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• Bacteria were more sensitive than fungi
to wetting procedures of 5–30%, 5–30–
45% and 30–45%.

• Fungal communities exhibited differ-
ence between 5–30–45%wetting proce-
dure and constant 45% SM.

• Effect of SM variation on bacterial co-
occurrence network was larger than for
fungi.

• A two-step continual wetting procedure
caused a pulsed microbial respiration
rate.
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Community composition and respiration rates of bacterial and fungal communities from grass-covered eroded
soils of the Loess Plateau responded differently to constant and increasing soil moisture (SM) regimes. The
soils were incubated with SM contents of 5%, 30%, and 45% and with wetting processes in the SM ranges from
5% to 30% (5–30%), from 5% to 30% to 45% (5–30–45%) and from30% to 45% (30–45%); high-throughput sequenc-
ing and co-occurrence network analyses were applied to investigate the different responses of the bacterial and
fungal communities to changed SM. Our results showed that bacteria were more sensitive than fungi to changes
in SM. The dominant bacterial communities converted from Actinobacterial to Proteobacteria and Acidobacteria in
5–30–45%wetting procedure. Firmicutes preferredwet condition and exhibited slow resilience. However, no dif-
ference was observed for the Chloroflexi communities across any sample. The obvious difference in fungal com-
position was found between the wetting process of 5–30–45% and constant 45% SM. During the 5–30–45%
procedure, the respiration rate was higher than that at 30–45% procedure after incubation for 24 days. The res-
piration rate in 5–30% procedure was lower than that of 5–30–45% process after incubation for 16–27 days.
The larger effects on bacterial response than on fungiwere verified in network analysis.Multiple stepwise regres-
sion analysis showed that 84.40% of the variation in bacterial richness and diversity aswell as fungal diversity can
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be explained by changes in soil respiration rate in response to wetting procedure. Understanding the response of
difference between bacterial and fungal community composition, phylum-levels networks and respiration rate to
changes in SM is essential for the management of plant-soil-water relationship in the ecosystem after natural
vegetation restoration on the Loess Plateau.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Soil erosion is widely recognized as one of the main threats to the
Loess Plateau in China, where concentrated rainstorms during a narrow
time interval (Fu et al., 2013), as well as high temperatures and evapo-
transpiration rates, having accelerated soil degradation dramatically
(Zhang et al., 2016; Orgiazzi and Panagos, 2018). To eliminate soil ero-
sion and restore the ecosystem of the Loess Plateau, agricultural land
has been converted into vegetation land over the past few decades,
and slopes greater than 15°were abandoned in favor of natural grass re-
covery without anthropogenic interference (Zhang et al., 2016). How-
ever, based on climate model predictions of intensified precipitation
and hydrological cycling in arid and semi-arid regions, the significantly
increased frequency of both long periods of drought and extreme rain-
fall events would be anticipated for the Loess Plateau, resulting in the
frequent variation of soil moisture (SM) content (Piao et al., 2010;
Evans and Wallenstein, 2012). Therefore, SM will play an increasingly
important role in ecosystem regulation processes following vegetation
restoration in the Loess Plateau of China.

Additionally, revegetation can strongly influence soil properties,
through changing the spatial distribution of SM (Vivoni et al., 2008)
and differences in consumption rates of SM across different vegetation
types (Zhang and Shangguan, 2016). By controlling the diffusion of car-
bon sources and nutrients in aqueous solution (Hawkes et al., 2017; Ren
et al., 2017) and the gas resources for microbial community (Banerjee
et al., 2016), the SM content may greatly affect the soil microbial com-
munity diversity and/or composition. Some previous studies have sug-
gested that fungal communities are more sensitive than bacterial
communities to changing SM in vegetation ecosystems (Kaisermann
et al., 2015; McHugh and Schwartz, 2016). However, other studies
have observed bacteria to be more influenced by and even to benefit
more from disturbance of SM in grassland ecosystems (Pesaro et al.,
2004). Moreover, no differences among microbial communities were
also found using different SM conditions in grassland (Griffiths et al.,
2003). Thus, the responsive pattern of different soil microbes in grass-
land vegetation to SM is still controversial and lacks applicability to
grassland restoration soil. In addition, soil microbial respiration has fur-
ther been shown to be affected by the variation of SM, causing increased
respiration in different types of land (Birch, 1959; Kim et al., 2012).
Fungi was found to have lower microbial metabolic rate than bacteria
generally for the slower biomass turnover rate (Deng et al., 2016), and
the fungal richness was closely related to its respiration (Tong et al.,
2020). Other studies illustrated the fungal respiration rate was high in
dry condition for the higher resistance to drought and access to sub-
strates by hyphal, while the pulse was observed for bacteria after
rewetting from dry soil with faster bacterial growth rate and subse-
quent soil carbon (C) over mineralization (Canarini et al., 2017). How-
ever, some research indicated that rewetting did not induce over
mineralization of soil C by bacteria and fungi in partly dried soil
(Kaisermann et al., 2015; Das et al., 2019). The contradictory conclusion
may be due to the different soil texture and historical soil environment,
such as SM. Therefore, the correlative mechanism between moisture
and the soil microbial community as well as its respiration pattern in
grass vegetation recovery areas of eroded soil remains unclear.

