2006; Rousk et al. 2010; Chu
et al. 2010; Griffiths et al. 2011). However, in different ecosys-
tems at different spatial scales, we are likely to get completely
different results as other environmental factors, such as nutri-
ent availability (Broughton and Gross 2000; Liu et al. 2010), salin-
ity (Crump et al. 2004; Lozupone and Knight 2007), plant diver-
sity and community composition (Stephan, Meyer and Schmid
2000; Marschner et al. 2001; Kuske et al. 2002; Johnson et al. 2003;
Wardle et al. 2004) and profile depth (Fierer, Schimel and Holden
2003), have been found to influence the composition and diver-
sity of soil bacterial communities. Studies examining different
biomes or ecosystem types have clearly demonstrated the im-
portance of environmental or habitat filtering in relation to soil
microorganisms, indicating that microbial spatial patterns are
strongly driven by contemporary biotic and abiotic factors (Ram-
ette and Tiedje 2007; Green, Bohannan and Whitaker 2008).

Historical contingencies, such as dispersal limitation, are
also key factors affecting spatial variation of microbial diver-
sity. Dispersal is a key process shaping biogeographic patterns
in aboveground organisms and soil biota, including bacteria,
fungi and nematodes (Fierer 2008; Peay, Garbelotto and Bruns
2010; Nielsen et al. 2014). Geographic isolation of free-living mi-
croorganisms is relatively common at local, regional and global
scales (Horner-Devine, Carney and Bohannan 2004; Fierer 2008).
Dispersal is likely a key limiting factor of community assem-
blages over space and becomes an important driver of micro-
bial evolution, particularly at larger spatial scales (Hubbell 2001;
Talbot et al. 2014). Studies have shown a ‘distance-decay rela-
tionship’, in which community composition between sites be-
comes less similar with increasing geographic distance. Stud-
ies of Sulfobolus assemblages in hot spring (Papke et al. 2003;
Whitaker, Grogan and Taylor 2003) and soil Pseudomonas (Cho

andTiedje 2000) found that geographic distance better explained
microbial community variation than environmental hetero-
geneity. Historical separation and geographic isolation appear
to be strong key drivers in determining microbial assemblage
differences at large spatial scales. As such, geographic distance
may be the best predictor of diversified variation among com-
munities, but this assumption needs to be tested further. A sys-
tematic, broad scale survey along a continuous geographic and
climatic gradient would be a more effective way to reveal rela-
tionships between microbial community composition and geo-
graphic distance or environmental variables.

To investigate comprehensively the influences of environ-
mental heterogeneity and geographic distance on the spatial
variation of microbial diversity, we carried out a field survey,
sampling 54 sites along a 3700 km transect across the arid
and semi-arid ecosystems in northern China (Supplementary
Fig. S1). The region is at the eastern end of the contiguous
Eurasian steppe, which is characterized by typical continental
climate with limited precipitation occurring mainly in the sum-
mer. We assessed soil bacterial diversity, community composi-
tion and biogeographic distribution along this transect using 16S
rRNA gene sequencing, and collected extensive environmental
data. This study aims to address three questions: (i) How does
the diversity of bacterial communities vary spatially along this
environmental gradient? (ii) Does either environmental hetero-
geneity or geographic distance exert a stronger influence on the
spatial variation of bacterial diversity and community composi-
tion? And (iii) what are the relative contributions of each to the
spatial patterning of bacterial communities?

MATERIALS AND METHODS
Experimental design and site description

The study was conducted along a 3700 km transect of arid and
semi-arid grasslands from the Xinjiang Uygur Autonomous Re-
gion to eastern Inner Mongolia in northern China (87.38◦ E to
120.36◦ E, 42.22◦ N to 49.19◦ N) (Supplementary Fig. S1). The
mean annual precipitation (MAP) ranges from 38 to 436 mm and
the mean annual temperature (MAT) ranges from −2.9 to 9.4oC.
The sampling sites were at elevations of 530 to 1620 m (average,
1052 m) (Supplementary Table S1). From west to east, the main
vegetation types are Calligonum spp., Alhagi ssp. and Ephedra
spp. (desert steppe), Stipa spp., Leymus spp. and Agropyron spp.
(typical steppe) and Leymus spp., Stipa spp. and Achnatherum spp.
(meadow steppe). Dominant soil types are arid, sandy and brown
loess rich in calcium. A total of 54 sites along the transect were
selected based on two criteria: (i) sites had nearly intact natural
plant communities only with light animal grazing; and (ii) sites
represented the local flora and soil types covering an area of no
less than 10,000m2. At each site, two large plots (50m × 50m) at
a distance of <2 km across the transect were designed. Within
each of the large plots, five quadrats (1 m × 1 m) were selected
based on the five-spot-sampling method (Yang et al. 2010).

