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Abstract

Background and aims Both drought and vegeta-
tion restoration can have dramatic effects on plant
community composition, but how they influence soil
microbial community diversity, structure, and co-
occurrence networks remain less well known.
Methods To better understand the regulatory mech-
anisms of drought and vegetation restoration on soil
microorganisms, we planted 12 native species in
precipitation manipulation experimental plots in an
invaded coastal grassland in California, USA. We

Responsible Editor: Ryunosuke Tateno.

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s11104-024-06625-7.

X. Yang - L.-J. Li (D<)

State Key Laboratory of Black Soils Conservation
and Utilization, Northeast Institute of Geography
and Agroecology, Chinese Academy of Sciences,
138 Haping Road, Harbin, Heilongjiang 150081,
People’s Republic of China

e-mail: lilujun@iga.ac.cn

X. Yang - M. E. Loik (P<) - J. C. Luong

Department of Environmental Studies, University

of California, Santa Cruz, 1156 High Street, Santa Cruz,
CA 95064, USA

e-mail: mloik@ucsc.edu

X. Wu

Chonggqing Institute of Quality & Standardization,
Chongqing 400000, People’s Republic of China

Published online: 19 March 2024

measured soil bacterial and fungal community com-
position by amplicon sequencing, and quantified plant
species richness and coverage in the third experimen-
tal year.

Results Our results showed that drought signifi-
cantly altered soil bacterial diversity and composi-
tion; however, neither drought nor vegetation resto-
ration had significant effects on fungal diversity and
composition. The control plots had the most coop-
erative interactions (greatest number of correlations)
among bacterial and/or fungal species, while drought
plots yielded the most complex co-occurrence net-
work with the highest modularity and clustering
coefficient. Structural equation modeling revealed
that plant species richness, net gains, and soil mois-
ture played dominant roles in shaping bacterial com-
munity structure. Drought and bacterial community
structure directly affected fungal community struc-
ture. Plant dominant species cover, common species
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cover, and bacterial diversity were the key drivers
in regulating the microbial co-occurrence network
complex.

Conclusion We conclude that soil bacterial and
fungal communities differ in their responses to abi-
otic and biotic environmental changes, which may
weaken the interspecies interactions among soil
microorganisms.

Keywords Aboveground-belowground
interactions - Illumina sequencing - Keystone
species - Mediterranean-type climate - Plant cover -
Precipitation amount

Introduction

Soil microorganisms provide essential ecosystem ser-
vices (e.g., soil organic matter decomposition, nutri-
ent cycling, aggregate stabilization, and mutualistic
and pathogenic interactions with plants) that may be
altered by multiple global change factors (Fahey et al.
2020). Soil bacteria and fungi have different resource
utilization abilities and survival strategies (Yang et al.
2023), yet the dynamics of how groups of bacteria,
fungi, or their co-occurrence relationships develop
under environmental changes are poorly understood,
due to complex interactions between community
members (Mamet et al. 2019). The linkages within
plant-microbial communities are even more uncertain
when considering interactions between abiotic (e.g.,
drought) and biotic (e.g., nonnative invasion or native
restoration) global change factors.

Ongoing global change is characterized by altered
precipitation and drought patterns globally, resulting
in more extreme climates, especially for Mediter-
ranean ecosystems (IPCC 2021). Drought decreases
soil moisture, which not only reduces plant produc-
tivity, but also a limiting factor for microbial growth,
and long-term changes in community composition
(Meng et al. 2019; Yang et al. 2021c). Many stud-
ies have investigated how different groups of the
microbial community respond differently to drought,
with fungi being generally more resistant, but less
resilient than bacteria (de Vries et al. 2018; Ochoa-
Hueso et al. 2018). This differential response can be
explained by niche selection, whereby taxa that are
drought tolerant increase in relative abundance com-
pared to drought sensitive taxa (Evans et al. 2014),
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and generally bacteria have a fast-growing and quick-
response rate (Engelhardt et al. 2018). Moreover, the
response pathways of bacteria and fungi to drought
are generally divergent. For example, we have previ-
ously shown that in a temperate semi-arid grassland
ecosystem, soil moisture was the best predictor for
describing bacterial diversity and composition, but
the fungal community was also affected by drought-
driven changes in plant production allocation and
soil nutrient status (Yang et al. 2021c). However,
we know less about how species co-occurrence rela-
tionships within microbial communities respond to
drought and its interaction with different plant spe-
cies, such as plant invasion or vegetation restoration.

