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ARTICLE INFO ABSTRACT

Keywords: Soil erosion and deposition are general ecological processes that have been widely described in terms of their
16s rRNA effects on the physical and chemical properties of soil. However, their effects on soil microbes remain unclear,
ITSl_ especially how microbial communities respond to erosion-deposition in soils with different organic carbon
EDre(;S:s’iltion levels. A long-term field experiment was conducted to examine the effects of erosion and deposition on soil
Diversity microbial communities across full slopes with different organic carbon levels on the Loess Plateau of China. The

results showed that erosion reduced soil bacterial alpha diversity, weakened bacterial network complexity while
deposition increased bacterial alpha diversity, and enhanced the complexity of the bacterial network. However,
both erosion and deposition caused a decrease in fungal alpha diversity and network complexity. There was a
weak reverse cooperative covariation relationship between bacterial and fungal alpha diversity. There was a
higher bacterial and fungal diversity at the eroded and depositional sites with high soil organic carbon (SOC)
level than low and medium SOC levels. An increase in the SOC level effectively strengthened the network
complexity of bacteria and fungi at the eroded and depositional sites.. Erosion-deposition and SOC levels
significantly increased variation in bacterial community structure. In contrast, the fungal community structure
only differed at the eroded and depositional sites at high SOC levels. The key factors driving variation in bacterial
community structure in soil properties were not significantly affected by SOC levels. Conversely, key factors
resulting in differences in fungal community structure were regulated by the SOC level. Our results demonstrate
that erosion—deposition reconstruct the bacterial community and weakens the fungal community, organic carbon
regulate soil microbial communities and functions by controlling earth surface processes induced by
erosion—-deposition.

Microbial communities

1. Introduction

Soil erosion, destruction, stripping, transportation, and displacement
of soil from the location of its formation by external agents (e.g., rain-
drops, runoff, wind, gravity, etc.), and deposition at low-lying areas, is a
universal natural geological phenomenon (Lal, 2003; Lal, 2020). Soil
erosion depletes soil fertility, changes the particle size distribution, de-
stroys the structure of soil aggregates, reduces the effective rooting
depth, and destroys the most basic natural resources (Borrelli et al.,
2018; Gu et al., 2018; Ouyang et al., 2018). Conversely, deposition at
lying areas increases soil clay particles, accumulation of organic matter,
and accumulation of soluble nutrients, which increase the amount of soil
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cation substitution and soil water holding capacity (Berhe et al., 2007;
Gu et al., 2018; Nadeu et al., 2012; Pacala et al., 2001). In sum, soil
erosion—deposition is a selective process that is both directional and non-
directional, resulting in a series of soil hydraulic, physical, and chemical
properties, which have an important effect on the healthy ecological
environment development.

Soil microorganisms, recognized as “Earth’s dark matter” (Jansson,
2013) and as important decomposers, are the most active part of the soil
ecosystem. They participate in many key soil processes and terrestrial
ecosystem services such as the formation and transformation of organic
matter (Cortez and Bouché, 2001), development of soil physical prop-
erties (Gu et al., 2018), plant nutrition (Kuzyakov et al., 2000; Singh
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et al., 1989; Wagg et al., 2014), elemental geochemical cycles (Nielsen
et al., 2011; Philippot et al., 2013; Veresoglou et al., 2015), primary
production, and greenhouse gas emissions (Griffiths and Philippot,
2013; Smith et al., 2003). Soil microorganisms not only drive the for-
mation and transformation of soil substances, but also link the interac-
tion of pedosphere, atmosphere, lithosphere, hydrosphere, and
biosphere, playing an irreplaceable role in the global material cycle and
energy flow, and are considered the engine of the biogeochemical cycle
of the elements of the earth (Gu et al., 2018; Philippot et al., 2013).
Owing to their small individual sizes, strong diffusion ability, and
extremely high diversity and individual abundance (Torsvik et al., 1990;
Van Der Heijden et al., 2008), soil microorganisms are considered to be
randomly distributed globally by the early researchers (Finlay, 2002;
O’Malley, 2007). Increasing evidence shows that the composition and
diversity of soil microbial communities vary with environmental vari-
ables, showing a regular spatial distribution (Fierer and Jackson, 2006;
Shen et al., 2015). Therefore, exploring soil microbial diversity and
community distribution is of great significance for the evaluation of soil
ecosystem functions.

