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A B S T R A C T   

Soil microorganisms play an important role in regulating the feedback of Alpine steppe ecosystems to future 
climate change. However, the interaction effect of warming and increasing precipitation on soil microorganisms 
remains unclear, in the face of an ongoing warmer and wetter climate on the Tibetan Plateau. In this study, we 
investigate the multi-factorial effects on soil microbial diversity, community structure, and microbial interactions 
in a three-year climate change experiment established in an Alpine steppe on the Tibetan Plateau, involving 
warming (þ2 �C), þ15% increasing precipitation and þ30% increasing precipitation. Compared to warming, 
warming plus increasing precipitation alleviated the decrease in microbial diversity, and increased the dissim-
ilarities in microbial community structures, largely influenced by water and substrate availability. We further 
observed differences in moisture increased the differences in microbial diversity and dissimilarities in microbial 
community structures across different precipitation levels under ambient temperature. Interestingly, warming 
plus increasing precipitation could create more ecological niches for microbial species to coexist but may lessen 
the strength of microbial interactions in contrast to increasing precipitation alone. Collectively, our findings 
indicate that microbial responses to future climate change in Alpine steppe soils will be more complex than those 
under single-climate-factor conditions.   

1. Introduction 

Alpine steppe has long been regarded as one of the high-altitude 
ecosystems most vulnerable to climate change (Zhao et al., 2019). 
During the past several decades, the Tibetan Plateau has become warmer 
and wetter (Liu and Chen, 2000; Song et al., 2014). By the end of the 
21st century, it is predicted that the annual mean temperature and 
precipitation on the Tibetan Plateau will have increased by 2.8–4.9 �C 
and 15–21%, respectively (Gao et al., 2014). Changes in climate patterns 
can strongly affect the soil microbial community (Cavicchioli et al., 
2019; Jansson and Hofmockel, 2020), which impacts soil C storage and 
relevant ecosystem functioning (Glassman et al., 2018; Hutchins et al., 

2019). However, the microorganism-driven responses of Alpine steppe 
ecosystem functioning to climate change could be either amplified 
(positive feedback) or reduced (negative feedback) (Wu et al., 2011; Yue 
et al., 2017; Ma et al., 2020; Jiang et al., 2020), depending on the bal-
ance between carbon sequestration and greenhouse gas emissions (Yue 
et al., 2015; Liu et al., 2017). Many previous research efforts have 
focused on single climatic factor (Rui et al., 2015; Si et al., 2015; Yuan 
et al., 2015; Yue et al. 2015, 2017), yet the lack of studies on the 
interaction effects of multiple climatic factors on the microbial com-
munity in Alpine steppe ecosystems (Shi et al., 2020; Zhang et al., 2016) 
hinders gaining an accurate prediction on how Alpine steppe soil mi-
croorganisms will respond to future climate changes. 
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The interaction effects of multiple factors on low-altitude grassland 
microorganisms have been demonstrated and they reached a consistent 
conclusion that higher soil water availability induced by increasing 
precipitation may partly offset the effect of warming on soil biomass, 
diversity, activity and turnover rate of bacteria (Guo et al., 2019; Liu 
et al., 2016; Sheik et al., 2011). Similar to other semiarid ecosystems, 
soil water availability is a dominant factor controlling plant productivity 
and soil microorganisms in Alpine steppes (Cui et al., 2007; Yuan et al., 
2015; Si et al., 2015; Zhou et al., 2006). Soil water availability in 
water-limited ecosystems depends greatly on the balance of changes in 
temperature and precipitation (Zhao et al., 2019), which results in 
variable microbial responses. Warming can suppress microbial growth 
and even reduce soil microbial biomass and activities in semiarid 
grasslands (Harrison et al., 2020; Hoeppner and Dukes, 2012; Liu et al., 
2009; Rinnan et al., 2007; Zhang et al., 2005). In contrast, increasing 
precipitation can increase microbial biomass and diversity either 
directly (Manzoni et al., 2014; Sierra et al., 2017) or indirectly, by 
increasing plant productivity and carbon allocation (Luo et al., 2017; 
Nielsen and Ball, 2015; Yue et al., 2017). However, it is still unclear how 
microbial communities respond to interactions of warming and 
increasing precipitation in Alpine steppe ecosystems. 