Field sampling

Sampling was carried out in July and August 2012, near the
period of highest plant biomass production and species rich-
ness, from the west to the east. At each site, spatial geographic
coordinates and elevation were recorded by GPS (eTrex Ven-
ture, Garmin, USA). In each quadrat, litter was removed. Sam-
ples of live, aboveground plants were clipped, sorted by species
and stored in paper bags for biomass measurement, nutrient
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analysis, aboveground net primary production (ANPP) determi-
nation, and calculation of plant species richness (PR). Soil sam-
ples per quadrat were collected randomly from 5–10 soil cores
(2.5 cm diameter × 10 cm depth) of the upper 10 cm of soil
and mixed thoroughly. Composite soils were sieved through a
2.0 mm mesh to remove roots and rocks, homogenized by hand
and separated into two parts: one was preserved for subsequent
characterization of soil chemistry and the other was placed into
a sterile plastic bag and immediately stored at −40oC for later
DNA extraction.

Distance and climate data

The pairwise geographic distancewas calculated using the Imap
package in R v.3.1.0 according to the GPS coordinates of each
site. MAP and MAT of each sampling site were obtained from
the WorldClim global climate dataset (Hijmans et al. 2005).
Extracted data were processed in ArcGIS version 9.3 using Spa-
tial Analysis tool (ESRI, Redlands, CA, USA). An aridity index (AI)
of each site was estimated by the ratio of precipitation to poten-
tial evapotranspiration (PET) (AI = MAP/PET).

Soil physicochemical analysis

Total organic carbon (TOC) and total nitrogen (TN) were deter-
mined using wet oxidation and a modified Kjeldahl procedure
as previously described (Wang et al. 2014). Total P was measured
by colorimetric analysis with ammonium molybdate and per-
sulfate oxidation (Kuo 1996). Soil pH was measured after creat-
ing a 1:2.5 (volume) fresh soil to water slurry. Soil moisture was
determined gravimetrically after drying in an oven at 105oC for
12 h. All replicates were analysed separately and values were
averaged to obtain site-level estimates using the mean of each
quadrat.

Soil DNA extraction

DNA was extracted from 0.5 g soil using the MoBio PowerSoil R©

DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA) ac-
cording to the manufacturer’s protocol. With samples from the
desert steppe, which had low biomass, DNAwas extracted using
themethod of freeze-grinding and SDS-based lysis (Zhou, Bruns
and Tiedje 1996) to obtain sufficient high-quality DNA. The qual-
ity of the purified DNA was assessed based on 260/280 nm and
260/230 nm absorbance ratios obtained using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies Inc.,Wilming-
ton, DE, USA). The final DNA concentration was quantified us-
ing a PicoGreen (Life Technologies, Grand Island, NY, USA) assay
(Ahn, Costa and Emanuel 1996) with a FLUOstar Optima (BMG
Labtech, Jena, Germany), stored at −20oC until use.

16S rRNA gene amplification and sequencing

To determine the soil bacterial community composition and di-
versity in each soil sample, an amplicon survey of a portion
of the 16S rRNA gene was performed. We used a barcoded
primer set (515F, 5′-GTGCCAGCMGCCGCGGTAA-3′ and 806R, 5′-
GGACTACHVGGGTWTCTAAT-3′) targeting the V4 region of both
bacterial and archaeal 16S rRNA genes, which has high sequence
coverage for both bacteria and archaea and produces an ap-
propriately sized amplicon (253 bp by excluding primers) for
Illumina sequencing. Both primers contained Illumina adapters
and the reverse primer contained a 12 bp barcode sequence
unique to each sample. Purified DNA (10 ng) from each sample

was used as a template for PCR amplification in a 25 μl reaction
volume under the following conditions: initial denaturation at
94oC for 1 min followed by 30 cycles of 94oC for 20 s, 53oC for 25
s and 68oC for 45 s, ending with an final extension step of 10min
at 68oC. All samples were amplified in triplicate and combined.
PCR amplicons from all samples were then pooled in equimolar
concentrations. Primer and primer dimerswere separated out by
electrophoresis on a 1% agarose gel, and final PCR products were
recovered using a QIAquick gel extraction kit (Qiagen, Valencia,
CA, USA). Sequencing was conducted on an Illumina Miseq se-
quencer at the Institute for Environmental Genomics, University
of Oklahoma.