The structure and diversity of soil microbial communities provide
insight into the elements circulation, energy flow, soil stability, and
health assessment of the soil ecosystem (Jackson et al., 2003; Van
Bruggen and Semenov, 2000; Wortman et al., 2013). They are widely
affected by soil pH, texture, temperature, moisture, nutrient content,
and organic carbon matrix (Brockett et al., 2012; Cookson et al., 2007;
Hansel et al., 2008; Kallenbach et al., 2016). Erosion does not only cause
a large amount of organic carbon migration and transformation, but also
changes the physical and chemical properties of the soil and the hy-
drothermal environment (Berhe et al., 2007; Nadeu et al., 2012). This
inevitably leads to the response of the soil microbial community struc-
ture, diversity of keystone taxa, and co-occurrence networks (Lauber
et al., 2008; Rasche et al., 2011).

Soil degradation induced by soil erosion is often caused by the
depletion of organic matter (Zhao et al., 2020). Organic carbon can
improve the stability of soil aggregates (Peixoto et al., 2006), regulate
soil chemical processes (Jia et al., 2014), maintain the metabolic ac-
tivities of various organisms in the soil, and effectively inhibit soil
erosion and other forms of soil degradation (Kaschuk et al., 2006; Pas-
torelli et al., 2013). Except for differences in climate and soil phys-
ical-chemical properties between regions, differences in soil are largely
due to the background of organic carbon. Soil organic carbon is an
important substrate required for soil microbial metabolism and plays a
decisive role in the growth of microbial populations (Jiang et al., 2021;
Stefanowicz et al., 2020). The decomposition of organic carbon and the
efficiency of substrate utilization directly drive the diversity, structure,
and co-occurrence network of microbial communities (Bonner et al.,
2018; Borken and Matzner, 2009; Colman and Schimel, 2013; Davidson
and Janssens, 2006).

Therefore, we hypothesed that erosion-deposition inducing changes
of soil properties may significantly affect on the community structure of
bacteria and fungi. Community structure will differ between bacteria
and fungi owing to various response mechanisms. Furthermore, the
backgrounds of soil organic carbon may affect the erosion—deposition
process, change soil properties, and regulate the differentiation of mi-
crobial community structure. From 2011 to 2019, long-term experi-
ments were established in slopes with different organic carbon levels. we
measured a range of soil physical and chemical properties. After long-
term erosion, we quantified the diversity, community composition,
and co-occurrence network of bacteria and fungi using 16s rRNA and
ITS1 amplicon sequencing. This study aimed to (1) explore effects of
long-term erosion—deposition on bacterial and fungal community di-
versity, community composition, and co-occurrence network, (2)
analyze the driving mechanism of soil properties changes induced by
erosion—-deposition on bacterial and fungal community structure, and
(3) clear the regulation of organic carbon backgrounds in the differen-
tiation of microbial communities under the influence of
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erosion—deposition.
2. Methods
2.1. Experimental site and climatic conditions

Our study was conducted at the Ansai Soil and Water Conservation
Test Station of the Chinese Academy of Sciences (108°11’-109°26'N,
36°31'-37°19' E), at the central area of the Loess Hilly Region, in the
Shaanxi Province, China. The experimental site was located in the semi-
arid monsoon climate zone at approximately 1371.9 m above sea level.
The average annual air temperature of this area is 8.8 °C (the maximum
temperature is 36.8 °C and the minimum temperature is —23.6 °C) with
total annual precipitation of 540 mm, approximately 70% of which
occurs from July to September. The regional soil mainly comprises loess
soil developed on the loess parent material, and has poor resistance to
erosion, thus becomes seriously eroded. The main types of soil erosion
are rill and ephemeral gully erosion.