To gain a thorough understanding of how the Alpine grassland soil 
microbial community responds to multifactorial climate change, we 
examined microbial diversity, community structure and species in-
teractions in a multifactorial climate change experiment involving 
warming (2 �C) and increasing precipitation (15% and 30%), which was 
established in an Alpine steppe ecosystem at the Nam Co station on the 
Tibetan Plateau. Our major objectives were: i) to study the multifactorial 
climate effects on the microbial community in Alpine steppe soils; ii) to 
elucidate the predominant factor affecting the microbial community 
under multiple climate changes; iii) to verify the changes in species in-
teractions under multiple climate changes. Recent studies have 
demonstrated that increasing precipitation may accelerate nutrient 
cycling (Li et al., 2017), offset warming-induced recalcitrant soil organic 
matter loss (Chen et al., 2020; Zhang et al., 2017) and strengthen species 
interactions in a semi-arid ecosystem (Wang et al., 2018). In this study, 
we hypothesized that warming would have a negative influence on soil 
microbial diversity and that increasing precipitation could offset this 
effect. Furthermore, we expected that species interactions under the 
combined conditions of warming and increasing precipitation would be 
weakened due to a decrease in water availability compared to 
unwarming treatment. 

2. Material and methods 

2.1. Study site and experimental design 

The experimental site is located at Nam Co Station, a multidisci-
plinary observation and research station in the central Tibetan Plateau 
(30◦46.40 N, 90◦59.310 E, 4730 m above sea level). The vegetation 
distribution exhibits the characteristics of interlaced Alpine steppe and 
Alpine meadows (Zhao et al., 2019). This site has a typical semiarid 
plateau monsoon climate; the mean annual temperature is � 0.6 �C; and 
the mean annual precipitation is 414.6 mm, with more than 80% of the 
annual precipitation occurring in the growing season from April to 
September. 

In June 2012, four blocks (15 m � 10 m) were set up at 3 m intervals 
to perform the field experiments, each of which contained six evenly 
distributed plots (1.2 m � 2.4 m) (Fig. S1). Multiple factors related to 
warming and various precipitation increases were randomly assigned to 
the plots in each block and replicated among the four blocks. The six 
treatments in each block were set according to the prediction results of 
previous research (Gao et al., 2014): (1) control (CK, ambient temper-
ature and precipitation); (2) ambient precipitation and 2 �C of warming 
(W); (3) ambient temperature and a 15% increase in precipitation (P15); 
(4) ambient temperature and a 30% increase in precipitation (P30); (5) 

2 �C of warming plus a 15% increase in precipitation (W � P15); and (6) 
2 �C of warming plus a 30% increase in precipitation (W � P30). Each 
treatment has 4 replications, a total of 24 treatment plots were 
established. 

The details of the design of the warming and increasing precipitation 
treatments were described previously (Zhao et al., 2019). Briefly, two 
infrared lamps controlled by an automatic temperature control system 
were installed in each warming plot. All the warming plots were heated 
24 h per day during the growing seasons (April to September) from 2012 
to 2014. A V-shaped automatic precipitation enhancement device con-
nected with an automatic drip irrigation system was built for the 
increasing precipitation treatments. Rainwater was proportionally 
collected from each precipitation event during the year and was 
immediately redistributed evenly within the plot area by using an 
automatic drip irrigation system (Fig. S1). The soil temperature at � 5 
cm and the volumetric soil moisture at � 10 cm under each treatment 
were automatically recorded with HOBO weather stations (Onset Inc., 
Bourne, MA, USA) at 30-min intervals throughout the growing season. 

A total of 24 topsoil (0–10 cm in depth) was collected on August 23rd 
in 2014 for each treatment, which has been lasted for three years 
(2012–2014). Each sample was a composite of five soil cores (3 cm in 
diameter). All samples were immediately stored in dry ice and trans-
ported to the laboratory. The composite samples were coarsely sieved (2 
mm pore size) to remove visible roots, residues, and stones. Subsamples 
for measuring soil biogeochemical properties were stored at 4 �C, and 
those for soil DNA extraction were stored at � 80 �C until further ana-
lyses. The daily mean soil temperature and moisture in 2014 for each 
treatment were collected from weather stations. We then calculated the 
monthly and growing season mean air temperature and soil moisture for 
each treatment. 

2.2. Soil biogeochemical properties and aboveground biomass 
measurements 

Soil pH was measured at a fresh soil to water ratio of 1:2.5 by using a 
pH probe (FE20-FiveEasy pH, Mettler Toledo, Germany). Soil moisture 
was determined gravimetrically at 105 �C for 12 h. Nitrate (NO3

� -N), 
ammonium (NH4

þ –N), and water-dissolved organic carbon/water- 
dissolved organic nitrogen (WSOC/WSON) were extracted by adding 
2.5 g fresh soil to 25 mL pure water, followed by shaking for 1 h and 
percolation through filters. The concentrations of NO3

� -N and NH4
þ-N 

were determined by using a continuous flow analytical system (Dionex 
ICS900, Thermo Fisher, USA). WSOC/WSON was determined with a 
carbon-nitrogen analyzer (TOC-VE, Shimadzu, Japan). Total organic 
carbon (TOC) and total nitrogen (TN) were determined by using a 
carbon-nitrogen analyzer (Vario Macro CN, Elementar, Germany). The 
aboveground biomass (AGB) data were cited from a previous study 
conducted at the same field site (Zhao et al., 2019). 

