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HIGHLIGHTS GRAPHICAL ABSTRACT

Altered precipitation influenced micro-
bial diversity and structure.
Interannual variability had a more sig-
nificant impact than altered precipita-
tion.

Altered precipitation and climate vari-
ability affected co-occurrence relation-
ships.

Effect of interannual variability greater
than effect of temperature increase

Altered precipitation treatments and Interannual climate variability had significant
effects on soil microbial community
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and precipitation remains poor. Here, using 16S rDNA and ITS high throughput sequencing, we investigated the
responses of soil bacterial and fungal community structure to both temperature and precipitation changes, and
how such changes could influence interannual variability within soil microbial communities in a grassland in

Editor: Fang Wang the Tibetan Plateau. The altered precipitation treatments had significant effects on soil bacterial and fungal com-

munity structure (F=2.11,P = 0,001; F = 2.26. P = 0.001, respectively), while year had a more significant effect
Keywords: on soil bacterial and fungal community structure (F = 3.36, P = 0.001; F = 2.67, P = 0.001, respectively). The
Climate change results showed that the interannual fluctuations in mean annual precipitation and mean annual temperature
Temperature and precipitation were significantly correlated with the interannual variations in soil bacterial and fungal community structures.
Soil bacterial and fungal diversity In addition, the robustness of co-occurrence relationships among microbes could be strongly influenced by the

Soil bacterial and fungal community

¢ altered precipitation and year. Overall, our results indicated that the effect of interannual climate variability on
Tibetan Plateau

the soil microbial community was greater than the effect of a 1.6 °C increase in temperature. Our findings suggest
an interactive effect of rapid interannual variability and slow climate change on the belowground soil microbial
community structure.
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1. Introduction

Soil bacteria and fungi play a pivotal role in terrestrial carbon cycling
(Bradford et al., 2019; Delgado-Baquerizo et al., 2018; Fierer, 2017).
Considering their fast generation times, changes in community compo-
sition occur rapidly, within minutes, days, and even across years
(Martiny et al., 2017). Such dynamics imply that such strong back-
ground variability (e.g., temporal variation) could have major implica-
tions for environmental change, particularly in the wake of climate
change (Jansson and Hofmockel, 2019; Matulich et al.,, 2015). Although
numerous studies have evaluated the impacts of climate change on the
soil microbial communities (Bahram et al., 2018; Koltz et al., 2018), the
findings are largely inconsistent and only a few studies have focused on
the integrated effects of precipitation and warming on soil microbial
communities (Zhang et al., 2017b; Zhang et al., 2017c). For example,
in a California annual grassland, soil microbial communities exhibited
strong responses to changing precipitation trends (Barnard et al.,
2015); however, in the Angelo Coast Range Reserve in Mendocino
County (California), soil microbial communities only exhibited weak re-
sponses to changes in rainfall (Cruz-Martinez et al., 2009). In alpine
grasslands of the Qinghai-Tibetan Plateau, Zhang et al. (2016) observed
that rainfall rather than warming could greatly influence soil microbial
diversity (Zhang et al., 2016). In addition, in a semi-arid grassland, soil
microbial communities responded positively to warming (Nie et al.,
2013), while in the Great Plain Apiaries (near Norman, OK), warming
did not influence soil microbial community structure in clipped subplots
(Zhang et al., 2005). Furthermore, studies have reported that interac-
tions between changes in moisture and temperature conditions could
influence plant community structure (Yang et al., 2011), in addition to
interannual climate variability (Adler et al., 2006; Cleland et al., 2004).
Such changes in climate could in turn influence the microbial commu-
nity structure indirectly through shifts in the compositions of above-
ground plant communities. Consequently, it is critical to investigate
the interactive effects of precipitation and temperature on soil microbial
community structure annually.

Soil is a complex ecosystem hosting innumerable biotic-biotic and
biotic-abiotic interactions, which influence physiochemical and nutri-
tion cycling activities (Delgado-Baquerizo et al., 2018). Therefore, soil
microbial communities do not persist in isolation and will interact and
establish complex ecological networks with the numerous factors in
the ecosystems (Faust and Raes, 2012). In 2009, Hegland et al. (2009)
observed that climate warming could influence plant-pollinator interac-
tions (Hegland et al., 2009). Since then, numerous studies have reported
diverse impacts of climate warming on soil microbial interactions (Faust
et al., 2015; Guo et al., 2018; Zhang et al., 2018). For instance, based on
molecular ecology clustering methods, more nodes were observed in
soil microbe ecological networks under warming conditions (177
nodes) than under environments not experiencing warming (152
nodes) (Deng et al., 2012), suggesting that warming enhanced the com-
plexity of such ecological networks. In addition, some studies have re-
ported that shifting precipitation trends could influence soil microbial
ecological networks and assembly (Ma et al., 2018; Wang et al., 2018;
Xiao et al., 2018). In a Chinese subtropical forest, soil fungal diversity
and co-occurrence networks were more sensitive to shifts in the season-
ality of precipitation than the bacterial networks (He et al., 2017). How-
ever, our understanding of the interactive effects of precipitation and
temperature on soil microbial networks remains poor.