2.2. Plots and sampling

An “S” shaped slope was designed with a water-retaining weir at the
foot of the slope in September 2011. The top, middle, and foot of the
slope were divided into control, erosion, and deposition sites, and the
slopes of them were approximately 5°, 20°, and 5°, respectively (Fig. 1).
The erosion and deposition conditions of these three sites were deter-
mined according to the erosion needles placed at different parts of the
slope. In order to reflect the various characteristics of microbial com-
munity on slopes with different soil quality backgrounds after long-term
erosion in the actual situation of fertilization on slopes, 3 levels of soil
organic carbon (3.03 gkg ™!, 6.82 g kg™, and 10.33 g kg 1) were set by
adding well-rotted goat manure, which is a widely used high-quality
organic fertilizer on the Loess Plateau, with carbon content of
240-280 g kg™L. There were six plots with a site of 4m x 17 m (each plot
had 3 microplots), including three SOC levels, each of which had two
replicates. The plot was bare land with no vegetation cover to eliminate
the influence of plant roots.

In October 2019, soil samples were collected from the 0 to 20 cm
depth with a 5.0 cm diameter sterilized soil auger at the control site,
erosion site, and depositional site of each plot, respectively. 25 samples
were combined as 5 composite samples for each plot site. Each sample
was divided into three parts after mixing, and a portion of the soil
samples was placed in dry ice for amplicon sequencing. Another part
was placed in a self-sealed bag in a low-temperature incubator and
temporarily stored in a refrigerator at 4 °C for the measurement of soil
microbial functional diversity. The remaining samples were air-dried for
the measurement of physical and chemical properties.

2.3. Soil analyses

Soil temperature and moisture were measured by monitoring sys-
tems (EM50, Decagon Inc., USA) installed at the surface layer (0-20 cm)
of different plots. The soil bulk density was measured using the cutting
ring method. Soil particle composition was determined using a laser
particle size analyzer (Mastersizer APA2000, Malvern Panalytical, UK).
The soil particle composition was classified into clay (0.002 mm), silt
(0.002-0.05 mm) and, sand (0.05-2.00 mm) based on particle size. The
soil aggregates were determined using the improved Yoder wet screen
method. Total nitrogen (TN) was measured using the Kjeldahl method.
Total phosphorus (TP) was digested by HoSO4-HClO4 and was measured
using an ultraviolet-visible spectrophotometer (UV-2600, SHIMADZU
Inc., JPN). Soil organic carbon (SOC) was determined using the potas-
sium dichromate volumetric method. Soil pH was measured using a pH
meter (PB-10, Sartorius Inc., UK) from a soil-water suspension at a
dilution of 1:2.5 (vol/vol).

Soil microbial biomass carbon (SMBC) was analyzed by chloroform
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Fig. 1. The map of plot.

fumigation extraction method (Vance et al., 1987). The fresh soil was
first placed in plastic jars, the soil water content was adjusted to about
17%, and the bottle mouth was sealed with plastic film containing mi-
cropores. Then these samples were cultivated at 25 °C for 7 days to
eliminate the influence of water and temperature variations at sampling
time on the measurement results of microbial biomass carbon. After the
cultivation, 25 g fresh soil was fumigated with chloroform for 24 h, and
then extracted with 0.5 M K3SO4 for 2 h on a shaker (185 rpm). The
extracts were centrifuged and filtered (Whatman 42). Similar sets of
non-fumigated sample were extracted the same way. Carbon concen-
tration in the extracted solutions was measured by a TOC analyser (TOC-
V wp, SHIMADZU Inc., JPN.). Microbial biomass carbon concentration
was calculated following the method of Wu et al. (Wu et al., 1990):

SMBC = (F — C)/K.

where SMBC is soil microbial biomass carbon, F and C is the carbon
concentrations in the extracts of fumigated and non-fumigated soils
respectively, andK, = 0.45, which is the proportionality factor to
convert (F—C) toSMBC.

Dissolved organic carbon (DOC) was extracted from 30 g of fresh soil
with an addition of 60 ml of distilled water (Xu et al., 2010). The mixture
was shaken for 30 min on a shaker (200 rpm) at 20 °C, centrifuged for
20 min at 3500 rpm and the supernatant liquid was filtered through
0.45 pm cellulose nitrate membrane filter. Dissolved organic carbon in
extracts was measured by a TOC analyzer (TOC-V wp, SHIMADZU Inc.,
JPN.).