Invasion by exotic species also represents one of
the most significant components of global change
(Evans et al. 2001; Vitousek et al. 1997). California
coastal prairies are one of the most diverse grassland
types in North America but are threatened by exotic
species invasions (Luong et al. 2021). In order to
reduce plant mortality and improve native cover, veg-
etation restoration (i.e., planted native seedlings) is
mandated for disturbed coastal prairies by the Califor-
nia Coastal Act of 1976. However, whether through
plant invasion or vegetation restoration, changes in
plant species and diversity can affect soil microbial
diversity, composition, and species relationships (co-
occurrence network) via multiple pathways (Fahey
et al. 2020). For example, shoot community com-
position is a strong determinant of the quantity and
quality of litter input to the soil and affect soil organic
matter decomposition (Bloor and Bardgett 2012).
Changes in root and rhizosphere community compo-
sition can also alter the quantity and composition of
the root exudates (Zhu et al. 2020). All these changes
will undoubtedly influence the diversity and structure
of the soil microbial communities. To some extent,
drought could modify the effects of plant commu-
nity composition on soil microbial communities via
altered abundance and physiology, and microorgan-
isms might feedback on plant responses to drought
(Yang et al. 2009). Altogether, the interactions of
plant-microbial communities are likely to be modified
by interactive effects of drought and different plant
functional group composition, but our ability to pre-
dict these changes is still lacking.

Here, we explored the effects of drought and vegeta-
tion restoration on soil microbial diversity, composition,
and co-occurrence relationships (network structure) in
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a coastal prairie of California, which is a rare type of
grassland that receives summer fog and winter rainfall
(Baguskas et al. 2018). We performed soil bacterial and
fungal diversity analyses based on Hiseq sequencing of
16S rRNA and ITS genes (Yang et al. 2024) to illus-
trate patterns after 3-year treatments. We hypothesized
that: (1) soil bacterial diversity and composition are
sensitive to drought stress, due to the fact that they are
highly reliant on water for movement and substrate dif-
fusion (Yang et al. 2021c); (2) soil fungal diversity and
composition will be significantly affected by vegeta-
tion restoration, because hyphal growth is controlled by
changes in rhizosphere microenvironments (Matsumoto
et al. 2005); and (3) soil microbial composition/struc-
ture and co-occurrence networks are dependent more
on plant richness than soil physical properties under
drought and vegetation restoration.

Methods
Study area

The study was performed at the Younger Lagoon UC
Natural Reserve near Santa Cruz, California, USA
(36°95'N, 122°06'W, 15 m above sea level). The site
is characterized as a Mediterranean climate, with dry,
warm summers and cool, rainy winters, and a mean
annual precipitation (1960-2016) of 752 mm that
falls mostly from November through April (Loik et al.
2019). The mean annual temperature (1960-2020)
is 14.2 °C. The plant community was dominated by
exotic annual grasses (i.e., Avena barbata and Bro-
mus diandrus) and forbs (i.e., Medicago polymorpha)
at the start of the experiment in 2015.

Experimental design

The study site was established in July 2015, and
was divided it into 20 plots each 4 mx4 m, with at
least 3 m between plots. Plots were assigned to one
of four treatments: ambient rainfall + exotic vegeta-
tion (C), 60% rainfall exclusion + exotic vegetation
(D), ambient rainfall + planted native species (P), and
60% rainfall exclusion + planted native species (DP),
with five replicates of each. The plots were trenched
to 50 cm deep and lined with a 1 mm black plas-
tic prior to the construction of the overhead shelter
infrastructure.

The drought treatments were initiated in August
2015 using overhead rainfall interception shelters
(Yahdjian and Sala 2002) to reduce each rainfall event
passively by 60%. The percent reduction in precipita-
tion was designed to achieve a statistically extreme
deviation in annual precipitation representing a 1-in-
100 year drought (as determined for the International
Drought Experiment; Knapp et al. 2017). Precipi-
tation was intercepted by V-shaped polycarbonate
plastic troughs, held over research plots on a support
frame. There are three parallel, horizontal bars at
0.6, 1, and 1.5 m height above the ground, with one
each on the east and west edges of the plot, and one
in the middle. Each horizontal bar was supported by
three vertical posts. This design produces a “wedge-
shaped” shelter with an upper and lower edge above
the plant canopy (Fig. S1). The elasticity of the shel-
ter is sufficient to withstand the strong winds of our
research site. The troughs sit above the plant canopy
and slope downward and empty into gutters on the
lower end. The gutters empty into flexible drain pipes
that channel rain away from the plots, and cause mini-
mal aboveground meteorological impacts on plants
(Loik et al. 2019).

Twelve plant species (Table S1) were chosen
from a list of those that likely occurred historically
at Younger Lagoon Reserve. Seeds were collected
in August 2015 from local reference sites and were
grown in the UCSC Greenhouses. In keeping with
restoration practices for California coastal grasslands,
planted plots were hand-weeded prior to planting to
remove all standing biomass, and then planted with
5-month old seedlings in January 2016. The young
plants were randomly assigned to planting positions
on a grid for each plot. Exotic plants were removed
from the plots by hand once early (January 2016) and
once late (April 2016) in the growing season of the
first year of the experiment, but not thereafter. Exotic
plants were removed by hand from wooden planks
suspended above the plots to minimize soil compac-
tion (Luong et al. 2021).