Our planet has warmed by approximately 0.6 °C over the past cen-
tury (Climate Change, 2001) and changes in precipitation regimes are
not uniform across space and time (Walther et al., 2002). Consider the
Tibetan Plateau. It is the highest (4000 m on average), youngest
(2.4 x 108 years), and largest (2.0 x 10° km?) plateau in the world,
and the region is experiencing a two-fold rate of increase in warming
compared to the global average warming rate (0.2 °C per decade over
the past 50 years) (Chen et al., 2013). Therefore, the ecosystem is partic-
ularly vulnerable to the effects of climate change. Extensive evidence

shows that plant diversity and communities could be altered annually
under simulated climate change conditions (Matulich et al., 2015),
and water availability is the primary limiting factor in arid and semiarid
areas (Niu et al., 2008). Ecologists have previously reported on the ef-
fects of interannual climate variability on aboveground plant diversity
and community structure (Adler et al., 2006). Recently, some studies
have investigated the influence of temporal variability on the microbial
diversity and structure. For example, stream bacterioplankton commu-
nities could vary across seasons (Portillo et al., 2012), while soil fungal
communities changed over time in a meadow habitat (Oja et al.,
2014). When investigating the soil microbial communities in northward
and southward soil transplants, Liang et al. (2015) observed a strong ef-
fect of temporal variation. Similarly, in a semiarid grassland, Liu et al.
(2009) observed that interannual variations in soil respiration and mi-
crobial biomass were correlated positively with interannual fluctuations
in precipitation (Liu et al.,, 2009). The studies above concluded that the
influence of temporal variability on the soil microbial community struc-
ture was potentially attributable to seasonal temperature change or var-
iable annual precipitation. Nevertheless, the effects of interannual
climate variability on the soil microbial structure require further inves-
tigation. Here, we investigate how warming, altered precipitation (sim-
ulated experiment), and interannual climate variability (mean annual
precipitation [MAP] and mean annual temperature [MAT]) influence
soil microbial diversity and community structure under simulated con-
ditions, and if the potential impacts would extend to the associated eco-
logical networks in the soil. In the Tibetan Plateau, considerable
temperature fluctuations are observed throughout the day (Maximum
daily temperature: 8.9 °C; Minimum daily temperature: —7.5 °C). We
assume that the influence of the disturbance on the soil microorganisms
due to a 1.6 °C increase in temperature may not exceed the influence of
the effect of the disturbance associated with the considerable diurnal
and seasonal temperature variations on the soil microbes. To test our
hypothesis, we selected the Haibei Alpine Grassland Ecosystem Re-
search Station, which is located at the northeast of Tibetan Plateau, as
an experimental site to study the effect of warming and precipitation
(over 4 years, years 1, 2, and 4) on the soil microbial community.

2. Method and materials
2.1. Site description and soil sampling

The warming and precipitation experiments were performed at the
Haibei Alpine Grassland Ecosystem Research Station (37°30’N, 101°12/
E, 3200 m), which is to the northeast of the Tibetan Plateau. The local cli-
mate is a typical plateau continental climate and the average annual
temperature ranges from —0.81 °C to —1.82 °C (maximum1 7.3 °C,
minimum —23.6 °C), while annual precipitation ranges from
350.6 mm to 501.3 mm (Wang et al., 2014). Soil at the station is classi-
fied as a Cambisol (IUSS Working Group WRB, 2007).

The well-replicated simulated climate change experiment
established on July 2011 consisted of 36 plots (6 treatments x 6 repli-
cates), each measuring 2 m x 2 m, and was based on a random block de-
sign (each treatment had six replicates, every replicate was a block, and
the blocks were distributed randomly). In our study, to prevent the plat-
form from being strongly disturbed, we selected four replicates from
each treatment. Consequently, we tested 24 soil samples in each year.
The treatment factors were warming and altered precipitation, includ-
ing controls (CK), decreased precipitation (DP; —50%), increased pre-
cipitation (IP; +50%), warming (W; +2 °C), warming with decreased
precipitation (W x DP), and warming with increased precipitation
(W x IP). For detailed information on how warming and altered precip-
itation were achieved, please see Zhang et al.'s study (Zhang et al.,
2017a). Briefly, to evenly heat the surface soil, two parallel infrared
heaters (1000 x 22 mm) hang 1.5 m above the ground in each warmed
plot. To collect the precipitation, four transparent resin polycarbonate
channels, which covered approximately 50% of the plot area, were set
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up above the heaters in the decreased precipitation plots. And the col-
lected rain was added to the increased precipitation plots.

Soil samples (four replicates) were collected in each treatment in
2012, 2013 and 2015. To ensure consistency, all the soils were collected
during growing seasons around mid-July. In each plot, five 0-5-cm soil
cores (four vertices and one center) were drilled and then mixed to ob-
tain one sample. Subsequently, the samples were transported to the lab-
oratory on ice and stored at —20 °C. The sampling yielded 24 soil
samples (6 treatments x 6 replicates) for each year and 72 soil samples
in total.

Soil DNA extraction was performed according to the instruction
manual of the Fast DNA R SPIN Kit for soil (MP Biomedicals, Santa
Ana, CA, USA). Subsequently, soil DNA was quantified using a Nano
Drop ND-1000 spectrophotometer (NanoDrop Technologies, Wilming-
ton, DE, USA) and stored at —20 °C.

2.2. Sequence processing

The raw paired-end reads were joined using FLASH (Magoc and
Salzberg, 2011) and 2,668,345 raw joined reads obtained for bacteria
and 3,709,151 raw joined reads obtained for fungi. The merged reads
were analyzed using QIIME2 v2018.08 (https://qiime2.org) for se-
quence quality control and diversity estimation. Deblur (Amir et al.,
2017) was used to perform quality control on the raw sequences indi-
vidually to obtain a subsamsampled operational taxonomic unit (sub-
OTU) table. As the quality was relatively low at the end of the reads,
all the paired-end bacterial sequences were truncated at 350 bp and
the fungal sequences were truncated at 150 bp. After filtering the low
quality sequences, the q2-vsearch plugin was used to identify and filter
chimeras. Sklearn-based taxonomy classifier was used for taxonomy as-
signment in the Greengenes database (13-8) (Second Genome Inc., San
Francisco, CA, USA) for 16S and the UNITE database (17-12 release)
(http://unite.ut.ee) for ITS at 99% identity. A total of 12,041 16s rRNA
and 18,200 ITS gene high-quality sequences were selected randomly
for fungal and microbial diversity analyses.