2.4. Amplicon sequencing

Soil microbial DNA was extracted from fresh soil (0.5 g) using a
FastDNA SPIN kit (MP Bio-medicals, USA). The DNA concentration was
evaluated using a Nanodrop ND-1000 spectrophotometer (Thermo Sci-
entific, Wilmington, NC, USA). The quality of DNA was determined
using 1.2 % agarose gel electrophoresis, and DNA was stored at —20 °C.
Primers 338F and 806R (5-ACTCCTACGGGAGGCAGCAG-3' and 5'-
GGACTACHVGGGTWTCTAAT-3") were used to amplify the V3-V4 hy-
pervariable region of the 16S rRNA gene in bacteria (Mori et al., 2014).

The ITS rRNA gene in fungi was amplified using PCR primers ITS1F and
ITS2R (5'-CTTGGTCATTTAGAGGAAGTAA-3’ and 5'-
GCTGCGTTCTTCATCGATGC-3') (Bazzicalupo et al, 2013). High-
throughput sequencing of 16S rRNA and ITS rRNA genes in the soil
samples was performed by Irun Biotechnology Co. Ltd. using the Illu-
mina HiSeq2500 platform. The raw sequences obtained were subjected
to quality control using the QIIME software. Operational taxonomic
units (OTUs) were clustered at a similarity level of 97% (Edgar et al.,
2011). Bacterial sequences and fungal sequences were taxonomically
identified based on the Silva database (Quast et al., 2012) and the Unite
database (Koljalg et al., 2013) using the QIIME2. Alpha and beta di-
versity indices for bacteria and fungi were obtained using the QIIME2.

2.5. Statistical analyses

Correlation analysis and analysis of variance were performed using R
version 4.0.2. Graphing analysis was performed using Origin 2021
software (Origin Lab, USA). Two-way analysis of variance was used to
analyze the effects of SOC level and erosion on soil properties, consid-
ering treatment (SOC level and erosion site) as the fixed effect, repli-
cation as the random effect, and time of measurement as the repeated
measure variable. Means were separated using the least significant dif-
ference test.

Structural equation models (SEMs) were analyzed using AMOS 25
graphics (IBM Corp., Armonk, NY, USA). All of these factors were used to
quantify the direct and indirect factors driving microbial diversity. In
general, we established a base model based on correlation analyses be-
tween the forcing variables, response variables, and empirical knowl-
edge. We then optimized the base model according to the actual model
fits, including the chi-square (x2) statistic, whole-model p-value, good-
ness of fit index (GFI), and root-mean-square error of approximation
(RMSEA). Significant effects were determined at p < 0.05, and p < 0.01,
unless otherwise stated.

The relationships between the relative abundances of major micro-
bial phyla and soil properties were analyzed using Pearson correlations.
Based on pairwise Bray-Curtis and Unifrac dissimilarities, nonmetric
multidimensional scaling (NMDS) was performed using “metaMDS” in
the vegan package (R version 4.0.2) was used to identify variations in
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soil microbial communities across different erosion sites and SOC levels.
Redundancy analysis (RDA) was conducted using “rda” in the vegan
package to analyze the relationships between soil microbial commu-
nities and soil properties.

Co-occurrence networks were built for bacterial and fungal com-
munities at different erosion sites and SOC levels. OTUs with relative
abundance>0.1% (bacteria) and>0.0% (fungi) in all samples were
selected. Spearman correlation coefficients (p) > 0.6 and p-values <
0.05, were used to construct co-occurrence networks, and the p-values
were adjusted using the Benjamini-Hochberg method. Various in-
dicators (the number of nodes and edges, modularity, clustering coef-
ficient, average path length, network diameter, average degree, and
graph density) were calculated to describe the overall network topology
characteristics. Statistical analysis and visualization of the networks of
different erosion sites and SOC levels were performed using Gephi
(Bastian et al., 2009). We also used vulnerability to describe the stability
of the net-work (Yuan et al., 2021). The vulnerability of a network was
indicated by the maximum vulnerability of nodes in the network.

3. Results
3.1. Erosion events and soil properties

The average annual rainfall in the study area was approximately 558
mm, and erosion events occurred approximately 18 times at different
SOC levels. The average erosion rate ranged from 5670 to 6256 t km 2
yr~ !, and the average deposition rate ranged from —2964 to —3408 t
km~2 yr~!. As the SOC level increases, the erosion rate decreases at
eroded sites but increases at depositional sites (Table 1).