Processing of sequencing data

Raw sequences with an average quality score >30 and with no
ambiguous base calls were processed using an in-house pipeline
that was built on the Galaxy platform and incorporates vari-
ous software tools (http://rccc.ou.edu). In brief, the sequences
were quality trimmed using Btrim (Kong 2011) and were as-
signed to their respective samples based on the unique bar-
codes. Paired end reads were merged into full length sequences
by FLASH v1.2.5 (Magoc and Salzberg 2011). Chimeric sequences
were discarded based on prediction by Uchime (usearch v5.2.3)
(Edgar et al. 2011) using the reference databasemode. Sequences
were clustered into operational taxonomic units (OTUs) at the
≥97% identity threshold with UPARSE (Edgar 2013) and single-
ton OTUswere removed. Taxonomic assignmentwas carried out
with the Ribosomal Database Project (RDP) classifier. To correct
for sampling effort (number of analysed sequences per sample),
we used a randomly selected subset of 173,260 sequences per
sample for subsequent community analysis. Alpha diversitywas
determined using both taxonomic (number of OTUs and Shan-
non index, H′) and phylogenetic (Faith’s phylogenetic diversity)
metrics.

Statistical analysis

All statistical tests and graphics were done using the pro-
gram R, version 3.1.0. Phylogenetic diversity was estimated us-
ing Faith’s index, which incorporates the phylogenetic breadth
across taxonomic levels (Faith 1992; Faith et al. 2009). Ma-
trices of the pairwise taxonomic distance between commu-
nities (Bray–Curits) and the Euclidean distance between geo-
graphic coordinates and standardized environmental variables
were constructed within the package vegan (Oksanen et al.
2013). Non-metric multidimensional scaling (NMDS) ordination
was used to specifically assess changes in bacterial composi-
tion along the transect. NMDS analyses were performed using
the MetaMDS function based on dissimilarities calculated us-
ing the Bray–Curtis index, and environmental vectors were fit-
ted using the envfit and ordisurf routines. BioEnv and canoni-
cal correspondence analysis (CCA) were also performed to de-
termine the most significant environmental variables shaping
the microbial community composition. These variables were
then used to construct the environmental variables matrix for
variation partitioning analysis (VPA) with the vegan package.
To determine the influences of geographic distance on micro-
bial community structure, we first transformed the spatial ge-
ographic distance to rectangular data points that were suit-
able for constrained ordination with the package PCNM (Bor-
card and Legendre 2002), and then conducted CCA to select
the most significant vectors for variation partitioning analysis.
Detrended correspondence analysis (DCA) was also employed
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to determine community changes using the decorana function.
In addition, cluster analysis of the bacterial communities based
on the Bray–Curtis abundance-based dissimilarity matrix was
conducted with the package vegan, and classification boxes
were added using the ordicluster function. Best of fit model-
ing of the regression between environmental factors and di-
versity and the relative abundance of bacterial taxa were per-
formed in SigmaPlot (version 10.0) using ordinary least squares
linear, quadratic, piecewise and power law functions. We used
Mantel tests with 9999 permutations to examine the correla-
tion between community similarity (1 minus Bray–Curtis dis-
similarity index) and geographic (Pearson correlation) or envi-
ronmental distance (Spearman correlation) within the vegan
package.

Nucleotide sequence accession number

DNA sequences in this study have been deposited in SRA of NCBI
database under accession number SRP063935.

RESULTS
Climate and geochemical characteristics along the
transect

The major geographic and physicochemical characteristics
of the 54 sampling sites are summarized in Supplementary
Table S1. AI, TOC, and PR tended to increase with longitude,
while pH tended to decrease. Soil pH varied from 6.35 to 9.24.
The soil organic C (TOC), total N (TN), and total P (TP) varied from
0.05 to 4.46%, 0.01 to 0.38% and 0.01 to 0.08%, respectively. Plant
species richness (PR) per square meter and aboveground net pri-
mary production (ANPP) at the site level varied from 0 to 23 and
from 0.72 to 286.51 g m−2 year−1, respectively. The aridity gradi-
ent can be considered as a surrogate of MAP and MAT gradient
(Supplementary Fig. S2). TOC was positively correlated with TN
(r = 0.991, P < 0.01), and also PR was positively correlated with
ANPP (r = 0.812, P < 0.01). Pairwise distances between sampling
sites ranged from 12 to 3700 km.