2.3. Data analysis

Three-way Analysis of Variance (ANOVA) was used to evaluate the
effects of warming, altered precipitation, and year on microbial sub-
OTU, microbial community dissimilarity, and the relative abundances
of bacterial phyla and fungal classes. The normality of the response var-
iables was tested using the Shapiro-Wilk test. If the null hypothesis was
rejected, square root transformation was applied before ANOVA testing.
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Both abundance-based Bray-Curtis distance and presence-absence
based Jaccard distance were calculated to reveal potential microbial
compositional variation between treatments. PERMANOVA analysis
was used to evaluate the effects of warming, altered precipitation, and
year on the compositional variations. Cross-domain interaction net-
works were constructed using the SpiecEasi package in R (Kurtz et al.,
2015) and the sparCC function of the SpiecEasi package was used to cal-
culate the correlation between each sub-OTU. To reduce artificial corre-
lation, the sub-OTUs with a frequency lower than 50% and sparCC
correlation values less or equal to 0.3 were removed from the network.
The undirected network graphs were visualized using gephi (https://
gephi.org/). Topology features of a network were analyzed using func-
tions of the igraph package in R. Node degree was used to evaluate the
network sparsity and a lower degree indicated a sparser network
(Tipton et al., 2018). Natural connectivity of a complex network was ap-
plied to reveal the robustness of a network (Wu et al., 2010). Box-plots
and line plots were illustrated using the ggplot2 package in R.

To determine the influence of interannual climate variability (repre-
sented by MAT and MAP) on the soil bacterial and fungal communities,
three-way ANOVA was used to test the effects of treatments, MAP, and
MAT on the soil microbial community structure.

3. Results
3.1. Soil microbial community composition

We characterized 7007 bacterial and 2368 fungal species-level OTUs
(sOTUs) using a 99% sequence similarity cutoff from 2,668,345 and
3,709,151 high quality reads, respectively. Most of the bacterial sOTUs
were classified as Proteobacteria (32%), Actinobacteria (30%),
Acidobacteria (13%), or Planctomycetes (5.9%), with Chloroflexi (6.4%)
and Bacteriodetes (5.1%) at the phylum level (Table S1). The majority
of the fungal sOTUs were classified as Agaricomycetes (18%),
Leotiomycetesor (9.6%) or Sordariomycetes (9.6%), followed by
Mortierellomycetes (6.6%) and Dothideomycetes (4.7%) at class level
(Table S2).

3.2. Effects of treatments and temporal variations on the number of soil mi-
crobial sOTUs

According to the results of the three-way ANOVA, year influenced
the number of soil bacterial sOTUs significantly (F = 10.46, P <0.001.
Table 1), and precipitation influenced the number of soil fungal
sOTUs significantly (F = 4.55, P <0.001, Table 1). Both the number
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Fig. 1. Comparative analysis of the richness between the control, decreased precipitation and increased precipitation with the year. A: Bacterial richness. B: Fungal richness.
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Fig. 2. Relationships between the number of bacterial sSOTU (A), the number of fungal
sOTU and mean annual precipitation (MAT).

of bacterial and fungal sOTUs were influenced significantly by the in-
teractive effects of the precipitation treatments and year (Table 1). A
comparative analysis revealed that the effect of year on soil microbial
richness was greater than the effect of the precipitation treatments
(Fig. 1). When we compared each treatment to the control within
each year, only warming interacted with decreased precipitation
(WDP), with significant effect on the number of fungal sOTUs
(Table S3).

In our study, MAT and MAP represented interannual climate vari-
ability. To determine the influence of interannual climate variability
on soil microbial sOTUs, a correlation analysis was conducted among

Table 1

Three-way ANOVA of the effect of warming, precipitation, year, warming x precipitation,
warming x year, precipitation x year, and warming x precipitation x year on richness
(number of sOTU) of bacteria and fungi. Bold means significant difference.

Treatment Df Bacterial richness Fungal
richness
F P F P

Warming 1 0.15 0.7 134 0.25
Precipitation 2 0.55 0.58 4.55 0.02
Year 2 10.46 <0.001 241 0.1
Warming x precipitation 2 0.78 0.46 1.36 0.27
Warming x year 2 0.69 0.51 0.45 0.64
Precipitation x year 4 2.55 0.05 3.13 0.02
Warming x precipitation x year 4 0.55 0.7 0.68 0.61

MAP, MAT, and number of microbial sOTUs. MAT was correlated signif-
icantly with bacterial sOTUs, while no factors were correlated with the
fungal sOTUs significantly (Fig. 2, Table S4).

3.3. Influence of treatments and temporal variations on the soil microbial
communities

Three-way ANOVA was used to test the effects of treatments and
year on soil microbial community composition. The precipitation treat-
ments and year had significant effects on the dissimilarity of bacterial
and fungal communities (Table 2). In addition, warming had a signifi-
cant effect on the Bray-Curtis distances of the fungal communities
(Table 2). Furthermore, a comparative analysis revealed that the effect
of annual variations on soil microbial communities was greater than
the effects of precipitation treatments on soil microbial communities
(Table 3). When we compared each treatment to the control within
each year, DP influenced the dissimilarity in bacterial communities in
2012 and 2013 (Table S5).

According to the results, both MAP and MAT had significant effects
on the bacterial and fungal community structure (Table 4).

When investigating the effect of treatments and annual variability in
climate on the dominant bacterial and fungal phyla, we observed that
the abundance of Acidobacteria, Actinobacteria, Chloroflexi,
Gemmatimonadetes, Nitrospirae, Planctomycetes, Proteobacteria,
Dothideomycetes, Mortierellomycetes, and Tremellomycetes were sig-
nificantly affected by annual variation, while the precipitation treat-
ments significantly influenced the abundance of Actinobacteria,
Chloroflexi, Planctomycetes, Proteobacteria, and Tremellomycetes.
In addition, the abundance of Sordariomycetes was influenced a
great deal by an interaction between warming and year (Tables S6
and S7).

3.4. Effects of treatments and temporal variability on the associated soil mi-
crobial ecological networks

To determine the potential effects of treatments and temporal vari-
ability on soil microbial interactions, cross-domain interaction networks
were constructed (Table 5). Generally, the topological feature values
had no obvious differences among treatments. However, with regard
to the modularity index, the values decreased along the years
(Table 5), which implied that the clusters within the networks would
be influenced by the annual climate variability. After assessing the role
of each node within a module, we observed that the modular hubs
and network hubs disappeared gradually along the years (Fig. 3),
which confirmed that annual variability influenced module formation.