Soil moisture, bulk density (BD), sand, TN, TP, SOC, SMBC, and DOC
at the eroded sites were significantly lower than those at the non-eroded
sites, while they were higher at the depositional sites than at the non-
eroded sites (p < 0.05, Table 2). The soil clay, silt, mean weight diam-
eter (MWD) of aggregates, and pH value at the eroded sites were higher
than those at the non-eroded sites, but were lower at the depositional
sites than at the non-eroded sites (p < 0.05, Table 2). The effect of
erosion deposition on soil temperature was not significant (p > 0.05,
Table 2). With the increase in SOC level, soil moisture, MWD, BD, and
soil nutrients (SOC, TN, TP, SMBC, and DOC) content increased signif-
icantly, pH decreased significantly, and soil particle composition
improved significantly (Table 2).

Table 1
Erosion and deposition occurrence at different plots under three SOC
levels in 2011-2019.

year Rainfall Erosion SoC Experiment site  Erosion
(mm) event level modulus ( t
km2yr )
2011 391 ~959 14 ~24 LC Non-eroded —
~ (558) (18) sites (CK)
2019 Eroded sites (E) 3328 ~ 9384
(6256)
Depositional —2074 ~
sites(D) -4446 (-2964)
MC Non-eroded —
sites (CK)
Eroded sites (E) 3678 ~ 9208
(6130)
Depositional —2144 ~
sites(D) -5056 (-3064)
HC Non-eroded —
sites (CK)
Eroded sites (E) 2182 ~ 8806
(5670)
Depositional —2088 ~

sites(D) -5548 (-3408)

Positive values indicate erosion and negative values indicate deposition.
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3.2. Soil microbial composition

We obtained high-quality sequences from the 16 rRNA and ITS1 gene
sequencing in all soil samples (bacteria: 90.6% of total sequences; fungi:
90.7% of total sequences). An average of 6,628 OTUs were identified in
bacterial sequences for each sample (Fig. Sla), and all detected OTUs
were classified into 33 bacterial phyla. The most abundant phyla in each
sample were Proteobacteria, Actinobacteria, Acidobacteria, and Chlor-
oflexi, accounting for approximately 82.34% of all bacteria, and other
phyla were Gemmatimonadetes, Bacteroidetes, Cyanobacteria, Verru-
comicrobia, Patescibacteria, and Armatimonadetes (Fig. 2a). An average
of 355 OUTs were identified in fungal sequences for each sample
(Fig. S1b). All detected OTUs were classified into 12 fungal phyla; the
most abundant phyla in each sample were Ascomycota and Basidio-
mycota, accounting for approximately 86.67% of all fungi (Fig. 2a), and
the others were Mortierellomycota, Glomeromycota, and Chy-
tridiomycota (Fig. 2b). In the bacterial phyla, erosion-deposition
significantly affected the abundance of Actinobacteria, Acidobacteria,
Patescibacteria, and Armatimonadetes. Except for Acidobacteria and
Cyanobacteria, SOC levels had a significant effect on the other eight
dominant bacterial phyla, but the interaction effect of SOC levels and
erosion site was not significant (Table S1). In the fungal phyla, ero-
sion-deposition significantly affected Ascomycota and Basidiomycota,
and SOC levels significantly affected Ascomycota and Glomeromycota.
The interaction effect of SOC level and erosion site was not significant
(Table S2). Differences in bacteria and fungi at various erosion sites and
SOC levels are shown in Figs. S2 and S3.

Correlations between soil properties and relative abundances of
dominant bacterial and fungal phyla are shown in Figs. S4 and S5. In
terms of erosion sites, the relative abundance of Proteobacteria had a
significant positive correlation with MWD, SOC, and TN at the three
different erosion sites (p < 0.05). The relative abundance of Actino-
bacteria was significantly negatively correlated with BD, MWD, SOC,
TN, SMBC, and DOC at three different erosion sites (p < 0.05), while the
relative abundance of Actinobacteria and Chloroflexi at the depositional
site, and Acidobacteria at the erosion site were significantly positively
correlated with soil moisture, while the relative abundance of Proteo-
bacteria at the eroded and depositional sites was significantly negatively
correlated with soil moisture (p < 0.05, Fig. S4). There was a significant
positive correlation between the relative abundance of Ascomycota and
soil moisture at the erosion sites (p < 0.05, Fig. S5). In terms of SOC
levels, the relative abundance of Proteobacteria at the middle SOC level
was significantly positively correlated with BD, and significantly nega-
tively correlated with MWD (p < 0.05), while the relative abundance of
Actinobacteria at low SOC levels was significantly negatively correlated
with moisture, BD, SOC, and TN, and the relative abundance of Acid-
obacteria at high SOC levels were significantly negatively correlated
with soil moisture (p < 0.05, Fig. S4). The relative abundance of Basi-
diomycota at the middle SOC level was significantly positively corre-
lated with soil temperature (p < 0.05, Fig. S5).