2.3. DNA extraction, PCR amplification, and sequencing 

Soil DNA was extracted from 0.5 g fresh soil using the Mobio Pow-
ersoil DNA Isolation Kit (MOBIO, Laboratories, Inc.) according to the 
manufacturer’s instructions. The extracted DNA concentration was 
quantified using a ND-2000c UV–Vis spectrophotometer (Thermo Fisher 
Scientific, USA). The 515 F (515 F:50-GTGCCAGCMGCCGCGGTAA-30) 
and 806 R (50-GGACTACHVGGGTWTAAT-30) primer set was used to 
amplify the prokaryotic 16 S rRNA gene. A barcode sequence was added 
to the 50-end of the reverse primer to distinguish the PCR products of 
different samples. The PCR conditions were as follows: 10 μL of sterile 
water, 12.5 μL of Premix Ex Taq (TaKaRa, Tokyo, Japan), 1 μL of each of 
the forward and reverse primers, and 0.5 μL of DNA template. The PCR 
amplification steps were as follows: denaturation at 95 �C for 1 min; 
denaturation at 95 �C for 10 s, annealing at 56 �C for 30 s, and extension 
at 72 �C for 30 s for a total of 30 cycles; and extension at 72 �C for 5 min. 
The template for sequencing was prepared by using the Ion PGMTM 
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template OT2 400 kit (Life Technologies, USA) according to the sup-
plier’s instructions. A library of DNA fragments was generated by 
ligating adapters to the PCR products and then clonally amplifying them 
on proprietary Ion Sphere particles by emulsion PCR. Sequencing was 
performed by the Ion Torrent PGM (Life Technologies, USA) approach. 
The DNA sequences from each library were preprocessed and filtered 
with PGM software to remove low-quality sequences. 

2.4. Sequencing data processing 

The preprocessing of the Ion Torrent sequencing data and the 
downstream analysis were performed using an in-house Galaxy pipeline 
(IEG sequence analysis pipeline, http://zhoulab5.rc-cc.ou.edu). All raw 
sequences were converted to FASTQ format using SAMtools (Li et al., 
2009). Then, the sequences were subjected to quality trimming and 
chimera detection. Chimera checking was performed using UCHIME 
(Edgar et al., 2011). Only sequences with a quality score >Q20, a length 
of 200–300 bp, no barcode errors and no chimeras were retained and 
subsequently clustered into operational taxonomic units (OTUs) at 97% 
identity with UPARSE (Edgar, 2013). Singletons were removed, and 
representative sequences were aligned by using PyNAST (Caporaso 
et al., 2010a) with the Greengenes 13.5 database (DeSantis et al., 2006). 
Taxonomic identities were determined using the RDP classifier with a 
confidence threshold of 0.5 by using RDP Release 11.5 (Wang et al., 
2007). A Newick-formatted phylogenetic tree was built using FastTree 
(Price et al., 2010). Across all soil samples, we obtained a total of 749, 
859 high-quality sequences with 31,244 sequences per sample on 
average. A total of 3163 unique OTUs were found across the samples. We 
then resampled 21,000 sequences per sample for further microbial 
analyses. 

2.5. Molecular ecology network construction 

A random matrix theory (RMT)-based network approach (Deng et al., 
2012) was used to construct networks for the increasing precipitation 
treatments (P15 þ P30, 8 samples) and the warming with increasing 
precipitation treatments (W � P15 þ W � P30, 8 samples). For each 
network, only OTUs occurring in >75% of the total samples were 
retained for network computation. The missing values were filled with a 
very small number (0.01) if paired valid values were available. Then, a 
symmetric correlation matrix was calculated. The correlation between 
OTUs was measured by using the Pearson correlation coefficient 
(r-value). The correlation matrix was converted into a similarity matrix 
by using absolute values. Thereafter, the similarity threshold was 
increased from 0.3 to 1.00 at intervals of 0.01 until an optimal similarity 
threshold was found, according to which significant non-random pat-
terns were detected in the network. To allow comparison, an identical 
cut-off of 0.93 was used to construct the interaction networks for each 
network. Network construction and statistical analysis were performed 
using the existing pipeline available at http://ieg2.ou.edu/MENA (Deng 
et al., 2012). The networks were visualized with Gephi (v. 0.92). 