To determine the robustness of the microbial networks among the
treatments and years, a natural connectivity analysis was carried out.
According to the results, there were no obvious trends in the control
treatment across the years (Fig. 4A). However, in the DP and IP treat-
ments, contrasting trends were observed. Compared to 2012, the natu-
ral connectivity values increased sharply in 2013 and dramatically
decreased in 2015 in the DP treatment. Conversely, the natural connec-
tivity values decreased sharply in 2013 and increased dramatically in
2015 in the IP treatment (Fig. 4B). The results indicated a major effect
of annual variability on the robustness of the soil microbial network.
With regard to the effect of treatment on the robustness of the soil mi-
crobial network within each year, similar trends were observed in 2012
and 2015, where the robustness of the soil microbial networks in the
control was the highest followed by in the IP and DP treatments. How-
ever, in 2013, both the control and DP had higher values than the IP.

4. Discussion
Climatic conditions (e.g., temperature and precipitation) and plant

growth are vary highly seasonally or annually in the ecosystems
(Bardgett and Wardle, 2010; Matulich et al., 2015). Consequently,
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Table 2

PERMANOVA analysis of the effect of warming, precipitation, year, warming x precipitation, warming x year, precipitation x year and warming x precipitation x pear on the dissimilarity

of bacterial and fungal communities. Bold mean significant difference.

Treatment Df Bacteria Fungi

Bray-Curtis Jaccard Bray-Curtis Jaccard

F P F P F P F P
Warming 1 1.126 0.19 1.084 0.231 1.372 0.036 1.233 0.051
Precipitation 2 2.111 0.001 1.752 0.001 2.261 0.001 1.831 0.001
Year 2 3.357 0.001 2.661 0.001 2.673 0.001 2.038 0.001
Warming x precipitation 2 1.126 0.189 1.074 0.209 1.186 0.09 1.131 0.087
Warming x year 2 0.859 0.872 0.891 0.916 0.732 0.994 0.81 0.996
Precipitation x year 4 0.92 0.771 0.967 0.652 0.746 1 0.843 0.999
Warming x precipitation x year 4 0.738 1 0.814 1 0.766 0.999 0.836 0.997

belowground microbial communities could be influenced directly or
indirectly by such factors (Zak et al., 2003). Based on a temporal var-
iation perspective, we investigated the responses of bacterial and
fungal community structure to two simulated climatic change
events: warming and altered precipitation. According to our results,
year had a strong effect on the soil bacterial and fungal community
structure and the robustness of microbial ecological networks. In ad-
dition, the interannual fluctuations in MAP and MAT were correlated
significantly with the interannual variability in soil bacterial and fun-
gal community structure in the Tibetan Plateau grassland soils
(Table 4). Consistently, we also observed that altered precipitation
trends had considerable effects on soil microbial diversity and com-
munity structure. Many studies have reported that precipitation in-
fluences soil microbial diversity and community structure. For
example, soil microbial communities in Chihuahuan desert grass-
lands exhibited significant responses to seasonally altered precipita-
tion over seven years (Bell et al., 2014). The influence of precipitation
on the soil microbial community structure could be associated di-
rectly with the close association between soil moisture, and micro-
bial diversity and community structure (Sheik et al., 2011).

Altered precipitation trends and annual variability could influ-
ence not only microbial community structure but also the microbial
co-occurrence relationships. Although the patterns of robustness of
co-occurrence relationships in 2015 tended to recover to the previ-
ous trends observed in 2012, the response mechanisms of soil micro-
bial communities to drought and precipitation could be different, as
observed, for example, in the dramatic shift in 2013. Previous studies
have reported that dry conditions could increase bacterial isolation
and, in turn, decrease competition among species (Treves et al.,
2003; Zhou et al., 2002). In addition, drought conditions could de-
crease soil nutrient availability (Fang and Zhang, 2018). Under poor
nutrient conditions, competition would be more intense within a
complex microbial community, and studies have demonstrated that
competition among microbes could reinforce the robustness of net-
works (Foster and Bell, 2012; Coyte et al., 2015). In addition, under
such conditions, the dominant species would be abundant and
could outcompete less dominant species, which could weaken the
robustness of the co-occurrence relationships among soil microbes.

Table 3
Analysis of the effect of the precipitation and year on the soil bacterial community and fun-
gal community.

Bacteria_Bray Bacteria_Jaccard Fungi_Bray Fungi_Jaccard

Curtis Curtis
Precipitation 0.407 0.61 0.66 0.632
Year 0.411 0.612 0.662 0.635
Wilcox test P 0.006 0.045 0.571 <0.001
value

Conversely, an increase in precipitation would increase the abun-
dance of nutrients in the soil (Tuttle and Salvucci, 2016). Therefore,
competition among species would decrease, which would also lead
to low robustness of co-occurrence relationships among soil mi-
crobes. However, with the extension of the rainfall period, precipita-
tion would become a stress factor for the soil microbes. Therefore,
species would compete with other species to survive under the
stress environments, which would lead to relatively low levels of ro-
bustness of co-occurrence relationships within soil microbial
communities.

In our study, warming did not influence soil microbial community
structure significantly, while the bacterial and fungal community struc-
tures exhibited high responses to altered precipitation trends. Poten-
tially because of the unique geographical location of the experimental
station (high elevation ecosystem), the disturbance on the soil microor-
ganisms occasioned by a 1.6 °C increase in temperature could not offset
the influence of the considerable diurnal and seasonal temperature var-
iations in the area (Table S8). Presumably, the soil microbial communi-
ties in the Tibetan Plateau have adapted to such large temperature
differences throughout the day (Maximum daily temperature: 8.9 °C;
Minimum daily temperature: —7.5 °C). In addition, under drought con-
ditions (425.36-850.4 mm, annual mean precipitation: 582.1 mm), pre-
cipitation or soil moisture, rather than soil temperature, would have
major effects on soil microbial community structure (Lin et al., 2016;
Ochoa-Hueso et al., 2018). In 2018, Ladau et al. (2018) reported that
the prevailing climate warming trend would increase microbial diver-
sity over the following 50 years, and that current microbial diversity is
strongly influenced by past climatic conditions and trends (Ladau
etal., 2018). Therefore, climate change has a legacy effect on soil micro-
bial community structure. This could be the reason for not witnessing
obvious effects of warming on the soil microbial diversity and commu-
nity structure in the present study.