Environmental conditions monitoring

Meteorological data were measured on the roof of a
building <500 m from the field site (UT-30, Camp-
bell Scientific Inc., Logan, UT, USA). Soil moisture
and temperature (10 cm depth) sensors (METER
Environmental GS1, Decagon, Pullman, WA, USA)
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were employed to continuously monitor throughout
the study period in a representative block.

Plant community composition and coverage

In mid-May 2018, we conducted a vegetation sur-
vey (plant species composition, percent aboveground
cover) for each plot. Species richness was measured
as the total number of species present in each plot.
Net gains and losses in species richness were deter-
mined by comparison to April 2016. We randomly
selected and permanently marked six locations within
25 cmx 100 cm quadrats and estimated cover of all
species. We estimated absolute cover at the ground
level and at multiple leaf canopy heights to ensure
all species were represented. We classified all species
into three different groups (dominant, common, and
rare species). The abundance curve for aboveground
cover vs. species rank across all the plots was used
to define dominant species with relative abundance
>5%, common species with relative abundance rang-
ing from 1% to 5%, and rare species with relative
abundance <1% (Yang et al. 2021a). This classifica-
tion regime yielded 7 dominant species, 10 common
species, and 7 rare species (Table S2).

Soil sampling and measurements

Soil samples (3 cm diameter) were collected from
each plot after the vegetation survey. Each sample
comprised five soil cores at a depth of 0-10 cm. We
sampled the soils not directly attached to the roots,
which we collected by removing several roots and
gently shaking them to release the soils. The sam-
ples were placed in individual plastic bags and then
immediately transferred to the laboratory using a 4°C
portable picnic cooler. The soil samples were sieved
through 2 mm mesh to remove roots and small ani-
mals and stored at —20°C for microbial DNA extrac-
tion as soon as possible.

At sampling time, volumetric soil moisture (SM-
V) at 010 cm soil depth was measured using a time-
domain reflectometry (TDR; TRIME-PICO32) probe
(IMKO, Ettlingen, Germany) with single measure-
ment mode and recorded by HD2 Hand-Measurement
Device at three points in each plot. The soil tem-
peratures were also measured three times using an
electronic thermometer (GSP-8 digital thermometer,
Jingchuang Electric Co., Ltd., Jiangsu, China). The
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results of soil physical properties are shown in Sup-
plementary Table S3.

DNA extraction, purification, and high-throughput
sequencing

DNA was extracted directly from the soil samples
using the Power Soil Extraction Kit (Mo Bio Labora-
tories, San Diego, CA, USA) according to the manu-
facturer’s instructions. The concentration and purity
of the extracted DNA were measured using a Nan-
odrop 2000 spectrometer (Thermo Fisher Scientific,
Wilmington, DE, USA). The soil DNA was stored at
—20°C until use.

The primers 515F and 806R were used for ampli-
fying the bacterial 16S V4 region (Caporaso et al.
2012), while the primers ITS5-1737F and ITS2-
2043R were used for amplifying the fungal ITS1
region (White et al. 1990). For both bacteria and
fungi, the polymerase chain reaction (PCR) was car-
ried out with Phusion® High Fidelity PCR Master
Mix (Biolabs Inc., CA, USA). The PCR was run three
times to reduce PCR bias for each sample.

Three replicated PCR products for each sample
were pooled before running amplicons on 2% aga-
rose gels. Samples with a bright main strip between
400 and 450 bp were purified with the Qiagen Gel
Extraction Kit (Qiagen, Dusseldorf, Germany). The
resultant PCR products were analyzed by an Illu-
mina HiSeq2500 (Illumina Inc., San Diego, CA,
USA). The raw sequences were quality-filtered in
Quantitative Insights in Microbial Ecology (QIIME)
(Caporaso et al. 2010) and MOTHUR (Schloss et al.
2009). The trimmed sequences were grouped into
the same operational taxonomic units (OTUs) at 97%
similarity. The 16S V4 and ITS1 genes of the remain-
ing reads were aligned to the SILVA and UNITE
reference databases to determine their taxonomic
classification level (Pruesse et al. 2007). To get the
phylogenetic relationship of all OTUs, representative
sequences were submitted to analysis with MUSCLE.
The OTU matrices were rarefied to 92,866 reads per
sample for bacteria, and 86,564 reads per sample
for fungi. After quality filtering, a total of 1,857,320
bacterial sequences and 1,731,280 fungal sequences
were obtained in this study, and clustered into 9239
and 1896 OTUs for bacterial and fungal communi-
ties, respectively. We used the output OTU data for
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subsequent analyses of alpha and beta diversity of
bacterial and fungal communities.