Various research about the effects of SM on the microbial commu-
nity and respiration have been based on the SM being fixed at a specific
level (Carson et al., 2010) or immediate rewetting (Fierer et al., 2003).
The responses of the differences between bacterial and fungal
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communities on dynamic SMs are still unclear, and the deep under-
standing of bacterial and fungal interspecies network and respiration
under different SMs is important for the restoration of vegetation eco-
system. Comparison of the network structure between bacteria and
fungi as well as different respiration rates under different variations of
SM are helpful for deeper understanding of the relationship of plant-
soil-water, which may provide new information about the influence of
different SM levels and the feedback mechanisms of soil microbes in
grass vegetation restoration areas of the Loess Plateau ecosystem.
Next-generation sequencing technologies have recently offered new
opportunities for studying belowground communities by profiling mi-
crobial composition at the species level (Zhang et al., 2016), and co-
occurrence network analysis has proven powerful to study the different
interactions between bacterial and fungal network structures (He et al.,
2017). This information is beneficial for the manager to understand the
long-term relationship of grass restoration, soil microbial communities,
respiration and SM content for restoring ecosystem on the Loess pla-
teau. Therefore, a systematic and deep understanding of the different
responses of bacterial and fungal communities and respirations to dif-
ferent SMs is important to manage the plant-soil-water relationship
during the vegetation restoration on the Loess Plateau.

Our objectives were to (i) evaluate the different responses of bacte-
rial and fungal communities and diversities and their corresponding
networks andmetabolize to variations in SM in natural grass vegetation
restorations of eroded soil and (ii) explore the differences between bac-
terial and fungal respiration rate in the process of constant levels versus
wetting procedures across different SM levels. We hypothesized that
(H1) bacterial diversity, community structure, respiration rate and co-
occurrence network are more sensitive than those of fungi in response
to variations in SM and that (H2) the gradual wetting procedure causes
pulses in the respiration rate. To test our hypothesis, bacterial and fun-
gal diversity, composition, network and respiration rate were investi-
gated under different SM conditions, including constant and varying
SM levels.

2. Materials and methods

2.1. Study site

The study site was located in the Wuliwan watershed (36°51′
41.23″-36°52′50.87″N, 109°19′49.20″-109°21′46.46″E), in the hinter-
land of the Loess Plateau, which is situated in the vicinity of the city of
Yan'an, Shanxi Province, China. The samples were collected at 36°51′
47.56″N and 109°21′1.24″E, at an altitude of 1248.00 m. The climate of
this area is semi-arid with average annual temperature of 8.8 °C and
average annual precipitation of 510 mm, most of which occurs by
means of short-duration and high-intensity storms during the summer
months (mainly from July to September) (Ren et al., 2018). The annual
frost-free period is approximately 157 days. The dominant soil is mainly
Huangmian soil (Calcic Cambisols, FAO), which was developed on
wind-deposited loess parent material. For the porous texture, poor
water and fertilizer retention, imperfect development and weak cohe-
sion features, the Huangmian soil is extremely susceptible to erosion
(Xiao et al., 2016; Xu et al., 2020).

Since 1973, theWuliwanwatershed, an experimental site for the In-
stitute of Soil and Water Conservation of the Chinese Academy of Sci-
ence (CAS), has been subjected to revegetation to the control soil
erosion problem. In particular, those slopes exceeding 15° were
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transformed into forest or abandoned land for natural recovery. Thus,
abandoned farmlands characterized by Artemisia sacrorum for natural
recovery were selected.

2.2. Soil sampling and treatment

After removing the litter layer of the topsoil (approximately 1 cm),
triplicate soil samples were taken using a soil auger with diameter of
5 cm at a depth of 0–15 cm. Fine roots and large rocks were carefully
but immediately removed from the samples. Those parts of the soil sam-
ples to be used to determine physicochemical characteristics were air
dried and stored at 4 °C. The other part of the soil samples, which was
to be used for incubation, was sieved through 2-mmmesh and immedi-
ately transported to the laboratory for incubation.

2.3. Soil physicochemical properties

The samples of air-dried soils were crushed and sieved through 2-
mm mesh. The soil pH was assayed with a digital pH meter using the
ratio of 1:2.5 (w/v) of soil-to-water. The soil moisture (SM) was calcu-
lated gravimetrically and presented as the percentage of soil water to
dry weight. Soil organic carbon (SOC) was measured by dichromate ox-
idation (Kalembasa and Jenkinson, 1973). Total nitrogen (TN)wasmea-
sured using the Kjeldahl (Kjeldahl, 1883) method, while available
nitrogen (AN) was determined using the alkali N proliferation method
(Duan et al., 2016). Dissolved organic carbon (DOC) and soil dissolved
organic nitrogen (DON) were calculated as described in literatures
(Ren et al., 2016; Nie et al., 2018). Additionally, the soil particle sizes
were analyzed using the MasterSizer 2000 method. Finally, microbial
biomass carbon (MBC) was calculated depending on the chloroform-
fumigation extraction method (Vance et al., 1987). All of the physico-
chemical properties are shown in Table S1 (Supplementary materials).
The soil-water characteristic curve was measured using a high-speed
refrigerated centrifuge (CR2G, Hitachi Ltd., Tokyo, Japan) (Fig. S2).