The distribution of taxa and alpha diversity

A total of 14,649,589 high-quality sequenceswere identified from
all soil samples examined before resampling, averaging 384,823
sequences per sample (ranging from 173,260 to 596,386). The se-
quences were grouped into 31,248 operational taxonomic units
(OTUs) using an arbitrary 97% sequence similarity cutoff. Of
these sequences, 90.6% could be classified at the phylum level.
All samples were compared at an equivalent sequencing depth
of 173,260 randomly selected 16S rRNA gene amplicons per sam-
ple. The dominant phyla across all soils were Actinobacteria,
Acidobacteria, Bacteroidetes, Alphaproteobacteria, Deltaproteobacte-
ria and Planctomycetes (>5% average relative abundance across all
soils), accounting for more than 70% of the bacterial sequences.

Additional phyla including Cyanobacteria, Nitrospira, Chlamydiae,
OD1, BRC1 and Chlorobi were also present in nearly all soils at
relatively low abundances, and 18 other rarer phyla were iden-
tified. Archaea were relatively rare in all soils (only 0.8% of the
detected sequences) but were most abundant in the more arid
areas. Halobacteria and Thermoproteiwere the dominant archaeal
groups (59% of the detected archaeal sequences).

Bacterial alpha diversity, as estimated by the number of
OTUs, phylogenetic diversity (PD) and Shannon index, varied
across the transect. The richness of the bacterial communities
ranged from 4752 to 8518 phylotypes per sample with all sam-
ples compared at an identical sequencing depth. Of all environ-
mental variables examined, AI was most correlated with OTU
richness (r = 0.601, P < 0.001), PD (r = 0.523, P < 0.001) and Shan-
non index (r= 0.301, P= 0.027). In addition, the TOC, TN, N/P and
PR were also correlated with alpha diversity, while soil pH and
other variables such as altitude, TP, C/N and SM were weakly or
not correlated with alpha diversity (Table 1). Lower bacterial di-
versity was observed in the more arid areas (lower AI values), as
indicated by the changes in OTU richness, PD and Shannon in-
dex. The diversity (OTU richness and PD) increased steeply as AI
increased in themore arid areas, but no significant variationwas
observed with further increases of AI (Fig. 1). Interestingly, the
OTU richness of Archaea was highly negatively correlated with
AI (r = −0.740, P < 0.001) and positively correlated with soil pH
(r = 0.491, P = 0.001) (Supplementary Fig. S3). Unlike the pattern
for bacteria, higher Archaeal diversity was found at the more
xeric area.

Bacterial community structure and beta diversity

The NMDS plot of the Bray–Curtis distance ordination clearly in-
dicated significant variability in soil bacterial community com-
position across the transect that was primarily related to arid-
ity and soil pH (Fig. 2). This is further supported by correlation
analyses between community Bray–Curtis distance and arid-
ity and soil pH (Mantel test: r = 0.669 and 0.480, respectively,
P = 0.001). There were also significant correlations between bac-
terial community composition and othermeasured physical and
geochemical factors, including C/N, TN, TOC, TP, soil moisture
(SM) and altitude, but these composite factors did not signifi-
cantly improve correlation (Supplementary Table S2). The struc-
ture of bacterial communities varied greatly across the AI gradi-
ent, as indicated by detrended correspondence analysis (DCA)
(Supplementary Fig. S4). Results of canonical correspondence
analysis (CCA) also showed that AI had the strongest effects on
bacterial community assembly (Fig. 3).

Pairwise community similarity between all soil samples was
calculated using the Bray–Curtis abundance-based dissimilarity
index, which was highly correlated with the incidence-based
Jaccard index (Mantel test: r = 0.993, P = 0.001). Community
similarity was negatively correlated with both geographic dis-
tance (Mantel test: r = −0.773, P < 0.001) and environmental dis-
tance (Mantel test: r = −0.579, P < 0.001) for each pairwise set of

Table 1. Pearson correlation coefficients between alpha diversity (OTU richness, Faith’s PD and Shannon index) and environmental variables.