Data analysis

The Chaol index (the estimated number of OTUs),
which indicates microbial species richness, was cal-
culated using the following equation:

Chaol =S, + M

2(ny +1)
where S, is the observed number of OTUs, n, is
the number of OTUs with only one sequence, and
n, is the number of OTUs with only two sequences.
We generated non-metric multi-dimensional scaling
(NMDS) and “Adonis” analyses based on the Bray-
Curtis dissimilarity matrix to explore the significant
differences in bacterial and fungal community struc-
ture across different treatments. Permutational mul-
tivariate analysis of variance (PERMANOVA) was
performed to assess the effects of drought and veg-
etation restoration on the community composition of
bacterial and fungal groups using the adonis function
in the “vegan” package of R (Oksanen et al. 2017).

To examine the relationship and interactions
between different microbial species, co-occurrence
network analyses based on Spearman’s rank was
performed using abundance data of OTU level with
the relative abundances greater than 0.05% (Xue
et al. 2022), this resulted in 415 bacterial OTUs and
191 fungal OTUs. The co-occurrence patterns were
explored based on strong (Spearman’s p>10.8l) and
significant correlations (P <0.01). We adjusted all P
values for multiple testing using the false discovery
rate (FDR) according to the Benjamini controlling
procedure (Benjamini et al. 2006). The nodes with
high degree were considered as key species in micro-
bial co-occurrence networks (Banerjee et al. 2018a;
Marasco et al. 2018). Networks were visualized in the
R library igraph (Csardi and Nepusz 2006).

A two-way analysis of variance (ANOVA) was
conducted to determine the individual and interacting
effects of the fixed factors precipitation (ambient pre-
cipitation or drought) and plant composition (natural
vegetation composition or planting native species) on
plant (e.g., richness, cover) and soil microbial (e.g.,
Chaol index) diversity. To clarify the significant inter-
action effects of drought and vegetation restoration,

we conducted the simple effects analysis. All of the
data met assumptions of normality and homogeneity
of variances. Because we had only five field replicates
for each treatment and the site had high spatial heter-
ogeneity, we considered statistically significant differ-
ence at P<0.1 in this study. Pearson correlation was
calculated to depict the relationship between the plant
characteristics, soil physical properties, and microbial
diversity and co-occurrence network topological fea-
tures. All analyses were performed in R version 4.0.2
(R Core Team 2020).

We used structural equation modeling (SEM) to
evaluate the direct and indirect effects of drought
and vegetation restoration on soil microbial commu-
nity composition/structure. Our SEM was conducted
with AMOS 23 (IBM SPSS, Inc.). In the SEM,
drought was binary (0=no and 1=yes), and vegeta-
tion restoration was binary (O0=no and 1=yes) (Liu
et al. 2022). We quantified direct and indirect effects
as standardized path coefficients. The red and blue
arrows indicate positive and negative paths, the path
widths are scaled proportionally to the path coef-
ficient, and the numbers on the arrows are standard-
ized path coefficients. The R? value represents the
proportion of total variance explained for the depend-
ent variable of interest. The performances of the SEM
were evaluated using a combination of the Chi-square
statistic (where 0$X2§2 df and P>0.05 indicates
a good fitting model), the root mean square error of
approximation (RMSEA; where RMSEA <0.08 indi-
cates a good fitting model), and the Bentler’s com-
parative fit index (CFI, where CFI>0.95 indicates a
good fitting model).

Results
Environmental conditions

The total rainfall was 496 mm (from 24 October 2017
to 23 June 2018) in the third experimental year, and
the maximum daily precipitation was 84.6 mm in
early-April (Fig. 1a). For the drought plots, the rain-
fall shelter excluded about 297 mm (estimated value)
of precipitation. Drought significantly reduced soil
moisture after each major rainfall event (Fig. 1b).
Compared with the ambient precipitation plots,
soil average temperature was warmer by as much as
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Fig.1 (a) Daily precipitation and air temperature, (b) soil
moisture, and (c¢) soil temperature under drought and vegeta-
tion restoration treatments from 24 October 2017 to 23 June

1.1 °C in the drought plots during the third experi-
mental year (Fig. 1c).

Vegetation characteristics

The characteristics of the plant community are listed
in Table 1. Significant interactive effects between
drought and vegetation restoration were detected
for plant species richness (F=15.69; P<0.001), net
losses (F=3.28; P<0.1), dominant richness (F=8.1;
P<0.05), common richness (F=9.68; P<0.01),
dominant cover (F=3.68; P<0.1), and common
cover (F=3.28; P<0.1). There was a significant
increase in plant species net gains (F=427.78;
P <0.001), rare richness (F=235.64; P<0.001), and
rare cover (F=42.95; P<0.001) in planted native
species treatments.