2.4. Soil incubation

The soils were incubated according to method reported in literature
with somemodification (Banerjee et al., 2016). Triplicate samples were
Fig. 1. Schematic presentation of the experimental design of soil moisture (SM) variation. C
treatment was carried out in triplicate, and the measurement of CO2 efflux occurred on days 1

3

prepared, each containing 50 g of homogeneous soil in a 250 ml glass
bottle; the SM was adjusted to 5%, 30%, and 45% by adding sterile
deionized water onto the surface, or the samples were kept in a venti-
lated place to dry. SM level was achieved by adjusting the gravimetric
water content. All soil samples were randomly arranged and pre-
incubated for 7 days at 25 °C in the dark to stabilize the microbial activ-
ity before varying or making static the soil water (Xiao et al., 2017). In-
cluding the pre-incubation, all jars were incubated in the dark at 25 °C
for a total of 31 days at 1, 3, 5, 7, 8, 9, 10, 12, 16, 17, 20, 23, 24, 27 and
31 days, respectively (Fig. 1). Themeasured CO2 emission on each sam-
pling day was used to calculate the respiration rate for the correspond-
ing day. CO2 emissions were measured using a GC system equipped
(Agilent Technologies 7890B) with a thermal conductivity detector,
and three replications of empty glass bottles were incubated in the
dark at 25 °C as controls. In addition, the respiration rate represents
the CO2 emissions rate of the corresponding day.

In the process of varying or making static the SM, water was added
by weighing the soils. Specifically, for the wetting procedure of 5–30–
45%, 5–30%, and constant 5% SM, the 9 replications were at first held
in the initial static period of 5% SM; at 16 days, 3 replications were
changed to 30% SM. Then, at 23 days, these 3 replications were again
changed to 45% SM; meanwhile 3 replications previously held static
were changed to 30% SM. The remaining 3 replications were kept static
at 5% SMuntil the experimentwas completed. Thewetting procedure of
30–45% and constant 30% SMwere conducted similar to the above pro-
cedure for the 5–30% range. The 6 replications were at first held in the
initial static period of 30% SM, at 23 days, 3 replications were changed
to 30% SM; meanwhile the remaining 3 replications were kept static
at 30% SM until the experiment was finished. A 45% SM level was kept
static as for comparison (Fig. 1). At the end of the experiment (at
31 days), all of the experimental units were destructively sampled by
collecting 5 g of soil and freezing at −70 °C for microbial community
analysis.

2.5. Determination of bacterial and fungal communities

IlluminaMiSeq sequencingwas applied to analyze the soil microbes.
A sample of 16S rRNA was amplified using 338F (5′-barcode-ACTCCT
ACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-
olored boxes represent that destructive sampling occurred. Each destructively sampled
, 3, 5, 7, 8, 9, 10, 12, 16, 17, 20, 23, 24, 27 and 31.
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3′) under the following conditions: denaturation at 95 °C for 10 min,
followed by 40 cycles of 95 °C for 15 s, 55 °C for 60 s and 72 °C for
90 s, and finally being held at 72 °C for 7 min (Xiao et al., 2017; Tong
et al., 2020). Moreover, ITS was amplified using ITS1-F (CTTGGTCATTT
AGAGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC) under the fol-
lowing conditions: denaturation at 95 °C for 5min, followed by 35 cycles
consisting of 1min at 95 °C, 45 s at 53 °C and 1min at 72 °C (Wang et al.,
2019). The data for the purified PCR was obtained from an Illumina
MiSeq PE250 platform (Illumina Corporation, USA). Operational taxo-
nomic units (OTUs) were clustered at a 97% similarity threshold via
UPARSE (version 7.1), and the screened sequences were obtained
from the raw fastq files that were demultiplexed and quality-filtered
by ‘Quantitative Insights into Microbial Ecology’ (QIIME version 1.8.0).
Relative abundancewas determined based on the number of OTUs affil-
iated with the same phylogenetic group divided by the total number of
OTUs. In addition, the alpha diversity and richness of themicrobial com-
munitywere assessed by Shannon and Chao1 indices. The original reads
were deposited into the NCBI Sequence Read Archive database with ac-
cession number SUB7902263.

2.6. Statistical analysis

One-way ANOVA was performed to analyze the differences across
the different SM values followed by a least significance difference
(LSD) test. Lists of the top 80 phyla of bacterial and fungal from the dif-
ferent SM values were each generated. Co-occurrence networks were
explored and visualized with the interactive platform Gephi (https://
gephi.github.io/), and the numbers of nodes and edges, network diam-
eter, average degree, average weight degree, density, average clustering
coefficient, average path length and modularity were calculated to de-
scribe the topological properties of the network (Gao et al., 2020).
Moreover, multiple stepwise linear regression analysis was performed
to determine the contributions of biotic properties to variations in
microbial respiration rates in the different SM levels. In general, 6 biotic
elements, including the bacterial and fungal Shannon diversity index
(alpha diversity), Chao 1 (species richness), and PCAs (beta diversity),
were chosen. All statistical analyses were calculated using the SPSS
23.0 software package (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Changes in soil microbial abundance and diversity

Bacterial OTUs in the constant 30% and 45% SMwere 3180 and 3110
(p> 0.05), respectively, whichwere higher than that in constant 5% SM
(2578, p< 0.05). The species richness (Chao 1) of the bacteria were sig-
nificantly increased from 3429 to 4283 with the rise in constant 5% SM
to 30% SMbefore decreasing to 4129with SM being further increased to
45% (p<0.05). Shannon index in constant 30% SMwas 10.00,while that
in constant 5% and 45% SM were different to be 9.48 and 9.77 respec-
tively (p < 0.05). With the wetting procedure being extended from
Table 1
Microbial abundance and diversity indices under the different soil moisture (SM) conditions,
increasing from 30% to 45% (i.e., 30–45%) as well as with SM of 5–30% and 5–30–45%. Differe
on one-way ANOVA. OTUs: operational taxonomic units.