Table 4
Three-way ANOVA was used to test the effects of treatments, mean annual precipitation,
and mean annual temperature on the soil microbial community composition.

Df Bacteria Fungi
F P F P
MAP 1 3.46 0.001 2.65 0.001
MAT 1 3.26 0.001 2.7 0.001
Warming 1 1.13 0.203 1.37 0.043
Precipitation 2 211 0.001 2.26 0.001
MAP + warming 1 0.91 0.6 0.73 0.949
MAT « warming 1 0.81 0.88 0.73 0.95
MAP =« precipitation 2 091 0.702 0.75 0.987
MAT « precipitation 2 0.93 0.673 0.74 0.988
Warming « precipitation 2 1.13 0.143 1.19 0.096
MAP = warming = precipitation 2 0.8 0.955 0.83 0.91
MAT = warming = precipitation 2 0.68 1 0.7 0.997

Bold values mean P <0.05
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Table 5
Topological features of microbial networks in treatments (CK: control, DP: decreased precipitation, and IP: increased precipitation) in each year.
Year Treatment Node Edge Connectance Transitivity Average degree Modularity
CK 497 58311 0.473 0.558 234.7 0.132
2012 DP 508 52,116 0.405 0.478 205.2 0.128
P 469 50,673 0.462 0.547 216.1 0.124
CK 527 62,526 0.451 0.529 2373 0.122
2013 DP 508 58,519 0.454 0.533 2304 0.134
P 504 54,672 0.431 0.499 217 0.12
CK 488 56,218 0473 0.558 2304 0.119
2015 DP 505 54,735 0.43 0.497 216.8 0.122
P 487 52,853 0.447 0.525 217.1 0.131
5. Conclusion climate variability in the form of MAP and MAT influenced the interan-
nual variations in soil bacterial and fungal community structures con-
In conclusion, our results indicate that altered precipitation and tem- siderably. The results of our longitudinal study offer novel insights
poral variation could alter soil bacterial and fungal diversity and com- into the responses of soil microbial communities to climate change.
munity structure, with additional impacts on the robustness of co- Supplementary data to this article can be found online at https://doi.

occurrence relationships among microbes. In particular, interannual org/10.1016/j.scitotenv.2020.136794.

2012 2013 2015

1 [ [ ——
@,
S ] 241
g T 211 |
9 3 & | . .
g g |! g |
o R k=
(0] ° @ 04 | @ 0 |
= 0.01 = =
o k+] | k=] |
g g g
1 [ I 1 I
£ £ £
£ 251 s | £ L1
= = | = |
_4.
| |
50— 2 | ! L3 . | ! ! .
045 050 055 060 065 060 065 070 075 080 0.60 0.65 0.70 0.75
Among-module connectivity Among-module connectivity Among-module connectivity
501
——— - e
I 24 ee ™
ol g ® & _—
$ 25 - $ i L 3 o
o 1 o =
[} D - [o]
© k= ©
D P 2 ool g . o
'g | 'g [ ) 'g 04
=] Q (=]
S 1 E 27 r‘;, E
1 1 L] ]
c 2.5 c ° c
= | = 1 r=
= = = -2
= 1 . = -4 1 . =
50 1
| - I |
060 065 070 075 080 050 055 080 065 055 060 065 070 075
Among-module connectivity Among-module connectivity Among-module connectivity
T = T % T
® o0 o
! nd @ _‘: ! 24
Q 254= b == - ) 1 @
2 L] 2% o 25+= = o
> 1 =] 1 =]
Q [«F] ()]
o © o
I F 2 gof ! o ! 2 of
3 1 2 1 2
s) 2 001 g
t I £ £
£ -25- £ £
£ | £ 1 £ -2
= 1 = 2541 =
-504 | |
| N I A | N D L. A R e e e
060 065 070 075 060 065 070 075 080 060 065 070 075
Among-module connectivity Among-module connectivity Among-module connectivity

Fig. 3. The co-occurrence network roles of analysing module feature.


https://doi.org/10.1016/j.scitotenv.2020.136794
https://doi.org/10.1016/j.scitotenv.2020.136794

Y. Shi et al. / Science of the Total Environment 714 (2020) 136794 7

2012 2013 2015

04514 Year
— 0.454
- 2012 =
S -eee 2013 ;
B 0.40- ——- 2015 154
2 D .40~
c
S c
o o
© Treatment o
£ Bl
5 %% — CK © 0.354
z =
— DP =
— P =z
0.304 0.304

Treatment
CK

DP
— IP

0 100 200 300 400
Number of removed nodes

0 100200300400 0 100200300400 O 100200300400

Number of removed nodes

Fig. 4. The natural connectivity of microbial network by treatments and years (A), and by treatments (B) within each year.

Funding

This work was supported by the National Natural Science Founda-
tion of China (41701298) and the National Program on Key Basic Re-
search Project (973 Program) (2014CB954002, 2014CB954004).

Data statement

Research data is not publicly available. Upon reasonable request,
data can be shared by corresponding author Haiyan Chu.

Declaration of competing interest
The authors declare that they have no competing interests.
Acknowledgement

We sincerely thank LiLin and Zhiyuan Ma for field activity coordina-
tion and management.

References

Adler, P.B,, HilleRisLambers, ]., Kyriakidis, P.C., Guan, Q.F,, Levine, ].M., 2006. Climate vari-
ability has a stabilizing effect on the coexistence of prairie grasses. P. Natl. Acad. Sci.
US.A. 103 (34), 12793-12798.