The topological role of nodes in the network could be classified by 
within-module connectivity (Zi) and among-module connectivity (Pi) 
into the following four categories: (a) peripheral nodes (Zi � 2.5, Pi �
0.62), exhibiting only a few links, mostly pointing to nodes within their 
module; (b) connectors (Zi � 2.5, Pi > 0.62), connected with multiple 
modules; (c) module hubs (Zi > 2.5, Pi � 0.62), tightly connected to 
multiple nodes in the module; and (d) network hubs (Zi > 2.5, Pi �
0.62), acting as both module hubs and connectors (Deng et al., 2012). 

2.6. Statistical analysis 

Before the follow-up analysis, the environmental variables and mi-
crobial structure at the research site (blank control) in 2012 and 2014 
were contrasted to ensure the reliability of the experiment. The results 
showed that there was no significant difference in these variables 

between the two years (Table S1), which proved that the difference in 
the follow-up results was mainly caused by warming and increasing 
precipitation. 

We calculated the species richness (Chao1) (Chao, 1984) and 
phylogenetic diversity (PD) (Faith, 1992) of the microbial community to 
evaluate alpha diversity. The alpha diversity was calculated in QIIME (v. 
1.8.0) (Caporaso et al., 2010b) using code ‘alpha_diversity.py’. The 
changes in bacterial community structure were evaluated based on the 
Bray-Curtis metric (package vegan, v.2.52–2) and UniFrac distance 
(package GUniFrac, v 1.1). The permutational multivariate analysis of 
variance (PERMANOVA) method was used to evaluate the changes in 
the microbial community across different treatments with the pseudo-F 
statistic. We further explored the variations in α-diversity (Chao1 and 
PD) and β-diversity (Bray-Curtis and UniFrac distances) and their cor-
relations with the variations in moisture and temperature across the 
experimental treatments using general linear regression. Mantel and 
partial Mantel tests were used to examine the relationships between the 
microbial network topology and environmental variables and the re-
lationships between microbial structure and environmental variables. 
Redundancy analysis (RDA) was used to verify the environmental var-
iables driving microbial structure (Zhou et al., 2008). We calculated the 
niche breadth in each treatment according to methods described in 
previous studies (Wang et al., 2016). All significance tests were per-
formed with SPSS 18.0 (SPSS Inc., Chicago, Illinois, USA). 

3. Results 

3.1. Increasing precipitation alters the warming-induced changes in soil 
physicochemical properties 

Seasonal patterns of soil moisture (Ms) and temperature (Ts) were 
found across different treatments (Fig. 1). Experimental warming of 2 �C 
typically increased the soil temperature by 1.94 �C and decreased soil 
moisture by 2.75% compared to CK (Fig. 1a and b). However, when 
warming was nested with increasing precipitation, the increases in Ts 
were reduced to 1.73 �C (W � P15) and 1.78 �C (W � P30) respectively 
(Fig. 1d and f). Simultaneously, the decreases in Ms were exacerbated, 
reduced by 5.07% and 6.87% under W � P15 and W � P30 compared to 
P15and P30, respectively (Fig. 1e and f), which suggested that even with 
a lower Ts increase, evapotranspiration was likely higher under warming 
with increasing precipitation conditions than under warming alone. 

Compared to the average AGB under ambient conditions (CK, 
125.28 g m� 2), increasing precipitation slightly increased AGB (P15, 
145.11 g m� 2 and P30, 145.24 g m� 2), while warming significantly 
decreased AGB (W, 102.59 g m� 2) (Table S2). This warming-induced 
reduction in AGB was almost completely offset by a 30% increase in 
precipitation (W � P30, 124.84 g m� 2) (Table S2). Significant positive 
correlations existed among C/N, AGB, NH4

þ, and soil moisture, but 
temperature and NO2

� were significantly negatively related to soil 
moisture (Table S3). 

3.2. Increasing precipitation offset the warming effect on microbial 
diversity 

Warming (W) under ambient precipitation (P0) significantly 
decreased species richness (Chao1 index, 2918.53 for W vs. 3017.03 for 
CK) and phylogenetic diversity (PD 131.48 for W vs. 136.69 for CK) in 
comparison with CK (unwarming with P0) (Fig. 2a and b). These sig-
nificant differences were confirmed by ANOVA between CK and indi-
vidual treatments (p < 0.05) (Table S4). As precipitation increased, 
these reductions were alleviated, with species richness and PD 
increasing under W � P15 and W � P30 compared to T alone (Fig. 2a 
and b). Correlation tests further suggested the significant negative effect 
of temperature (p < 0.05) and the marginally positive effect of moisture 
(p < 0.1) on microbial diversity (Table S5). Collectively, these results 
indicate that increasing precipitation offsets the warming effect on 
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microbial diversity. In contrast, under ambient temperature conditions, 
neither 15% increasing precipitation nor 30% increasing precipitation 
induced significant changes in microbial diversity compared to CK 
(Fig. 2a and b). 