Treatment SM (%) Bacteria

OTUs Chao1 Shannon ind

Mean SE Mean SE Mean

45 3110a 78 4129ab 101 9.77bc
30–45 3151a 33 4153a 70 9.86ab
30 3180a 23 4283a 25 10.00a
5 2578c 48 3429d 54 9.48d
5–30 2673c 46 3715c 145 9.48d
5–30–45 2843b 72 3972b 101 9.55cd

4

30–45% to 5–30–45%, bacterial OTUs, species richness and Shannon
index decreased significantly from 3151 to 2843, 4153 to 3972 and
9.86 to 9.55, respectively (p < 0.05). Similarly, bacterial OTUs, species
richness and Shannon index for the wetting process of 5–30% were sig-
nificantly lower than that for the constant 30% SM (p < 0.05). In addi-
tion, the OTUs and Shannon index for wetting process of 5–30% and
for constant 5% were similar (2578 vs 2673 and 9.48 vs 9.48,
p> 0.05), except for species richness (p< 0.05). When the SMwas fur-
ther increased to 45% after the 5–30–45% wetting procedure, OTUs and
species richnesswere significantly higher than those for the constant 5%
SM (i.e. 2843 vs 2578 for OTUs, and 3972 vs 3429 for species richness,
respectively). However, comparing the wetting procedure of 30–45%
and situation of constant SM being 30% or 45%, there were no obvious
difference in the OTUs, species richness and Shannon index (p > 0.05)
(Table 1).

The fungal OTUs in constant SM levels of 45% and 30% were similar
(734 for 45% SM vs 780 for 30% SM, p > 0.05), which were remarkably
lower than that in the constant 5% SM (922, p < 0.05). Fungal species
richness in the constant 45% SM was significantly lower than that in
constant 5% SM (1009 vs 1213, p < 0.05). The OTUs of fungi after wet-
ting procedures of 5–30–45%, 30–45% and 5–30% exhibited no obvious
difference to be about 870, which was significantly higher than 734
for the constant 45% and 780 for the constant 30% SM levels
(p < 0.05). Similarly, the fungal species richness after wetting proce-
dures of 5–30–45%, 30–45% and 5–30%were not different to be approx-
imately 1200, which were not significantly different from those in
constant SM of 30% and 5%, but obviously higher than that for constant
45% SM (1009, p < 0.05). However, significant difference existed be-
tween wetting process of 5–30–45% and constant SM of 45% for the
Shannon index (6.31 vs 6.61, p < 0.05). In addition, no obvious differ-
encewas observed for Shannon index between other wetting processes
and conditions of constant SMs (p > 0.05) (Table 1).

3.2. Changes in the soil microbial community composition

The overall composition of the soil microbial communities under
constant and wetting regimes were analyzed with PCAs. PC1 and PC2
explained 32.48% and 12.48% of the variability for the bacterial commu-
nity and explained 19.94% and 12.28% of the variability for the fungal
community, respectively (Fig. S1a and b).

The relative abundances of specific bacteria were analyzed at the
phylum level, and the dominant taxawere Proteobacteria, Acidobacteria,
Actinobacteria, Chloroflexi, Gemmatimonadetes, Bacteroidetes and
Firmicutes, which occupied 89.60–95.54% of the OTUs under conditions
with different SM levels (Fig. 2a). Actinobacteria members were most
abundant at the constant 5% SM level, accounting for 37.03% of the
OTUs, and their abundance decreased sharply to 20.31% and 26.56%
after the 5–30–45% and 5–30% wetting procedures, respectively
(p < 0.05). Despite declining, these abundances were still remarkably
higher than those under SM levels of constant 45% (11.53%), constant
30% (21.88%) and wetting process of 30–45% (13.28%) (p < 0.05).
including SM being held constant at 5%, 30% and 45% levels, wetting procedures with SM
nt letters in the same column indicate significant differences at the p < 0.05 level based