r AI Altitude TOC TN TP C/N N/P pH SM PR

Richness 0.601∗∗ − 0.118 0.537∗∗ 0.544∗∗ −0.031 0.317∗ 0.318∗ − 0.255 0.223 0.561∗∗

PD 0.523∗∗ − 0.037 0.448∗∗ 0.463∗∗ −0.043 0.234 0.316∗ − 0.201 0.173 0.478∗∗

Shannon 0.301∗ 0.024 0.236 0.285∗ 0.047 −0.021 0.513∗∗ 0.023 0.126 0.308∗

Asterisk represent significance of correlation (∗P < 0.05; ∗∗P < 0.01). PD, phylogenetic diversity; AI, aridity index; TOC, total organic carbon (%); TN, total nitrogen (%);

TP, total phosphorus (%); C/N, carbon/nitrogen; N/P, nitrogen/phosphorus; SM, soil moisture (%), PR, plant richness.
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Figure 1. The relationships of bacterial operational taxonomic unit richness (A)
and phylogenetic diversity (B) with aridity index based on 97% sequence identity.
The communities were randomly sampled at the 173,260 sequences level.

samples (Fig. 4). Thus, both environmental factors and geo-
graphic distance are key determinants in shaping bacterial com-
munity structures. Variation partition analysis was performed
to quantify the relative contributions of environmental parame-
ters and geographic distance to bacterial community structure.
A subset of environmental variables (aridity, TP, pH, TOC, C/N
ratio, altitude) was selected by the BioEnv procedure and to-
gether explained 24.06% of the bacterial community variation,
whereas geographic distance alone explained 36.02% of the vari-
ation, leaving 39.92% unexplained (Fig. 5). Of the selected envi-
ronmental variables, aridity, TP, pH, TOC, C/N ratio, and altitude
individually explained 5.63%, 5.33%, 5.12%, 3.10%, 2.53%, 2.35%
of observed variation, respectively (Fig. 5).

The bacterial communities from all soils were clustered into
five groups based on Bray–Curtis distance (Fig. 6). Group 1 con-
sisted of eight sites located in Xinjiang andGansu province, from
longitude 87◦ 23′ E to 97◦ 16′ E and had AIs lower than 0.1. Group

Figure 2. Non-metric multidimensional scaling (NMDS) ordination of microbial
community composition from 54 sites across the transect. The compositional

variation is represented with Bray–Curtis distance matrix based on the abun-
dance of OTUs. The two dominant environmental gradients associated with or-
dination are represented: red lines represent the gradient of aridity index; the
sizes of circles indicate the values of pH.

Figure 3. Canonical correspondence analysis (CCA) of the bacterial communities

with site abbreviation. Model ANOVA test: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

2 contained only one site near a Yardang Landform. Group 3 con-
sisted of six sites from Gansu province and western Inner Mon-
golia, from longitude 99◦ 52′ E to 103◦ 45′ E and had AIs lower
than 0.05. Group 4 consisted of 18 sites with 0.1 < AI < 0.3 from
the middle of Inner Mongolia from longitude 104◦ 53′ E to 113◦

28′ E. Group 5 contained 21 sites in the wetter areas with 0.3 < AI
< 0.53 from northeast of Inner Mongolia from longitude 114◦ 05′

E to 120◦ 21′ E. Soils collected from proximal locations harbored
similar bacterial communities.
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Figure 4. Relationships between the log of geographic distance, log of environmental distance and bacterial community similarity estimated by the Bray–Curtis index.

Figure 5. Variation partition analysis of the effects of geographic distance and environmental variables on bacterial community structure. Significance (P) was deter-
mined by an ANOVA-like permutation test in CCA.

The taxonomic abundance of dominant phyla

The relative abundance of dominant bacterial groups in each site
changed across the aridity gradient. The relative abundance of
Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria and
Bacteroidetes showed non-linear relationships with AI, with de-
creased abundance in the more arid areas and increased abun-
dance in areas with higher AI (Supplementary Fig. S5). In con-
trast, the relative abundance of Acidobacteria and Planctomycetes
increased with increasing AI in the more arid areas but showed
no further variation as AI increased more (Supplementary

Fig. S5). Significant negative correlation was observed between
the AI and the relative abundance of Actinobacteria and Chlo-
roflexi (r = −0.845 and −0.510, respectively, P < 0.0001), while
the opposite trend was observed for the phyla Deltaproteobacteria
and Verrucomicrobia (r = 0.850 and 0.901, respectively, P < 0.0001)
(Supplementary Fig. S5). Soil pH revealed a negative correlation
with the relative abundance of most of the dominant phyla, but
showed positive correlation with a few phyla such as Actinobac-
teria (r = 0.729, P < 0.0001), Firmicutes (r = 0.419, P = 0.002) and
Chloroflexi (r = 0.652, P < 0.0001).
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Figure 6. Cluster analysis of bacterial communities based on Bray–Curtis distance matrix. The analysis was performed using vegan package in R.