3.3. Soil microbial diversity

The Shannon index was used to evaluate the alpha diversity of the
microbial communities (Fig. 3, Table S3). Bacterial alpha diversity was
not significantly different between the erosion sites, but there were
significant differences between the different SOC levels (p < 0.05,
Table S3). At each SOC level, the Shannon index of bacteria was higher
at the depositional site than at the non-eroded site, while it was lower at
the eroded site than at the non-eroded site. At the same erosion site, an
increase in SOC level increased the Shannon index of bacteria (Fig. 3a).
Fungal alpha diversity was not only significantly affected by the erosion
sites, but was also significantly regulated by SOC levels (p < 0.05,
Table S3). At each SOC level, the fungal Shannon index was higher at the
non-eroded site than at the eroded and depositional sites. At the same
erosion site, the fungal Shannon index was higher at high SOC levels, but



Table 2
Soil properties on various of experiment sites with different SOC levels.
SOC Experiment T M BD Clay Silt Sand MWD SOC N TP SMBC DOC pH
level site °C % (V/V) gem % % % mm gkg! gkg! gkg? mg kg ! mg kg !
LC CK 21.42 + 6.64 £ 1.16 + 11.68 + 57.51 £ 30.81 + 1.04 + 2.94 + 0.33 £ 0.54 + 81.17 + 162.43 + 8.69 +
1.39Aab 0.40Bb 0.03Bc 0.57ABa 0.72Aa 1.28Ba 0.22ABb 0.21Bc 0.02Bc 0.01Ba 14.26Bc 16.53Bc 0.03Aa
E 22.07 £ 6.23 + 1.05 + 12.62 + 60.78 + 26.59 + 1.20 £ 2.70 £ 0.32 + 0.55 + 78.86 £ 157.75 + 8.63 +
0.88Aab 0.24Bb 0.09Cc 0.47Aa 1.28Ab 1.75Bb 0.11Ac 0.34Cc 0.02Cc 0.04Aa 10.40Bc 13.60Bc 0.02Bb
D 20.81 + 7.32 + 1.28 + 11.33 + 58.14 + 30.53 + 0.77 + 3.59 + 0.35 + 0.55 + 94.27 + 188.51 + 8.59 +
0.93Aa 0.31Aa 0.05Aa 0.34Bb 1.48Ab 1.82Cc 0.08Bc 0.32Ac 0.01Ac 0.01Aa 4.97Ac 14.72Ac 0.02Cb
MC CK 23.28 + 6.82 + 1.23 + 11.47 + 58.29 + 30.24 + 1.21 + 4.68 + 0.45 + 0.55 + 85.54 + 171.08 + 8.60 +
1.30Aa 0.37Bab 0.01Bb 0.89Bab 0.90Aa 1.78Ba 0.08Aa 0.10Bb 0.07Ab 0.00Ba 3.54Bb 7.09Bb 0.06Bc
E 23.05 + 6.69 + 1.16 + 11.41 + 60.92 + 27.67 £ 1.27 + 4.29 + 0.42 + 0.54 + 84.38 + 168.79 + 8.64 +
0.82Aa 0.25Ba 0.04Cb 0.43Ba 0.43Aa 0.86Bab 0.28Ab 0.59Cb 0.10Bb 0.01Ca 5.60Bb 6.40Bb 0.04Aa
D 21.58 + 7.69 £ 1.27 + 9.99 + 57.33 £ 32.68 + 0.93 + 5.49 + 0.47 + 0.57 + 98.30 + 196.61 + 8.61 +
1.02Aa 0.32Aa 0.04Aa 0.55Bb 1.18Ab 1.72Cb 0.02Bb 0.49Ab 0.01Ab 0.00Aa 11.19Ab 19.99Ab 0.05Ba
HC CK 17.57 + 6.83 + 1.28 + 10.08 + 56.82 + 33.10 £ 1.25 + 6.51 + 0.50 + 0.54 + 116.19 + 249.03 + 8.63 +
1.51Ab 0.40Ba 0.02Aa 0.21Ab 0.14Bb 0.11Ab 0.14Ba 0.62Ba 0.01Ba 0.01Ba 6.19Ba 18.78Ba 0.02Bb
E 19.81 + 6.80 + 1.19 + 11.17 + 59.25 + 29.58 + 1.33 + 5.45 + 0.47 + 0.59 + 104.52 + 232.38 + 8.64 +
1.01Ab 0.27Ba 0.03Ba 0.09Bb 0.39Cb 0.30Ab 0.16Aa 0.21Ca 0.02Ca 0.02Aa 9.39Ca 12.39Ca 0.01Aa
D 16.80 + 8.20 + 1.28 + 8.80 + 55.84 + 35.36 £ 1.13 + 7.81 + 0.55 + 0.59 + 140.52 + 281.16 + 8.52 +
1.05Ab 0.39Aa 0.03Aa 0.02Ba 0.18Ca 0.21Aa 0.19Ca 0.42Aa 0.01Aa 0.00Aa 19.69Aa 19.76Aa 0.04Cc
F Cl 18.09 3.35 414.20 1561.58 729.60 398.11 210.36 9768.07 1676.73 310.47 5364.62 1533.74 113.77
ES 2.95 23.00 1204.65 1321.06 1516.41 1575.85 420.07 1767.87 146.58 260.16 879.96 530.72 459.61
Cl x ES 0.51 0.67 103.22 111.09 51.10 37.27 20.67 159.19 11.83 107.93 27.91 52.04 160.34
P Cl <0.001 0.0354 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ES 0.0529 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Cl x ES 0.7305 0.6115 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
R2 0.13 0.14 0.74 0.83 0.78 0.76 0.52 0.95 0.74 0.55 0.91 0.77 0.58
RMSE 10.59 3.52 0.04 0.49 1.34 0.91 0.17 0.37 0.04 0.02 13.17 10.29 0.04