@ Springer

Date of year

2018. C=control, D=drought, P=vegetation restoration
(planted native species), and DP=drought and vegetation res-
toration (planted native species)

Diversity of soil microbial communities

Drought had a significant impact on the bacterial
Chaol index (F=7.01; P<0.05) with the lowest
value in the DP plots of 6001 +30. Vegetation res-
toration had no effect on both bacterial (F=0.11;
P>0.1) or fungal diversity (F=0.03; P>0.1; Fig. 2).
Interactions between drought and vegetation resto-
ration were significant for the fungal Chaol index
(F=3.11; P<0.1). In the planted plots, fungal Chaol
index was reduced 16.44% by drought (F=5.01;
P<0.1; Fig. 2b).

Similar to the alpha diversity results, drought sig-
nificantly altered the composition of the soil bacte-
rial communities (P <0.05; Fig. 3a and Table S4),
but did not affect the composition of the fungal
communities (P>0.05; Fig. 3b and Table S4). In
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Table 1 Vegetation characteristics under drought and vegetation restoration treatments

Treatment Richness Netlosses Net gains Dominant Common Rarerich- Dominant Common Rare cover

richness richness ness cover (%)  cover (%) (%)

C 94+06 12+05 28+09 4.6+02 4.4+0.7 0.4+0.2 70.1£59 29.1+63 0.8%0.5
D 54+0.8 1.2+0.5 1.8+0.7 2.8+0.6 22402 0.4+04 81.7+23 17.1x28 1.1zx1.1
P 19.0+0.0 7.0+0.0 14.0+0.0 6.0+0.0 9.0+0.0 4.0+0.0 70.5+1.1 243+12 52+03
DP 19.0+0.0 7.0+0.0 14.0+0.0 6.0+0.0 9.0+0.0 4.0+0.0 69.9+03 25.0+02 5.2+0.1
Signifi-

cance

D 15.69%%% 328+ 0.78 ™ 8.10%* 9.68%* 0.00 ™ 295m 2.60 ™ 0.04™

P 527.69%%% [28.21%%% 427.78%%% 52 9Q%k:* 259.92%%% 235 .64%%k%k 317t 0.18™ 42.95%%

DxP 15.69%%% 328+ 0.78 ™ 8.10%* 9.68%* 0.00™ 3.687 3.28% 0.08 ™

C control, D drought, P vegetation restoration (planted native species), and DP drought and vegetation restoration (planted native
species)

Data are means +1 SE (n=5). F statistics for two-way ANOVA are provided. Levels of significance are indicated as — ns: P> 0.1, ¥:
P<0.1,*: P<0.05, **: P<0.01, and ***: P <0.001

Fig. 2 (a) Bacterial and 10000 " 1000
(b) fungal Chao 1 diversity 18Py B e
index under drought and Przing Py
vegetation restoration 8000 1 Popins 800 | Powr:¥
treatments. C =control,

D =drought, P=vegetation
restoration (planted native
species), and NoP =exotic
vegetation (non-planted
native species). Levels of
significance are indicated
as—ns: P>0.1, {: P<0.1,
*: P<0.05. Data are means
+1 SE (n=5)

e

6000 - 600 -

4000 - 400 -

Bacterial Chao 1
Fungal Chao 1

2000 - 200 -

Stress=0.143 Stress=0.192

Fig. 3 (a) Bacterial and (b) pre—— :
fungal community composi- :
tion indicated by non-metric 0.04
multi-dimensional scaling !
(NMDS) under drought : 0057 |
and vegetation restoration 000 )

T e R e

treatments. C = control, } ‘ i 0.004 == mmmmmmmemfee b ]
© :

(b) Fungi
0.10

NMDS2
NMDS2
g

D =drought, P =vegetation |
restoration (planted native
species), and DP =drought ~0.04 ! =0:05
and vegetation restoration
(planted native species) : ~0.10 '

addition, PERMANOVA analysis showed differ- plots (R2=0.14, P=0.08), and between D and P
ences in bacterial communities between C and P plots (R>=0.23, P=0.01; Fig. 3a and Table S4). For
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the fungal communities, the C (R2:0.18, P=0.01),
D (R>=0.18, P=0.01), and DP (R*=0.21, P=0.01)
plots differed significantly from the P plots (Fig. 3b
and Table S4).

Microbial co-occurrence networks

We constructed co-occurrence networks that included
both bacterial and fungal OTUs for four treatments:
C, D, P, and DP (Fig. 4). The modularity values of
the four co-occurrence networks were 0.871, 0.898,
0.873, and 0.888, respectively; all values are >0.4
suggesting that these co-occurrence networks had a
modular structure (Table 2). Multiple network topo-
logical features consistently showed that microbial
co-occurrence patterns differed between drought and
ambient precipitation networks, and between planted
and non-planted networks (Fig. 4 and Table 2).
Drought formed smaller networks with less edges
(D: 3627; DP: 3409) than the ambient precipitation
networks (C: 3871; P: 3607); meanwhile the planted
networks contained less edges (links) than the non-
planted networks, which created less intricate planted
network patterns when compared with non-planted
plots. Moreover, the clustering coefficient increased
in the drought treatments (D: 0.887 & DP: 0.871
vs. C: 0.863 & P: 0.831) and decreased in the veg-
etation restoration treatments (P & DP vs. C & D).
The C network was larger (i.e., more links) and the
D network was more complex (i.e., higher cluster-
ing coefficient) among four co-occurrence networks.