Fungi

ex OTUs Chao1 Shannon index

SE Mean SE Mean SE Mean SE

0.27 734c 80 1009b 161 6.61a 0.25
0.02 870ab 69 1188a 70 6.54ab 0.14
0.06 780bc 15 1061ab 24 6.28bc 0.16
0.08 922a 19 1213a 51 6.33bc 0.14
0.06 870ab 58 1213a 113 6.27c 0.06
0.09 871a 20 1198a 21 6.31bc 0.05

https://gephi.github.io/
https://gephi.github.io/
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Under the constant 5% SM level, the relative abundances of
Proteobacteria, Acidobacteria, Gemmatimonadetes and Bacteroidetes
were obviously lower than those in the constant SM levels of 30% and
45% or the wetting procedure of 5–30%, 5–30–45%, 30–45% SM levels
(p < 0.05). Additionally, the relative abundances of Proteobacteria,
Gemmatimonadetes and Bacteroideteswere obvious lower in thewetting
procedure of 30–45% and 5–30–45% than those under the constant 45%
SM, with the same trend observed for the comparison between 5–30%
wetting process and the constant 30% SM (p < 0.05). Firmicutes was
most abundant in constant 45% SM, with the abundance (6.93%) much
higher than that in other SM levels (p < 0.05). The abundance of
Proteobacteria and Acidobacteria was abruptly increased after the wet-
ting procedure 5–30% and 5–30–45%, compared with that under the
constant 5% SM. Similarly, the relative abundance of Acidobacteria was
obviously increased after the wetting procedure 30–45%, compared
with that under the constant 30% SM, while the decline trend was
observed for the relative abundance of Gemmatimonadetes and
Bacteroidetes (p < 0.05). No obvious difference was detected in
Chloroflexi across all samples (p > 0.05) (Figs. 2a and 3a).

Furthermore, at the order level for bacterial community, the relative
abundances of Solirubrobacterales and Acidimicrobiales decreased, and
that of Xanthomonadales increased significantly with the constant SM
being increased from 5% to 45%. After the wetting procedure of 5–30–
45%, the relative abundance for Sphingomonadales, Solirubrobacterales,
Gaiellales and Acidimicrobiales was significantly increased, and that of
Xanthomonadales decreased compared with the situation for the con-
stant SM level of 45% (p < 0.05). Meanwhile, the similar trend was ob-
served in the wetting procedure of 5–30% when comparing with the
constant 30% SM, except for Gaiellales and Acidimicrobiales. Conversely,
compared with the constant 30% SM, the relative abundance of
Blastocatellaleswas increased by 72.28% and those of Solirubrobacterales,
Fig. 2. Relative abundance of bacterial (a) (b) and fungal (c) (d) communities at the phylum
represent the SM being held constant at 45%, 30% and 5% levels, respectively; 5–30% repre
explanations for 5–30–45% and 30–45%.

5

Gemmatimonadales, Gaiellales, Acidimicrobiales, and Sphingobacteriales
were decreased by 42.51%, 28.39%, 40.91%, 45.60% and 23.28%, respec-
tively after the wetting procedure of 30–45% (p < 0.05) (Figs. 2b and
4a).

The dominant fungal phyla were Ascomycota, Mortierellomycota,
Basidiomycota, Chytridiomycota, Cercozoa, Rozellomycota and they
accounted for 85.14–92.45% of the OTUs in the different SM conditions
(Fig. 2c). The wetting procedure of 5–30% or 5–30–45% enhanced the
relative abundance of Mortierellomycota and but adversely affected
that of Basidiomycota in comparison with constant 30% or 45% SM, re-
spectively. The relative abundance of Ascomycota was decreased by
12.04% in the wetting procedure of 5–30–45% when comparing with
constant 45% SM and by 12.86%when comparing with 5–30% SM levels
(p < 0.05) (Figs. 2c and 3b). Moreover, at the order level, the relative
abundance of Sordariales was 17.82% in the constant 30% SM, which
was significantly higher than those under other SM levels (p < 0.05).
The relative abundances of Hypocreales, Mortierellales and Eurotiales
were increased after wetting procedure of 5–30% and those of
Pleosporales and Agaricales were decreased (p < 0.05) compared with
situation under the constant 30% SM. Similarly, the relative abundance
of Mortierellales was increased after the wetting procedure of 5–30–
45% and those of Pleosporales, Helotiales and Eurotiales were decreased
compared with situation under the constant 45% SM (p < 0.05)
(Figs. 2d and 4b).

3.3. Comparison of bacterial and fungal co-occurrence network

The bacterial and fungal networks showed different co-occurrence
patterns, typically with greater numbers of edges in the bacterial net-
works. There were more positive than negative correlations in both
the bacteria and fungi networks. The bacterial average degree and
(a) (c) and order (b) (d) levels across different SM levels. The values of 45%, 30% and 5%
sents the wetting procedure with SM being increased from 5% to 30%, with the same



Fig. 3. Comparison of the relative abundances of dominant bacterial (a) and fungal (b) taxa at the phylum level under different SM levels. The values of 45%, 30% and 5% represent the SM
being held constant at 45%, 30% and 5% levels, respectively; 5–30% represents the wetting procedure with SM being increased from 5% to 30%, with the same explanations for 5–30–45%
and 30–45%. Plots labeled with the same letter are not significantly different at the p < 0.05 level.