DISCUSSION

A large number of studies have shown that water availabil-
ity is positively correlated with richness, diversity and abun-
dance of macroorganims (e.g. Hawkins et al. 2003). Interestingly,
in our study bacterial alpha diversity and abundance did not
strictly follow this water-availability paradigm. Although more
arid soils harbored far lower diversity than other relative mesic
soils, the variation in bacterial community alpha diversity was
larger at more arid areas than at the more mesic areas (Fig. 1).
Abrupt changes in bacterial diversity within extremely dry areas
(AI < 0.1) indicate that soil microbes living in areas of lower wa-
ter availability may be easily activated by even small rainfall
events at levels even lower than needed for plants in similar ar-
eas (Collins et al. 2008; Dijkstra et al. 2012). In fact, our data clearly
showed that plant species richness and biomass significantly in-
creased with increasing water availability along the aridity gra-
dient (Supplementary Fig. S6). It is apparent that the pattern of
plant species richness followed a different trend compared with
that of bacterial OTU richness, suggesting that the spatial pat-
terns of macroscopic plants are governed by different mecha-
nisms, possibly because soil microorganisms are more stress-
tolerant than macroorganisms (Gaston 2000; Wardle 2002).

Soil pH has been considered as the major factor determining
soil bacterial diversity and composition (Fierer and Jackson 2006;
Lauber et al. 2009; Chu et al. 2010; Griffiths et al. 2011), yet results
from this study indicated that bacterial diversity and commu-
nity composition is mainly correlated with AI rather than soil
pH. This may be partly because the sampling sites in this study
were located in dry land where the soil pH ranged from neutral
to alkaline (pH 6.35–9.24). The lack of acidic sites in our tran-
sect may have partially obscured the effect of soil pH on bacte-
rial diversity. This effect has been well documented in a long-

term N deposition experiment in the Leymus chinensis steppe
(Yao et al. 2014), where bacterial diversity decreased significantly
onlywhen the pH dropped below 6. Since all of our samples have
pH values higher than 6, the effect of pH on diversity may not
be apparent in these arid and semi-arid grassland ecosystems.
Aridity may play such an important role in structuring the bac-
terial community diversity over space for at least two possible
reasons. First, water availability plays determining roles in regu-
lating andmaintaining ecosystem functioning, especially in arid
areas. Our study sites were located in arid and semi-arid grass-
landswherewater is a key limiting factor influencing the cycling
of nutrients and the diversity and productivity of plant com-
munities, which in turn affect the quantity and quality of plant
litter input to below-ground communities, i.e. microorganisms
(Bai et al. 2008). This speculation is supported by two recent
studies of microbial biogeographic patterns in the Chihuahuan
Desert on the Mexican Plateau (Clark et al. 2009) and Negev
Desert in southern Israel (Angel et al. 2010), which showed the
distribution pattern of soil microbial community in the arid and
semi-arid areas correlated mainly with soil water content and
organic matter. Secondly, the effect of environmental factors on
the belowground community structure is scale-dependent (Et-
tema and Wardle 2002; Fierer et al. 2009; Bardgett and Wardle
2010). At small or local scales (centimeters to meters), spatial
patterns of soil biota are often determined by variation in the
physicochemical properties of soil such as soil carbon and nutri-
ent availability (Wardle 2002). At regional and continental scales,
climate factors such as precipitation or temperature become
more important than soil physicochemical parameters (Teder-
soo et al. 2012; Bardgett and Van der Putten 2014).