Table 2 Topological features of four co-occurrence networks
of soil microbial communities under drought and vegetation
restoration treatments (Fig. 4)

Network topology C D P DP
Number of nodes 591 587 591 594
Number of edges 3871 3627 3607 3409

Number of positive correla- 2162 1989 1997 1801
tions

Number of negative cor- 1709 1638 1610 1608
relations

Modularity 0.871 0.898 0.873 0.888
Clustering coefficient 0.863 0.887 0.831 0.871
Average path length 8377 6.135 9.381 12.155
Network diameter 22 20 24 28

Average degree 13.100 12.358 12.206 11.478

C control, D drought, P vegetation restoration (planted native
species), and DP drought and vegetation restoration (planted
native species)

The resulting DP network had an average degree of
11.5 that was lower than the C network with average
degree of 13.1 (Table 2).

Keystone species were defined as taxa interacting
with many other members (i.e., top 1% of interac-
tions); such taxa were thought to play crucial roles in
the overall soil microbial community. Keystone spe-
cies in four co-occurrence networks were also altered
by drought and vegetation restoration (Table 3).
The C and DP networks hosted all keystone species
belonging to the bacteria phyla (Verrucomicrobia,

@ Bacteria

@ Fungi

Fig. 4 Microbial network showing co-occurrences of bacte-
rial (red) and fungal (blue) OTUs under drought and vegeta-
tion restoration treatments. Red and blue lines represent posi-
tive and negative relationships. See Table 2 for co-occurrences
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— Positive links
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network properties. C=control, D=drought, P=vegetation
restoration (planted native species), and DP =drought and veg-
etation restoration (planted native species)
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Table 3 Network features and taxonomy of top five keystone
taxa under drought and vegetation restoration treatments

Treatment OTUid Degree Kingdom Phylum

C Botu2124 40 Bacteria  Verrucomicrobia
Botu2586 40 Bacteria  Proteobacteria
Botu361 40 Bacteria  Chloroflexi
Botu26 37 Bacteria  Cyanobacteria
Botu966 37 Bacteria  Planctomycetes

D Botu275 34 Bacteria  Chloroflexi
Botu884 32 Bacteria  Planctomycetes
Botull2 31 Bacteria  Chloroflexi
Fotu85 31 Fungi Ascomycota
Fotul08 31 Fungi Ascomycota

P Botu228 29 Bacteria  Verrucomicrobia
Fotul30 29 Fungi Ascomycota
Fotul86 28 Fungi Ascomycota
Botu415 28 Bacteria  Planctomycetes
Fotu270 28 Fungi Ascomycota

DP Botu786 30 Bacteria  Proteobacteria
Botul263 30 Bacteria  Proteobacteria
Botud06 28 Bacteria  Proteobacteria
Botu263 27 Bacteria  Planctomycetes

Botu6608 27 Bacteria  Acidobacteria

C control, D drought, P vegetation restoration (planted native
species), and DP drought and vegetation restoration (planted
native species)

Proteobacteria, Chloroflexi, Cyanobacteria, Plancto-
mycetes, and Acidobacteria). However, the D and P
network analysis showed 2-3 fungal keystone species
replaced the bacterial keystone species, and they all
belonging to the phyla Ascomycota.

Relationships among plant, soil, and microbial
properties

We used structural equation modeling (SEM) to
examine the effects of soil physical properties and
vegetation characteristics on bacterial and fungal
community composition/structure. Our SEM showed
that drought and vegetation restoration had no signifi-
cant direct effects on bacterial community composi-
tion. There were direct negative effects of plant spe-
cies net gains (P <0.001) and soil moisture (P<0.1),
and a positive effect of plant richness (P<0.01) on
soil bacterial community composition/structure.
Meanwhile, drought showed significant direct and
indirect effects by bacterial community composition

on fungal community composition (both P <0.05).
Notably, both drought and vegetation restoration had
direct positive effects on soil temperature (P <0.001),
which did not affect soil microbial community com-
position (Fig. 5).

Pearson correlation analysis revealed that domi-
nant plant species cover, common species cover, and
bacterial diversity were the dominant predictors,
which had significant correlations with the clustering
coefficient (complexity) of microbial co-occurrence
networks in response to drought and vegetation res-
toration (all P <0.05). Plant dominant species cover
was negatively associated with the clustering coef-
ficient; however, plant common species cover and
bacterial diversity had positive relationships with
the clustering coefficient. By contrast, neither net-
work nodes nor edges (co-occurrence network size)
were correlated with any of the plant and soil factors
(P>0.05; Fig. 6).