Fig. 4. Comparison of the relative abundances of dominant bacterial (a) and fungal (b) taxa at the order level under different SM levels. The values of 45%, 30% and 5% represent the SM
being held constant at 45%, 30% and 5% levels, respectively; 5–30% represents the wetting procedure with SM being increased from 5% to 30%, with the same explanations for 5–30–45%
and 30–45%. Plots labeled with the same letter are not significantly different at the p < 0.05 level.
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average weighted degree were 16.40 and 7.56, respectively, which were
much higher than those of the fungi at 3.33 and 0.99, respectively. The
values of the average clustering coefficient andmodularity in the bacterial
networks were higher than those in the fungal networks, whereas aver-
age path length followed the opposite trend, suggesting that the bacteria
had a prominent ‘small-world’ modularity and hierarchy of topological
properties (Table S2). In particular, the dominant Actinobacteria,
Acidobacteria and Proteobacteria showed highly positive correlations
with other bacteria, and Ascomycota presented strong positive correla-
tions with other fungi in different SM levels. The modularity in bacterial
and fungal networkswas all greater than 0.4, indicating that the networks
of bacteria and fungi were modular (Fig. 5a and b).
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Fig. 6. C mineralization rate for the different SM levels. The vertical bars represent the
standard errors of the mean.
3.4. Changes in soil microbial respiration rate

Declining trends were observed for the microbial respiration rate in
the constant 30% and 45% SM (Fig. 6a). When the constant SM was in-
creased from 5% to 45%, microbial respiration increased slightly. The res-
piration rates in the constant 5% SM condition slightly decreased across
all incubation times. During thewetting procedure of 5–30–45%, the res-
piration rate significantly increased from 0.04 μg CO2-C/g soil/day in the
SM level of 5% at 16 days to 1.18 μg CO2-C/g soil/day at 17 days and
4.81 μg CO2-C/g soil/day at 23 days after wetting to a SM level of 30%,
before peaking at 7.96 μg CO2-C/g soil/day at 24 days after further in-
creasing the SM level to 45%, whichwas 119.28% higher than the respira-
tion rate of 3.63 μg CO2-C/g soil/day in the wetting procedure of 30–45%
at 24 days. The respiration rate in wetting procedure of 5–30% increased
from0.13 μg CO2-C/g soil/day at the 23 days to 0.61 μg CO2-C/g soil/day at
the 24 days and further increased to 3.44 μg CO2-C/g soil/day on the
27 days, which were lower than those in the wetting procedure of
5–30–45% at the days of 16–27 (Fig. 6).

The multiple stepwise linear regression results (Table S3) show that
the soil microbial respiration ratewas substantially influenced by bacte-
rial richness (Chao 1) for the constant 45% SM level and thewetting pro-
cedures of 5–30–45% and 30–45%, with this richness explaining up to
84.40% of the variance (p < 0.05). The respiration rate was also influ-
enced by bacterial Shannon diversity between the constant SM level
of 30% and the wetting procedure of 5–30%, with explained variability
of up to 94.90% and bacterial Shannon diversity and fungal beta diver-
sity (PCAs) among the constant SM levels of 5%, 30% and 45%, with ex-
plained variability of 89.50% (p < 0.05).
(a) 

Fig. 5. Co-occurrence network of bacteria (a) and fungi (b) under different SM conditions. E
correlation coefficient of >0.6, a red edge indicates a positive interaction, and a green edge ind
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4. Discussion

4.1. Soil microbial richness and diversity induced by the different moisture
levels

Generally, distinct richness and diversity were observed for bacteria
under different SM conditions, whereas fungal response to SM changing
exhibited no obvious difference, indicating bacteriaweremore sensitive
to the changing of SM than those of fungi. The PCAs results also reveal-
ing that bacterial communities demonstrated stronger clustering than
fungal communities under different moisture conditions.

Bacterial richnesswas dramatically increasedwith an increase in SM
from 5% to 30% and significantly higher than initially constant SM of 5%;
however, the richness at the target moisture condition of 30% was still
lower than that with SM being kept constant at 30%, revealing that the
wetting history from low to medium SM produced a negative effect
(b) 

ach node represents individual OTUs, an edge represents a Spearman correlation with a
icates a negative interaction.
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on bacterial richness. The observed hysteresis of the growth in bacterial
richness with the wetting process may result from the adaptation of
bacterial community to the wetting circumstance, which was in good
agreement with the results of other studies (Bouskill et al., 2013;
Preece et al., 2019). Furthermore, bacterial diversity in the constant 5%
SM condition was significantly lower than those in the constant 30%
SM conditions, possibly due to the delay in recovery of bacterial activity
in the low SM condition (Nguyen et al., 2018). However, both of bacte-
rial richness and diversity in constant 45% SM were slightly lower than
those in constant 30% SMand those in thewetting procedure to 45% (i.e.
5–30–45% and 30–45%). The results indicated that excessivemoisture to
high SM did not contribute to, or even inhibit, the further enhancement
of bacterial richness and diversity (McHugh and Schwartz, 2016).

In contrast to the bacteria, fungal richness and diversity exhibited no
significant change with variation of the SM. This may be due to the fact
that fungal hyphae facilitate access to water (Orwin et al., 2016), and
their chitinous cell walls enhance their resistance to SM changes
(Preece et al., 2019). Moreover, the changes of diversity in bacterial
and fungi were lesser than richness, indicating variation of SMmay dis-
turb the ecological function of soilmicrobial communities, insteadof the
stability of soil ecosystems (Na et al., 2019).