To further understand the impacts of warming and increasing pre-
cipitation on microbial diversity, we investigated the variation patterns 
in Chao1 and PD along variation gradients in soil moisture and tem-
perature. We found that the differences in moisture significantly 
increased the differences in Chao1 and PD in unwarming plots 
(unwarming: CK-P15-P30), whereas opposite effects were observed in 
warming plots (warming: W–W � P15–W � P30) (Fig. 2c and d). Along 
the temperature variation gradient, the changes in Chao1 and PD were 
not affected by the variation in temperature in the unwarming plots 
(unwarming: CK-P15-P30), whereas a significant negative correlation 
was detected in the warming plots (warming: W–W � P15–W � P30) 
(Figs. S2a and b). 

3.3. The variations in the whole community and indicator lineages among 
different treatments 

The community structure differences based on the Bray-Curtis 

dissimilarity and UniFrac distance significantly increased when warm-
ing was nested with increasing precipitation (W � P15 and W � P30 vs. 
W), but no significant changes were observed between different pre-
cipitation levels (W � P15 vs. W � P30) (Fig. 3a and b), indicating that a 
15% increase in precipitation is sufficient to induce significant changes. 
Regarding the variation in moisture, the microbial community became 
more dissimilar with increasing differences in moisture under 
unwarming conditions, but no significant changes were found in the 
warming treatments (Fig. 3c and d). In contrast, with differences in 
temperature increasing, the microbial community showed no significant 
changes under unwarming conditions but became increasingly similar in 
warming treatments (Figs. S2c and d). 

According to the redundancy analysis (RDA, F ¼ 1.231, p ¼ 0.046), 
the major environmental variables affecting microbial community 
structure included soil moisture, soil nutrients (TOC, WSOC, C/N) and 
aboveground vegetation (AGB) (Fig. S3 and Table S6). The partial 
Mantel test further confirmed that WSOC was the predominant factor 
influencing microbial abundance-based and phylogeny-based commu-
nity structure (Table S7). 

The dominant lineages of bacteria across these Alpine steppe soils 
included Acidobacteria (22.50%), Proteobacteria (17.86%), 

Fig. 1. Seasonal variations of daily mean soil temperature and moisture in growing seasons (April to September) in 2014 for warming plots compared with 
unwarming plots under the same precipitation increase. (a–b) CK vs W under ambient precipitation; (c–d) P15 vs W � P15; (e–f) P30 vs W � P30. Seasonal mean soil 
temperature at � 5 cm and moisture at � 10 cm. Data are shown as the SE of the mean, n ¼ 4. * indicates a significant difference between the unwarming and 
warming treatments. 
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Actinobacteria (16.65%) and Crenarchaeota (14.08%), which accounted 
for more than 70% of the total sequences (Fig. S4), followed by Bac-
teroidetes, Cyanobacteria and Verrucomicrobia as the less abundant 
phyla, which accounted for 4–10% of the total sequences. Taxa (at the 
family level) that were sensitive to either increasing precipitation, or 
warming or interaction of these two factors were detected (Fig. 4). For 
instance, families Comamonadaceae, Microbacteriaceae, Mycobacteriaceae 
and Micromonosporaceae responded positively to increasing precipita-
tion compared to CK, whereas Planctomycetaceae and Pasteuriaceae 
responded negatively to increasing precipitation (Fig. 4a). The lineages 
Microbacteriaceae, Pseudonocardiaceae, and Mycobacteriaceae were more 
abundant in the warming treatments (Fig. 4b). Among the above-
mentioned lineages, only Micromonosporaceae was sensitive to the 
interaction of warming and increasing precipitation and showed a sig-
nificant increase (Fig. 4c). Another family, Kineosporiaceae, was found to 
significantly decrease under the combined conditions (Fig. 4c). In 
addition, we found some taxa that were sensitive to warming under 
increasing presipitation stress, such as Comamonadaceae, Soliru-
brobacteraceae and Kineosporiaceae whose relative abundances signifi-
cantly decreased in warming treatments (W � P15 and W � P30) 
compared to the unwarming treatments (P15 and P30) (Fig. 4d). 