Amir, A, McDonald, D., Navas-Molina, ].A., Kopylova, E., Morton, ].T., Xu, Z.Z., Kightley, E.P.,
Thompson, LR, Hyde, E.R., Gonzalez, A., Knight, R., 2017. Deblur rapidly resolves
single-nucleotide community sequence patterns. Msystems 2 (2).

Bahram, M., Hildebrand, F., Forslund, S.K., Anderson, ].L., Soudzilovskaia, N.A., Bodegom,
P.M., Bengtsson-Palme, J., Anslan, S., Coelho, L.P., Harend, H., Huerta-Cepas, J.,
Medema, M.H., Maltz, M.R., Mundra, S., Olsson, P.A,, Pent, M., Polme, S., Sunagawa,
S., Ryberg, M., Tedersoo, L., Bork, P., 2018. Structure and function of the global topsoil
microbiome. Nature 560 (7717), 233.

Bardgett, R.D., Wardle, D.A., 2010. Aboveground-belowground linkages: biotic interac-
tions, ecosystem processes, and global change. Oxford Series in Ecology and Evolu-
tion. Oxford University Press, Oxford; New York.

Barnard, R.L, Osborne, C.A., Firestone, M.K., 2015. Changing precipitation pattern alters
soil microbial community response to wet-up under a Mediterranean-type climate.
Isme J 9 (4), 946-957.

Bell, C.W,, Tissue, D.T., Loik, M.E., Wallenstein, M.D., Acosta-Martinez, V., Erickson, R.A.,
Zak, ].C., 2014. Soil microbial and nutrient responses to 7 years of seasonally altered
precipitation in a Chihuahuan Desert grassland. Glob. Chang. Biol. 20 (5), 1657-1673.

Bradford, M.A., McCulley, R.L.,, Crowther, TW., Oldfield, E.E., Wood, S.A., Fierer, N., 2019.
Cross-biome patterns in soil microbial respiration predictable from evolutionary the-
ory on thermal adaptation. Nature Ecology & Evolution 3, 223-231.

Chen, H., Zhu, QA,, Peng, C.H., Wu, N., Wang, Y.F,, Fang, X.Q., Gao, Y.H,, Zhu, D,, Yang, G.,
Tian, ].Q., Kang, X.M,, Piao, S.L., Ouyang, H., Xiang, W.H., Luo, Z.B., Jiang, H., Song,
XZ., Zhang, Y., Yu, G.R, Zhao, X.Q., Gong, P., Yao, T.D., Wu, J.H., 2013. The impacts of
climate change and human activities on biogeochemical cycles on the Qinghai-
Tibetan Plateau. Glob. Chang. Biol. 19 (10), 2940-2955.

Cleland, E.E., Smith, M.D., Andelman, S.J., Bowles, C., Carney, K.M., Horner-Devine, M.C.,
Drake, J.M., Emery, S.M., Gramling, ].M., Vandermast, D.B., 2004. Invasion in space

and time: non-native species richness and relative abundance respond to interannual
variation in productivity and diversity. Ecol. Lett. 7 (10), 947-957.

Contribution of Working Group I to the Third Assessment Report of the International
Panel on Climate Change, 2001. Cambridge Univ. Press.

Coyte, K.Z., Schluter, J., Foster, K.R., 2015. The ecology of the microbiome: networks, com-
petition, and stability. Science 350, 663-666.

Cruz-Martinez, K., Suttle, K.B., Brodie, E.L., Power, M.E., Andersen, G.L., Banfield, J.F., 2009.
Despite strong seasonal responses, soil microbial consortia are more resilient to long-
term changes in rainfall than overlying grassland. Isme ] 3 (6), 738-744.

Delgado-Baquerizo, M., Oliverio, A.M., Brewer, T.E., Benavent-Gonzalez, A., Eldridge, DJ.,
Bardgett, R.D., Maestre, F.T., Singh, B.K,, Fierer, N., 2018. A global atlas of the dominant
bacteria found in soil. Science 359 (6373), 320-325.

Deng, Y., Jiang, Y.H., Yang, Y.F., He, Z.L, Luo, F., Zhou, ].Z., 2012. Molecular ecological net-
work analyses. Bmc Bioinformatics 13.

Fang, O., Zhang, Q.B., 2018. Tree resilience to drought increases in the Tibetan Plateau.
Glob. Chang. Biol. 1-9.

Faust, K., Raes, J., 2012. Microbial interactions: from networks to models. Nat Rev
Microbiol 10 (8), 538-550.

Faust, K., Lima-Mendez, G., Lerat, ].S., Sathirapongsasuti, ].F., Knight, R., Huttenhower, C.,
Lenaerts, T., Raes, J., 2015. Cross-biome comparison of microbial association net-
works. Front. Microbiol. 6, 1200.

Fierer, N., 2017. Embracing the unknown: disentangling the complexities of the soil
microbiome. Nat. Rev. Microbiol (10), 579-590.

Foster, K., Bell, T., 2012. Competition, not cooperation, dominates interactions among
culturable microbial species. Curr. Biol. 22, 1845-1850.

Guo, X, Feng, ]J., Shi, Z,, Zhou, X.S., Yuan, M.T,, Tao, X.Y., Hale, L., Yuan, T., Wang, JJ., Qin,
YJ., Zhou, AF, Fu, Y., Wu, LY., He, Z.L,, Van Nostrand, J.D., Ning, D.L, Liu, X.D., Luo,
Y.Q, Tiedje, ].M,, Yang, Y.F,, Zhou, ].Z.,, 2018. Climate warming leads to divergent suc-
cession of grassland microbial communities. Nat. Clim. Chang. 8 (9), 813-818.

He, D., Shen, W., Eberwein, J., Zhao, Q., Ren, L., Wu, Q.L,, 2017. Diversity and co-occurrence
network of soil fungi are more responsive than those of bacteria to shifts in precipi-
tation seasonality in a subtropical forest. Soil Biol. Biochem. 115, 499-510.