4.2. Soil microbial community composition and network induced by the dif-
ferent moisture levels

As for the dominant bacterial species at the phylum level, both
Proteobacteria and Firmicutes preferred high wet conditions (>30%);
however, Firmicutes adapted slowly to changes in the SM condition. As
gram-negative bacteria, Proteobacteria are much more resilient with
the increase of SM (Banerjee et al., 2016), vulnerable to the water limi-
tation (Nguyen et al., 2018), whereas they are also previously identified
as positive responded to moisture (Placella et al., 2012; McHugh et al.,
2014). The relative abundance of Firmicuteswas only highest in the con-
stant 45% SMwith no obvious variation under other different SM condi-
tions. Furthermore, Firmicutes was less resilient than Proteobacteria,
which is attributable to the Proteobacteria phylum's being characterized
as fast-growth copiotrophs when under suitable conditions (Liu et al.,
2020). It is interesting to note that Acidobacteria adapted well to a
range of different SM levels, which is consistent with the results of
other studies that have reported Acidobacteria as being diverse and
highly abundant in many physiologically and ecologically different en-
vironments (Barns et al., 1999; Singh et al., 2007). Moreover, the wet-
ting process initially from 5% or 30%, especially 30%, significantly
stimulate the abundance of Acidobacteria, presenting a pattern of adap-
tation towet condition similar to that of Proteobacteria, which likely can
be attributed to their similar ecological niches and close relationships at
both the phylogenetic (Smit et al., 2001) and protein (Quaiser et al.,
2003) levels from the physiological perspectives. However, the relative
abundance of Actinobacteriawas highest at the SM level of 5%, decreas-
ing significantly during thewetting procedures of 5–30–45% and 5–30%.
After the wetting processes were completed, the abundance of
Actinobacteria was remarkably higher than that at the corresponding
constant 45% and 30% SM, respectively. Therefore, Actinobacteria was
prevalent in dry soils, which is supported by the reported increase of
relative abundance of Actinobacteria in drought conditions (Barnard
et al., 2013; Preece et al., 2019) and long-lasting effects on soil bacterial
communities in low SM conditions (deVries et al., 2018). Thesefindings
may be explained by Actinobacteria's gram-positive nature, which in-
cludes the capability of forming spores to ensure survival and entering
a dormant state in which metabolic activity becomes very low under
environmental stress, especially during drought conditions. The in-
creased relative abundance of Actinobacteria in drying period may be
due to the preparation for next nutrient acquisition (Zhou et al.,
2016). Similar results have been obtained in different ecosystems, in-
cluding grasslands, forests, and arable land (Uhlířová et al., 2005;
Swallow and Quideau, 2013; de Vries et al., 2018; Nguyen et al.,
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2018). Similar to Actinobacteria, Chloroflexi were also resistant to low
SM and adapted well under different SM levels, which were consistent
with results of previous studies (Lee et al., 2018; Nguyen et al., 2018).
Conversely, the abundances of Gemmatimonadetes and Bacteroidetes
were clearly inhibited at the 5% SM level, due to their gram-negative
properties and susceptibility to environmental disturbance and water
limitation (Schimel et al., 2007). Increased SMwas beneficial to the trans-
portation of organic matter to Gemmatimonadetes and Bacteroidetes and
their growth (Na et al., 2019).

Unlike bacteria that exhibited obvious differences in relative abun-
dance across all wetting procedures of 5–30%, 5–30–45% and 30–45%
and constant SM levels of 5%, 30% and 45%, obvious difference was
only detected for fungi when comparing the wetting process of 5–30–
45% and constant SM of 45%. The relative abundance of Ascomycota in-
creased as constant SM increased from 5% to 30% and decreased as the
constant SM further increased to 45%. Similarly, the growth of Ascomy-
cota was promoted when SM was below 30% and inhibited when SM
was increased to 45% during the wetting process of 5–30–45%. The in-
creased SMbenefited the abundance of Ascomycota, while the excessive
moisture posed the negative effect, whichwas consistent with trend for
the relative abundance of Pleosporales,Helotiales and Eurotialeswith the
increase of SM at the order level (Bastida et al., 2017). The relative abun-
dance of Basidiomycota exhibited opposite pattern to be high in the 5%
SM (Bastida et al., 2017).The results indicate that the fungi were more
tolerant to water stress than the bacteria. This seems to support our
first hypothesis: that soil bacterial activity would be more sensitive to
changes in the SM condition than fungi and that the bacterial communi-
ties would be less resistant than fungi, especially in some extreme con-
ditions. This phenomenon could be explained by the characteristic of
fungi accessing nutrient through hyphal networks and the rapid turn-
over of populations conferring high plasticity to the fungal communities
(Kaisermann et al., 2015). The SM influenced the fungi through rapid
germination, sporulation and the development of mycelial cord
(McLean andHuhta, 2000). The low SM conditionwas likely to facilitate
survival of fungi due to the filamentous nature preferring to aerobic
conditions improved by drought (Ma et al., 2015), however, fungi may
be destabilized in the high SM condition (Canarini et al., 2017).

The differences between the bacterial and fungal communities were
also verified through network analysis. Under variation of the SM, the
soil fungal communities with less diversity and richness exhibited a
less-linked network structure, however, the most dominant bacterial
taxa showed strongest response to the variation of SM (more edges,
higher average degree and average weighted degree), revealing that
bacteria is more sensitive to the variation of SM than fungi (de Vries
et al., 2018; Yang et al., 2020). In short, bacterial diversity, richness
and interaction are more highly sensitive to different levels of SM than
fungi.