3.4. Higher water availability promotes complex microbial interactions 

To investigate how microbial interactions will respond to future 
warmer and wetter climates on the Tibetan Plateau, we constructed and 
compared networks for increasing precipitation treatments (IP) and 
warming nested with increasing precipitation treatments (IP � W) 
(Fig. 5a and Table 1). Both networks were fitted the power-law model 
well, with R2 values of 0.955 for the IP network and 0.968 for IP � W, 
indicating a scale-free character, which means that only a few nodes in 

the network exhibit a large number of connections, whereas most nodes 
exhibit no or few connections (Table 1). Multiple metrics showed that 
the two empirical networks were significantly different from relevant 
random networks generated by the randomization procedure, suggest-
ing that the observed interactions were distinct from the randomly 
generated networks. Higher modularity was detected in the IP � W 
network than in the IP network (0.897 vs. 0.688) (Table 1), which 
indicated that warming plus increasing precipitation creates more 
ecological niches allowing microbial species coexistence (Fig. S5). 
Furthermore, the connection strength in the IP � W network was 
reduced (Fig. 4 and Table 1), as the IP network was characterized by 
more degrees among nodes, larger average clustering coefficient 
(avgCC) and shorter average path distance (GD) (Table 1), as well as 
increased numbers of module hubs and connectors (Fig. 5b). 

The module hubs and connectors could be considered key nodes in 
the networks. There were 8 module hubs and 2 connectors observed in 
the IP network, whereas module hubs decreased to 6 and no connectors 
in the IP � W network (Fig. 5b). We found that more than 60% of the 
module hubs and connectors were occupied by Proteobacteria (25%), 
Actinobacteria (18.75%), Crenarchaeota (12.5%), and Verrucomicrobia 
(12.5%), while the others were classified as Acidobacteria, Bacteroidetes, 
Cyanobacteria, Planctomycetes, and unclassified bacteria (Fig. 5b). 

To further explore the distinct effects of environmental factors on the 
variations in the network structures of both networks, Mantel and par-
tial Mantel tests were performed (Table 2). Only IP network structure 
was significantly affected by the combination of the total environmental 
factors (p < 0.05) (Table 2). When considering individual environmental 
factors, IP network was significantly positively correlated with AGB, 
WSOC, NO3

� and NO2
� , whereas IP �W network structure was influenced 

by distinctly different environmental factors, including TOC, tempera-
ture, NH4

þ, and NO2
� (Table 2). 

Fig. 2. Warming effects on taxonomic and phylogenetic alpha diversity. (a) and (b), species richness (Chao1) and phylogenetic diversity (PD) variations between 
ambient and warming treatments under distinct precipitation levels; (c) and (d) variations in Chao1 and PD as a function of variations in moisture across the 
experimental treatments. Variation was calculated compared to the control (unwarming: CK-P15-P30) and the warming treatments (warming: W–W � P15–W �
P30). P0, ambient precipitation; P15, precipitation increased by 15%; P30, precipitation increased by 30%. Different letters (warming, uppercase; unwarming, 
lowercase) indicate a significant difference in Chao1 and PD under increasing precipitation (p < 0.05). * indicates the significance level, ***p < 0.001, **p < 0.01,*p 
< 0.05. Bars show the SE of the mean, n ¼ 4. 
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4. Discussion 

Soil water availability has been proven to be a dominant factor 
controlling plant productivity and soil microorganisms in Alpine steppes 
(Cui et al., 2007; Zhou et al., 2006; Yuan et al., 2015). Increasing pre-
cipitation directly increases soil water availability and indirectly in-
creases nutrients in the soil by regulating plant productivity and C 
allocation in semiarid grasslands (Clark et al., 2009; Manzoni et al., 
2014), favoring rare microbial species growth (Nunan et al., 2017) and 
leading to a more complex community (Nielsen and Ball, 2015). How-
ever, microbial responses could be different given that increasing pre-
cipitation accompanies rising temperature on the Tibetan Plateau (Shi 
et al., 2020; Zhang et al., 2016). In this study, we found that microbial 
diversity, community structure, and microbial interactions responded 
differently to the interaction of warming and increasing precipitation 
compared to the single-factor condition. 