Hegland, S.J., Nielsen, A., Lazaro, A., Bjerknes, A.L, Totland, O., 2009. How does climate
warming affect plant-pollinator interactions? Ecol. Lett. 12 (2), 184-195.

1USS Working Group WRB, 2007. World Reference Base for Soil Resources 2006, First Up-
date 2007. World Soil Resources Reports No.103. FAO, Rome.

Jansson, J.K., Hofmockel, K.S., 2019. Soil microbiomes and climate change. Nat. Rev.
Microbiol. https://doi.org/10.1038/s41579-019-0265-7.

Koltz, AM.,, Classen, A.T., Wright, J.P., 2018. Warming reverses top-down effects of pred-
ators on belowground ecosystem function in Arctic tundra. P. Natl. Acad. Sci. U.S.A.
115 (32), E7541-E7549.

Kurtz, Z.D., Muller, C.L., Miraldi, E.R,, Littman, D.R., Blaser, M.J., Bonneau, R.A., 2015. Sparse
and compositionally robust inference of microbial ecological networks. PLoS Comput.
Biol. 11 (5).

Ladau, J,, Shi, Y., Jing, X, He, ].-S., Chen, L., Lin, X,, Fierer, N., Gilbert, ].A., Pollard, K.S., Chu,
H., Mason, 0., 2018. Existing climate change will lead to pronounced shifts in the di-
versity of soil prokaryotes. mSystems 3 (5).

Liang, Y.T., Wu, LW., Clark, .M., Xue, K., Yang, Y.F., Van Nostrand, J.D., Deng, Y., He,
Z.L., McGrath, S., Storkey, J., Hirsch, P., Sun, B., Zhou, J.Z., 2015. Over 150 years
long-term fertilization alters spatial scaling of microbial biodiversity. mBio. 6,
e00240-15.

Lin, L, Zhu, B,, Chen, CR,, Zhang, ZH., Wang, Q.B., He, ].S., 2016. Precipitation overrides
warming in mediating soil nitrogen pools in an alpine grassland ecosystem on the Ti-
betan Plateau. Sci Rep-Uk 6.

Liu, W.X,, Zhang, Z., Wan, S.Q., 2009. Predominant role of water in regulating soil and mi-
crobial respiration and their responses to climate change in a semiarid grassland.
Glob. Chang. Biol. 15 (1), 184-195.

Ma, B., Cai, Y.J., Bork, EW., Chang, S.X., 2018. Defoliation intensity and elevated precipita-
tion effects on microbiome and interactome depend on site type in northern mixed-
grass prairie. Soil Biol. Biochem. 122, 163-172.


http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0005
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0005
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0005
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0010
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0010
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0015
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0015
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0020
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0020
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0020
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0025
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0025
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0025
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0030
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0030
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0035
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0035
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0040
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0040
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0040
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0045
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0045
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0045
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf7000
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf7000
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0055
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0055
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0060
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0060
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0065
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0065
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0070
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0070
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0075
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0075
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0080
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0080
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0085
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0085
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf9000
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf9000
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0090
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0090
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0095
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0095
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0095
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0100
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0100
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0105
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0105
https://doi.org/10.1038/s41579-019-0265-7
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0115
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0115
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0115
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0120
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0120
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0120
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0125
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0125
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf8000
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf8000
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf8000
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0130
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0130
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0130
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0135
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0135
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0135
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0140
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0140
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0140

8 Y. Shi et al. / Science of the Total Environment 714 (2020) 136794

Magoc, T., Salzberg, S.L., 2011. FLASH: fast length adjustment of short reads to improve
genome assemblies. Bioinformatics 27 (21), 2957-2963.

Martiny, J.B., Martiny, A.C., Weihe, C, Lu, Y., Berlemont, R., Brodie, E.L., Goulden, M.L.,
Treseder, KK, Allison, S.D., 2017. Microbial legacies alter decomposition in response
to simulated global change. Isme ] 11 (2), 490-499.

Matulich, K.L., Weihe, C,, Allison, S.D., Amend, A.S., Berlemont, R., Goulden, M.L., Kimball,
S., Martiny, A.C., Martiny, J.B., 2015. Temporal variation overshadows the response of
leaf litter microbial communities to simulated global change. Isme ] 9, 2477-2489.

Nie, M., Pendall, E., Bell, C,, Gasch, CK, Raut, S., Tamang, S., Wallenstein, M.D., 2013. Pos-
itive climate feedbacks of soil microbial communities in a semi-arid grassland. Ecol.
Lett. 16 (2), 234-241.

Niu, S.L., Wu, M.Y., Han, Y., Xia, .Y, Li, LH., Wan, S.Q., 2008. Water-mediated responses of
ecosystem carbon fluxes to climatic change in a temperate steppe. New Phytol. 177
(1),209-219.

Ochoa-Hueso, R., Collins, S.L., Delgado-Baquerizo, M., Hamonts, K., Pockman, W.T.,
Sinsabaugh, R.L,, Smith, M.D., Knapp, A.K., Power, S.A., 2018. Drought consistently al-
ters the composition of soil fungal and bacterial communities in grasslands from two
continents. Glob. Chang. Biol. 24 (7), 2818-2827.

0ja, J., Kohout, P., Tedersoo, L., Kull, T., Koljalg, U., 2014. Temporal patterns of orchid my-
corrhizal fungi in meadows and forests as revealed by 454 pyrosequencing. New
Phytol. 205, 1608-1618.

Portillo, M.C., Anderson, S.P., Fierer, N., 2012. Temporal variability in the diversity and com-
position of stream bacterioplankton communities. Environ. Microbiol. 14, 2417-2428.

Sheik, C.S., Beasley, W.H,, Elshahed, M.S., Zhou, X.H., Luo, Y.Q., Krumholz, LR, 2011. Effect of
warming and drought on grassland microbial communities. Isme J 5 (10), 1692-1700.

Tipton, L., Muller, C.L., Kurtz, Z.D., Huang, L., Kleerup, E., Morris, A., Bonneau, R., Ghedin, E.,
2018. Fungi stabilize connectivity in the lung and skin microbial ecosystems.
Microbiome 6 (1), 12.