4.3. Soil microbial respiration rate under different moisture levels

Respiration ratewas decreased across the entirety of incubation, two
or one step of continual wetting causing the pulse of CO2 fluxes. More-
over, the size of pluses after the second wetting declined over the incu-
bation time. This may be attributable to the limitation of labile
substrates and oxygen as well as the accumulation of CO2 during incu-
bation (Orchard and Cook, 1983). In the constant low SM (5%), the
movement of organic carbon could become "torpid" in the "chemically
sticky" soil environment, resulting in decreased microbial activity and
lower respiration rate accompanying the incubation (Xiang et al.,
2008). Generally, fungi are thought to be more tolerant than bacteria
to the drying condition. The fungi maintained high respiration rate dur-
ing the drying period,whichwas attributed to their capacity to accumu-
late osmoregulatory solutes that do not impair metabolism and to their
filamentous structure, reaching and exploiting substrates even at very
low SM levels by bridging the air-filled pores with low diffusivity
using hyphal (Orchard and Cook, 1983; Manzoni et al., 2012).
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Additionally, the respiration rate of bacteria increased after the sec-
ond rewetting. Upon rewetting of dry soil, available substrates were
mobilized, stimulating the growth of microbes, especially bacteria,
resulting in the pulse of CO2 emissions. This could be explained by the
increasing of substrates attributed to the dissolved organic carbon
(DOC) from dead soil microbes or other biomass in the drying period
(Kieft et al., 1987; Butterly et al., 2010; Xiao et al., 2017; Lu et al.,
2020). When the soils were rewetted and SM increased, the soil water
potential was decreased according to the soil-water characteristic
curve of the soil used in the study (Fig. S2). As a consequent, equivalent
pore diameter of soil was increased and some organic materials would
be desorbed from soil particles, rearranging into the dissolved phase
(Blagodatsky and Smith, 2012), whichwould be conducive tomicrobial
intake and the abrupt improvement of respiration. The surviving mi-
crobes in the drying period would contribute to the increased CO2

emissions by their rapid growth rate under themore beneficial environ-
mental variation during the wetting procedure (Xiang et al., 2008).
However, further rewetting process may result in the destabilization
of fungi more than bacteria, and consequently bacteria could maintain
high respiration rate in the wetting period (Canarini et al., 2017).

At the later incubation time during the wetting procedure of 5–30%,
the pulse of CO2 emission was much lower than expected after wetting,
which cannot be explained by easy consumption of the substrate accu-
mulated in the earlier dry stage. This phenomenalmay also be the result
of the activation of different bacteria and fungi and limitation of oxygen
(Preece et al., 2019; Zhu et al., 2020). Wetting process of 5–30% in the
later stage stimulated themicrobial groups with preference to wet con-
dition, including bacteria groups of Acidobacteria, Proteobacteria,
Gemmatimonadetes and Bacteroidetes and fungi group of Ascomycota.
However, this stimulation on bacteria and fungi is not immediate after
the long time under low previous SM condition (Meisner et al., 2015;
Meisner et al., 2017). Meanwhile, the similar decline in respiration
rate at the later incubation stage in the constant 45% and 30% SM and
the wetting procedure of 30–45% may be due to the same reason as
well as the concentrating of CO2 along with the incubation. This may
lead to the different community composition in different SM levels.
Compared the wetting procedure of 5–30% or 30–45% with 5–30–45%,
the different respiration rate after increasing SM to the same value
(i.e. 30% or 45%), may be attributed to the deliberately delayed time of
increasing SM in the wetting procedure of 5–30% or 30–45%, which
was one limitation of experimental procedure in the study. Therefore,
the second hypothesis about the existence of respiration rate pulses in
the two gradual wetting procedures was verified and the first hypothe-
sis about the different respiration rate between bacteria and fungi was
explained. Bacterial and fungal diversity were verified as the primary
explanatory factors for microbial respiration rate under different SM
conditions.

5. Conclusion

The wetting procedure led to differences between bacterial and fun-
gal communities and respiration rates in the eroded soil obtained from
the natural vegetation area on the Loess Plateau. Bacterial diversity and
richness were positively correlated to the SM levels, and the bacterial
communities were more sensitive than fungi in the wetting procedure.
In particular, Proteobacteria and Firmicutes preferred wet conditions,
and the phylum of Proteobacteria was more resilient than Firmicutes.
Actinobacteria prevailed in dry condition, and its relative abundance
was influenced largely by the wetting history of its soil. Acidobacteria,
similar to Proteobacteria, was highly abundant in high SM. The dominant
bacterial communities converted from Actinobacterial to Proteobacteria
and Acidobacteria as SM increased from 5% to 45%. However, no differ-
ences for the Chloroflexi communities were observed across any sample.
The relative abundance of Ascomycota increased as SM increased from
5% to 30% and decreased as SM further increased to 45%. Additionally,
the gradual wetting procedure would cause a slight respiration pulse,
9

while an overall downward trendwas observed in respiration rate as in-
cubation progressed. Our results provided essential information by
which to estimate the responses of soil microbial composition, the
phylum-levels network and respiration behavior to changes in SM and
bywhich to assess the effect of intense wetting events onmicrobial sta-
bility and the carbon cycle for better management of plant-soil-water
relationship in the ecosystem after natural vegetation restoration on
the Loess Plateau.
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