Soil physiochemical conditions and aboveground vegetation 
changed significantly under warming, increasing precipitation or the 
combined treatment conditions (Fig. 1 and Table S2). We found that 
warming under ambient precipitation caused significant reductions in 
soil moisture, and these reductions were increased with increasing 
precipitation because of higher evapotranspiration (Fig. 1), which was 
confirmed by the evaluation of the moisture index in a previous study at 
the same field site (Zhao et al., 2019). Variations in soil moisture are 
significantly related to changes in soil nutrients (e.g., C/N and NH4

þ, 
Table S3). In addition, the recovery of AGB under increasing precipita-
tion nested with warming conditions indicated that increasing precipi-
tation offset the warming-induced reductions in aboveground 
vegetation (Table S2), which is a phenomenon that has been recently 
demonstrated (Zhao et al., 2019). These large changes in soil and 
vegetation conditions were expected to drive the changes in microbial 
diversity and community structure. 

In the present study, we hypothesized that increasing precipitation 
could offset the negative effect on microbial diversity. Although the 
average microbial diversity did not change greatly under ambient tem-
perature and various precipitation levels (Fig. 2 and Table S4), likely 
because the increasing precipitation effect on microbial diversity could 
lag (Cruz-Martinez et al., 2009), we indeed found that warming induced 
a decrease in both species richness and phylogenetic diversity. However, 
higher water availability in the combined treatments of increasing 
precipitation and warming partially alleviated this decrease (Fig. 2 and 
Table S4). Furthermore, the combined effect of warming and increasing 
precipitation on soil microbial diversity depends strongly on soil mois-
ture, as evidenced by the significant correlations between the variation 
in diversity and variation in soil moisture (Fig. 3a and b). The combined 
conditions of increasing precipitation and warming could lead to 
changes either through the direct way, increased substrate availability 
for microbes with increasing precipitation (i.e., higher WSOC and TOC 
under increasing precipitation and the significant positive correlations 
of C/N and NH4

þ with soil moisture) (Tables S2 and S3), or the indirect 
way, the promotion of aboveground vegetation by increasing precipi-
tation (Tables S2 and S2) provided more substrate for soil species growth 
(Manzoni et al., 2014). These results were consistent with previous 
studies conducted in low-altitude grasslands (Guo et al., 2019; Li et al., 
2017). 

Water and substrate availability could be important factors con-
trolling the changes in microbial community structure (Fig. 2c and d, 
Fig. 3c and d, Fig. 4 and Table S6), by selecting species that can adapt to 
rapid changes in the environment (Jansson and Hofmockel, 2020). 
Major shifts in bacterial communities were observed and the lineages 
showing a significant response to warming and increasing precipitation 
mainly belonged to Actinobacteria and Proteobacteria (Fig. 4). Their 
changes were consistent with their physiology (Chen et al., 2020; 
Schimel et al., 2007) and ecological life strategy (Fierer et al., 2007; 

Fig. 3. Warming effects on taxonomic and phylogenetic beta diversity. (a) and (b), Bray-Curtis dissimilarity and UniFrac distance variations between ambient and 
warming treatments under distinct precipitation levels; (c) and (d) variations in the Bray-Curtis dissimilarity and UniFrac distance as a function of variations in 
moisture across experimental treatments. Variation was calculated compared to the control (unwarming: CK-P15-P30) and the warming treatments (warming: W–W 
� P15–W � P30). Different letters indicate a significant difference under the T, W � P15 and W � P30 treatments (p < 0.05). * indicates the significance level, ***p 
< 0.001, **p < 0.01,*p < 0.05. 
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Zhang et al., 2017). The ability of microorganisms to adapt to water and 
nutrient fluctuations is vital to the resilience of grassland soil microbial 
communities (Sheik et al., 2011). Thus, these findings indicate that the 
Alpine steppe soil microbial community could exhibit alterations in 
response to future climate changes to maintain ecosystem functioning. 

We also predicted that species interactions under the combined 
conditions of warming and increasing precipitation would be weakened 
due to the resulting decrease in water availability compared to 
increasing precipitation alone, which was confirmed by several lines of 
evidence (Fig. 4 and Table 1): first, the greater modularity in the IP �W 
network, illustrating that warming-induced water deficiency leads to a 
more modular and isolated network structure; second, the tightening 
network structure in the IP network, characterized by more connections 
between nodes (larger avgK) and a closer network structure (higher 
avgCC, betweenness centrality and stress centrality and shorter GD); and 
third, more central nodes were found in the IP network, characterized by 
more module hubs and the existence of connectors (Table 1 and Fig. 4). 
Furthermore, the transition of the dominant taxa with high degrees in 
the network indicates the increased external environmental pressure 
induced by warming. For instance, Proteobacteria in IP network, which 
are typical soil copiotrophs with faster growth rates and weak resistance 

(Fierer et al., 2007), were replaced by Acidobacteria in IP �W network, 
which are typical oligotrophs with slow growth rates and strong resis-
tance (Fig. 4). 