Treves, D.S., Xia, B., Zhou, ], Tiedje, ].M., 2003. A two-species test of the hypothesis that
spatial isolation influences microbial diversity in soil. Microb. Ecol. 45 (1), 20-28.

Tuttle, S., Salvucci, G., 2016. Empirical evidence of contrasting soil moisture-precipitation
feedbacks across the United States. Science 352 (6287), 825-828.

Walther, G.R,, Post, E., Convey, P., Menzel, A, Parmesan, C., Beebee, T.J.C., Fromentin, ].M.,
Hoegh-Guldberg, O., Bairlein, F., 2002. Ecological responses to recent climate change.
Nature 416 (6879), 389-395.

Wang, Y.H,, Liy, HY., Chung, H., Yu, LF,, Mi, ZR,, Geng, Y., Jing, X., Wang, S.P., Zeng, H., Cao,
G.M,, Zhao, X.Q,, He, J.S., 2014. Non-growing-season soil respiration is controlled by
freezing and thawing processes in the summer monsoon-dominated Tibetan alpine
grassland. Global Biogeochem. Cy 28 (10), 1081-1095.

Wang, S., Wang, X, Han, X,, Deng, Y., 2018. Higher precipitation strengthens the microbial
interactions in semi-arid grassland soils. Glob. Ecol. Biogeogr. 1-11.

Wau, ], Barahona, M,, Tan, Y.J., Deng, H.Z., 2010. Natural connectivity of complex networks.
Chin. Phys. Lett. 27 (7).

Xiao, X., Liang, Y.T., Zhou, S., Zhuang, S.Y., Sun, B., 2018. Fungal community reveals less
dispersal limitation and potentially more connected network than that of bacteria
in bamboo forest soils. Mol. Ecol. 27 (2), 550-563.

Yang, HJ., Wu, M.Y.,, Liu, W.X,, Zhang, Z., Zhang, N.L,, Wan, S.Q., 2011. Community struc-
ture and composition in response to climate change in a temperate steppe. Glob.
Chang. Biol. 17 (1), 452-465.

Zak, D.R., Holmes, W.E., White, D.C,, Peacock, A.D., Tilman, D., 2003. Plant diversity, soil
microbial communities, and ecosystem function: are there any links? Ecology 84
(8), 2042-2050.

Zhang, W., Parker, K.M., Luo, Y., Wan, S., Wallace, L.L.,, Hy, S., 2005. Soil microbial re-
sponses to experimental warming and clipping in a tallgrass prairie. Glob. Chang.
Biol. 11 (2), 266-277.

Zhang, Y., Dong, SK., Gao, Q.Z, Liy, S.L, Zhou, H.K,, Ganjurjav, H., Wang, X.X., 2016. Cli-
mate change and human activities altered the diversity and composition of soil mi-
crobial community in alpine grasslands of the Qinghai-Tibetan Plateau. Sci. Total
Environ. 562, 353-363.

Zhang, K.P., Shi, Y., Jing, X., He, ].S., Sun, R.B,, Yang, Y.F., Shade, A., Chu, H.Y., 2017a. Effects
of short-term warming and altered precipitation on soil microbial communities in al-
pine grassland of the Tibetan Plateau (vol 7, 1032, 2016). Front. Microbiol. 8, 667.

Zhang, X., Johnston, E.R,, Li, L., Konstantinidis, K.T., Han, X., 2017b. Experimental warming
reveals positive feedbacks to climate change in the Eurasian Steppe. Isme ] 11 (4),
885-895.

Zhang, Y., Dong, S.K., Gao, Q.Z., Liu, S.L,, Ganjurjav, H., Wang, X.X., Su, X.K,, Wu, X.Y.,
2017c. Soil bacterial and fungal diversity differently correlated with soil bio-
chemistry in alpine grassland ecosystems in response to environmental changes.
Sci. Rep. 7, 1-10.

Zhang, CJ., Delgado-Baquerizo, M., Drake, ].E., Reich, P.B., Tjoelker, M.G., Tissue, D.T.,
Wang, ].T., He, J.Z., Singh, B.K., 2018. Intraspecies variation in a widely distributed
tree species regulates the responses of soil microbiome to different temperature re-
gimes. Environ. Microbiol. Rep. 10 (2), 167-178.

Zhou, J,, Xia, B, Treves, D.S., Wu, LY., Marsh, T.L, O'Neill, R.V., Palumbo, A.V.,, Tiedje, ].M.,
2002. Spatial and resource factors influencing high microbial diversity in soil. Appl.
Environ. Microb. 68 (1), 326-334.


http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0145
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0145
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0150
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0150
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0155
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0155
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0160
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0160
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0160
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0165
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0165
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0165
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0170
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0170
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0170
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0175
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0175
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0175
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0180
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0180
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0185
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0185
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0190
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0190
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0195
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0195
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0200
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0200
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0205
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0205
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0210
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0210
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0210
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0215
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0215
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0220
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0220
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0225
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0225
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0225
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0230
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0230
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0230
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0235
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0235
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0235
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0240
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0240
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0240
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0245
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0245
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0245
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0245
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0250
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0250
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0250
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0255
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0255
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0255
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0260
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0260
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0260
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0265
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0265
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0265
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0270
http://refhub.elsevier.com/S0048-9697(20)30304-1/rf0270

	Interannual climate variability and altered precipitation influence the soil microbial community structure in a Tibetan Pla...
	1. Introduction
	2. Method and materials
	2.1. Site description and soil sampling
	2.2. Sequence processing
	2.3. Data analysis

	3. Results
	3.1. Soil microbial community composition
	3.2. Effects of treatments and temporal variations on the number of soil microbial sOTUs
	3.3. Influence of treatments and temporal variations on the soil microbial communities
	3.4. Effects of treatments and temporal variability on the associated soil microbial ecological networks

	4. Discussion
	5. Conclusion
	Funding
	Data statement
	Declaration of competing interest
	Acknowledgement
	References