Discussion

Effects of drought and vegetation restoration on
microbial diversity and composition

Consistent with our first hypothesis, we found that
drought significantly reduced soil bacterial diversity
and altered bacterial community composition com-
pared with soils receiving ambient precipitation,
especially for plots on which native species had been
planted (Figs. 2a and 3a). Sheik et al. (2011) reported
that effects of changes in precipitation on bacterial
communities could be associated directly with the
close association among soil moisture, temperature,
and bacterial diversity and community structure. For
example, interannual variability in bacterial commu-
nities in Tibetan Plateau grassland soils were corre-
lated significantly with fluctuations in MAP and MAT
(Shi et al. 2020). Our previous results demonstrated
that ambient precipitation had the highest bacterial
diversity, as decreases of 30% and 50% precipita-
tion both profoundly reduced bacterial alpha diver-
sity, likely due to the low soil moisture that likely
greatly constrained bacterial growth (Yang et al.
2021c). In other studies bacteria were more strongly
driven by instantaneous soil moisture (Hawkes et al.
2011). Additionally, drought could also affect bac-
teria due to certain side effects, such as increases in
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Fig. 5 Structural equation modeling depicting the effects of
drought and vegetation restoration on the microbial commu-
nity composition/structure (bacterial and fungal communi-
ties, represented by the first axis of their NMDS). Significant
positive and negative paths are shown as red and blue arrows,

soil temperature. Between direct and indirect mech-
anisms, the former usually played a more important
role (Yang et al. 2021b).

By contrast to the bacterial patterns, the diversity
and composition of fungi were relatively stable and
not affected by drought or vegetation restoration.
Drought slightly reduced fungal Chaol diversity and
altered fungal composition in vegetation restora-
tion plots (Fig. 2b and Table S4). Our finding dif-
fers from a study in the southeast US that indicated
that changes in plant functional groups and drought
together had less of an effect on fungal richness and
composition than either treatment alone (Fahey et al.
2020). Vegetation restoration could result in more
competition between exotic and native species, so
plant richness and biomass might either decrease
or increase, while the plant communities would be
vulnerable under drought stress (Table 1). As the
decomposers and plant symbionts, soil fungal species
interact with plant health (Paungfoo-Lonhienne et al.
2015). Changes in plant richness, productivity, and
carbon allocation induced by vegetation restoration
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the strength of the path coefficients. The path coefficients are
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variance explained. Levels of significance are indicated as — 7:
P<0.1, *: P<0.05, **: P<0.01, and ***: P<0.001

plus drought may potentially influence the diversity
of fungal communities, especially if given a longer
period of treatment.

The shift of microbial co-occurrence networks in
response to drought and vegetation restoration

Previous studies using microbial co-occurrence net-
work analysis have often assessed archaeal, bacterial,
or fungal communities (Sun et al. 2017; Wang et al.
2023), but the roles of their interactions among these
groups have been underrepresented in microbial co-
occurrence network analyses (Banerjee et al. 2018b).
In microbial ecology, the positive interactions could
be mutualistic and/or cooperative for communities,
whereas the negative interactions have been attrib-
uted to amensalism and/or competition (Faust and
Raes 2012; Yang et al. 2022). The numbers of posi-
tive links in all co-occurrence networks were greater
than the negative links (Table 2), indicating more
interspecies cooperation than competition in our
studied grassland. As indicated by the interactions
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Fig. 6 Pearson correla-
tions among the vegetation
characteristics, soil physical
properties, and soil micro-
bial diversity and co-occur-
rences network. Levels of
significance are indicated as
—* P<0.05, **: P<0.01,
and ***: P<0.001
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among interspecies, a larger network size is accom-
panied by a greater network connectivity (Fan et al.
2018). The control network formed the largest bacte-
rial-fungal network size, because it possessed more
edges and higher average degree than the other net-
works. A possible explanation is that the lifestyles
of soil microorganisms are more universal and adapt
to more ecological niches along with environmental
changes; however, different microbial species possi-
bly result in stronger competition for similar niches
under the drought or vegetation restoration treatments
(Wan et al. 2020). Additionally, microorganisms can
also form complex association networks, it has been
shown that complex networks are more robust to
environmental perturbations than simple networks
(Santolini and Barabasi 2018). We demonstrated
that the co-occurrence network structure of drought
plots had a more complex (higher modularity and
clustering coefficient) interspecies interactions than
the other three treatments, its co-occurrence network

Soil Bacteria Fungi Network

had typical small-world features. This was consistent
with those reported by Wang et al. (2022), who found
that microbial co-occurrence networks become more
complex as precipitation decreases or increases. de
Vries et al. (2018) have shown that some microbial
taxa were sensitive to changes in precipitation and
soil water availability, while this sensitivity produced
an increase in microbial co-occurrence network com-
plexity to adverse water stress.