Microbial diversity and species interactions can insure ecosystem 
functions. Previous studies reported that higher microbial diversity 
(Harrison et al., 2020; Singh et al., 2014; Trivedi et al., 2016) and 
increasing complexity confer advantages in resisting external distur-
bances to ensure community stability (Ghoul and Mitri, 2016). 
Accordingly, we speculated vulnerable Alpine steppe ecosystem func-
tioning under warming, based on observations that species interaction 
strength and microbial diversity were relatively decreased in treatments 
under warming. Furthermore, the effect of aboveground vegetation on 
the belowground microbial community was weakened under warming, 
as shown by the result that AGB only played an important role in 
structuring the IP network (Table 2). This is reasonable because 
warming could result in low plant biomass (Table S2), which limits the 
influence of plants on soil microorganisms (Bai et al., 2008). In addition, 
different N species impact IP and IP � W network structures, with NO3

�

and NO2
� being more important in the IP network, whereas NH4

þ and 
NO2
� are more crucial for the IP � W network structure (Table 2). This 

difference may be related to the shift in biogeochemical processes, 

Fig. 4. The indicator lineages showing significant abundance changes under different treatments. (a) CK vs P; (b) CK vs W; (c) CK vs W � P; (d) P vs W � P. Data are 
shown as the SE of the mean, n ¼ 4. CK: ambient precipitation and temperature; P, combined 15% and 30% increased precipitation treatments. W: warming under 
ambient precipitation treatments; W � P: warming plus increasing precipitation treatments, including W � P15 and W � P30. 
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because warming increases the nitrification capacity of microbial com-
munities (Wertz et al., 2013), while increasing precipitation increases 
the denitrification capacity (Szukics et al., 2010). 

5. Conclusions 

In conclusion, our results revealed that increasing precipitation 
offset the warming-induced decrease in microbial diversity and 
increased the dissimilarities in microbial community structures between 
the warming and unwarming treatments. The availability of water and 
carbon sources in the soil is an important factor controlling the changes 
in microbial community structure. Furthermore, under increasing pre-
cipitation conditions, warming weakened the interaction strength be-
tween microorganisms, likely due to increased evapotranspiration and 

reduced aboveground vegetation. Our findings provide a thorough 
perspective in disentangling the interaction effects of increasing pre-
cipitation and warming on microbial diversity, community structure and 
microbial interactions in Alpine steppes ecosystems and indicate that 
such multifactorial climate change imposes more complex effects than a 
single factor. 
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Table 1 
Topological properties of the microbial phylogenetic molecular networks and 
random networks.  

Network Indexes IP IP � W 

Empirical Similarity threshold 0.93 0.93 
R2 of power law 0.955 0.968 
Positive/Negative links 1555/276 986/186 
Average degree (avgK) 4.029 2.704 
Average clustering coefficient 
(avgCC) 

0.226*** 0.19*** 

Average Betweenness centrality 2856 420 
Average Stress centrality 22,648 8859 
Average path distance (GD) 8.035*** 8.913*** 
Modularity (M) 0.688*** 0.897*** 

Random Average path distance (GD) 4.182 �
0.042 

5.716 �
0.079 

Average clustering coefficient 
(avgCC) 

0.020 �
0.004 

0.005 �
0.002 

Modularity (M) 0.491 �
0.004 

0.498 �
0.004 

Note: IP: increasing precipitation network, including the P15 and P30 treat-
ments; IP � W: warming plus increasing precipitation network, including the 
TP15 and TP30 treatments. * indicates the significance level between parame-
ters of empirical and random networks, ***p < 0.001, **p < 0.01,*p < 0.05. 

Table 2 
Mantel tests on connectivity versus the gene significance of environmental 
factors in each network.   

IP  IP � W  

R p R p 

Total 0.044 0.029 � 0.169 0.539 
Moisture � 0.073 1 � 0.008 0.565 
Temperature � 0.057 0.998 0.051 0.04 
AGB 0.071 0.001 � 0.039 0.964 
TOC � 0.017 0.76 0.069 0.007 
pH 0.011 0.301 � 0.055 1 
WSOC 0.105 0.001 0.031 0.113 
WSON � 0.087 1 � 0.047 0.996 
C/N 0.029 0.088 � 0.004 0.544 
NH4
þ � 0.046 0.994 0.055 0.022 

NO3
� 0.125 0.001 � 0.05 0.993 

NO2
� 0.118 0.001 0.051 0.024 

Note: TOC: total organic carbon; TN: total nitrogen; moisture: soil water content; 
WSOC: water dissolved organic carbon; WSON: water dissolved organic nitro-
gen; AGB: aboveground vegetation biomass. 
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