In this study, all bacterial communities were dominated by
six major groups, Actinobacteria, Acidobacteria, Alphaproteobac-
teria, Deltaproteobacteria, Bacteroidetes and Planctomycetes. We
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observed that bacterial diversity and the relative abundance of
the dominant phyla were strongly correlated with aridity but
also that changes in the abundance of these dominant phyla var-
ied across the AI gradient (Supplementary Fig. S5). This suggests
that the taxonomic patterns are largely driven by differences in
the abundance of major taxonomic groups. The Actinobacteria
phylum was more abundant in more arid areas, whereas Verru-
comicrobia, in contrast, was less abundant in those areas, similar
to other studies of desert microbial communities (Pointing et al.
2009; Fierer et al. 2012). A non-linear relationship was observed
between Alphaproteobacteria, Betaproteobacteria, Gammaproteobac-
teria and Bacteroidetes and AI. The abundance of these phyla
showed a significant increase with increasing AI above a par-
ticular threshold, which may be due to increases in soil car-
bon availability. For example, Betaproteobacteria and Bacteroidetes,
which are categorized as copiotrophic groups (Fierer, Bradford
and Jackson 2007), are considered as the initial metabolizers of
labile carbon input and are thus more abundant in soils with
high carbon availability (McCaig, Glover and Prosser 1999; Axel-
rood et al. 2002; Padmanabhan et al. 2003). More interestingly,
below a certain AI, abundance of these four phyla decreased
with increasing AI until reaching their lowest abundance at
an AI tipping point. We speculate that this disparity could be
caused by differences in carbon use efficiency. In contrast to the
copiotrophic Bacteroidetes, Acidobacteria generally exhibit olig-
otrophic attributes and are negatively correlated with soil car-
bon availability (Fierer, Bradford and Jackson 2007; Mannisto,
Tiirola andHaggblom2007). Also, some studies reported thatAci-
dobacterial abundance is regulated by pH, with the highest abun-
dances being present in environmentswith the lowest pH values
(Mannisto, Tiirola and Haggblom 2007; Lauber et al. 2008). In our
study, however, the relative abundance of Acidobacteria was in-
fluenced by AI and the lowest abundances were present in the
most arid areas and with a sharp increase in abundance with
increasing AI. This is likely because soils in more arid areas are
more alkaline. The effect of soil pH on Acidobacterial abundance
is probably indirect but further research is required to test this
hypothesis.

Our results showed a significant correlation between bac-
terial community dissimilarity and geographic distance or en-
vironmental distance (Fig. 4), which indicates that the spatial
variation of biodiversity and composition in bacterial commu-
nities across a large-scale gradient may reflect concurrent influ-
ences of contemporary environmental heterogeneity and his-
torical contingencies. This conclusion was further confirmed
by results of cluster analysis in which similar bacterial com-
munities were observed in locations or habitats in the proxim-
ity, and that the occurrence of endemism in different groups
was also driven by environmental factors like aridity (Fig. 6).
Previous studies claimed that dispersal limitation is less im-
portant for microorganisms than contemporary environmental
selection due to their small size providing an essentially unlim-
ited capacity for long distance dispersal (Fenchel, Esteban and
Finlay 1997; Finlay 2002). However, our results clearly demon-
strated that geographic distance explainedmore of the variation
in bacterial community structure than the selected environmen-
tal variables (36.02% and 24.06%, respectively) (Fig. 5). This result
suggests that local environmental conditions likely play a sec-
ondary role to large-scale geographic processes in structuring
microbial communities, while historical contingenciesmay con-
tribute more to shaping patterns of spatial variability in micro-
bial communities across large spatial scales. By contrast, some
surveys at smaller spatial scales found that environmental fac-
tors were primary determinants in regulating the bacterial bio-

geographic patterns rather than distance (Horner-Devine, Car-
ney and Bohannan 2004; Hollister et al. 2010). This discrepancy
could be attributed to the different scales at which the stud-
ies were conducted, because the relative importance of envi-
ronmental and historical factors depends on the survey scale
(Ricklefs 2004). As a result, the factors operating at large spa-
tial scales, like dispersal limitation, may become apparent only
in studies of spatial structure rather than over smaller scales or
site-specific habitats.

This study represents an attempt to investigate bacterial di-
versity and spatial distribution patterns with a unique transect
survey across one of the largest geographic gradient in a single
biome. We show that the diversity and composition of soil bac-
terial communities can be well predicated by aridity in arid and
semi-arid ecosystems. Both geographic distance and climatic
factors govern bacterial biogeographic patterns, suggesting that
the factors operating at large spatial scales, like climate and
dispersal limitation, are the determinants of bacterial commu-
nity structure. Future research should focus more on the mech-
anisms and processes that regulate microbial biodiversity over
such large scales of homogeneous landscapes and understand-
ing the structure–function relationship of microbial communi-
ties in the ecosystem.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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