Keystone species are often strongly connected
taxa that exert a substantial influence on other mem-
bers of microbial communities and play a critical
role in maintaining ecosystem function and stability
(Faust and Raes 2012; Wan et al. 2020; Wang et al.
2022). The phylum Planctomycetes was identified as
the most prominent keystone taxon detected in the
four treatment co-occurrence networks, suggesting
this group may thrive in the studied grassland soils.
Notably, it is also prevalent in European grasslands
(Karimi et al. 2019). We found that some keystone
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species that belonged to the Verrucomicrobia OTUs
disappeared in the drought (D & DP) networks. Pre-
vious studies have suggested that members of this
phylum are important in soil carbon cycling, because
they can utilize multiple carbon compounds, such
as cellulose, xylan, and pectin (Dunfield et al. 2007,
Gu et al. 2019; Pol et al. 2007). The Chloroflexi
OTUs were identified in the treatments without veg-
etation restoration. Wang et al. (2018) showed that
they were acidogenic bacteria whose presence was
involved in the anaerobic digestion process. Proteo-
bacteria, known as copiotrophic r-strategists, have a
positive effect on plant health that is well documented
(Fernandez-Gonzalez et al. 2020). These species play
vital roles in energy flow and nutrient cycling, which
might be active utilizers of fresh photosynthate and
identified as the most stress-tolerant microorganisms
(Bastida et al. 2016; Cheng et al. 2020; Wang et al.
2019) under DP treatment. In the present study, the
majority of keystone species came from bacterial
communities whereas Ascomycota were important in
the drought and planted networks. Ascomycota are
particularly dominant fungi in soils (Wu et al. 2021),
because of their saprotrophic activity in degrading
refractory organic carbon (Hu et al. 2020; Xiao et al.
2017). Changes in the soil microenvironment induced
by drought or vegetation restoration may enhance the
potential carbon use efficiency of fungi.

The biotic factors determining microbial community
composition and co-occurrence networks

The effects of the drought and vegetation restora-
tion treatments on bacterial composition were offset
by the indirect effects through alterations to plant
diversity (richness and net gains) and soil moisture
(Fig. 5). It has been increasingly recognized that
changes in the diversity and structure of plant com-
munities occur in parallel to changes in the structure
of soil bacterial communities (Liu et al. 2021). Our
data indicated that plant communities were the most
important drivers of soil bacterial NMDS1 com-
pared with soil moisture, which suggested that bac-
terial community composition had a higher demand
for carbon than water. Exotic plants can accelerate
ecosystem carbon loss via photodegradation (Austin
and Vivanco 2006), and the negative effect of exotic
plants was also reflected in the reduction of soil dis-
solved organic carbon (Pérez Castro et al. 2019),
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which may have been due to carbon limitation of soil
microorganisms under nonnative invasion. On the
other hand, drought can decrease soil carbon input by
reducing plant biomass and cover (Yang et al. 2021c¢),
this can also exacerbate the requirement for photosyn-
thetic carbon by bacterial communities. Interestingly,
by contrast to bacteria, we found fungal composition
was directly influenced by bacterial diversity, but not
plant diversity. The negative correlation between soil
bacterial and fungal communities implies a competi-
tive relationship between them by drought and veg-
etation restoration. Different microbial groups would
go through competition to acquire similar resources
in order to adapt to environmental changes (Li et al.
2020). Additionally, we further investigated whether
soil bacterial diversity exhibited the strongest positive
effect in regulating microbial co-occurrence network
complexity (Fig. 6), indicating that soil bacterial
communities dominated the microbial co-occurrence
network structure in this study. However, we still
know much less about the interactions among bac-
terial and/or fungal keystone species in determining
microbial co-occurrence network complexity and sta-
bility. Metagenomic and meta-transcriptome sequenc-
ing techniques can be applied to reveal the ecological
functions of soil microorganisms in our future studies,
which may contribute to elucidate the mechanisms of
plant-microbial interactions under the background of
global change.

Conclusions

We revealed that bacterial diversity and composi-
tion were sensitive to three years of 60% reduction
in precipitation and plant community composition,
whereas fungal communities were not. Perhaps the
fungi require longer than three years for changes to
play out. Our results also showed that plant species
richness and soil moisture were the most impor-
tant factors affecting soil microbial diversity under
drought or restoration planting. A larger microbial co-
occurrence network with more connections appeared
in soils under invasive plant communities (control
plots), while both drought and vegetation restora-
tion altered the microbial co-occurrence networks.
Although microbial co-occurrence networks were
dominated by bacterial communities, drought or veg-
etation restoration also led to the emergence of fungal
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keystone species. This further highlighted the impor-
tance of interkingdom associations in soil microbial
co-occurrence networks.
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