CK non-erosion, E erosion, D deposition, T temperature, M moisture, BD bulk density, MWD mean weight diameter of soil aggregates, SOC soil organic carbon, TN total nitrogen, TP total phosphorous, SMBC soil microbial
biomass carbon, DOC dissolved organic carbon, Cl organic carbon levels, ES experiment site. Capital letters are significant between different sites of slopes with the same SOC level (P < 0.05), and lowercase letters are
significant between the same site of slopes with different SOC level (P < 0.05).
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Fig. 2. The relative abundance of bacteria (a) and fungi (b) at phylum level in soils on various sites of slopes with different SOC levels. LC: low SOC level;
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Fig. 3. Alpha diversity of soil bacteria (a) and fungi (b) as affected by soil erosion on various sites of slopes with different SOC levels. Box lines are the
maximum and minimum values, respectively. The hollow square represents mean of alpha diversity index. Capital letters are significant between different sites of
slopes with the same SOC level (P < 0.05), and lowercase letters are significant between the same site of slopes with different SOC level (P < 0.05).

lower at low SOC levels than at the middle SOC level. The rate of change
(ROC) was used to measure the change in bacterial and fungal Shannon
indices with SOC levels (Fig. S6). With the increase in SOC level, the
ROC of bacteria at the eroded site presented a decreasing trend, and the
rate became increasingly slower. The ROC of bacteria at the depositional
site showed an increasing trend, and the rate of increase gradually
slowed down. However, regardless of the eroded and depositional sites,
the ROC of fungi showed a decreasing trend with an increase in SOC
level.

We used a structural equation model (SEM) to analyze the direct and
indirect effects of soil properties on soil bacterial and fungal diversity
caused by erosion-deposition and SOC levels (Fig. 4). We incorporated
the most relevant soil property variables into the structural equation
model and obtained the optimal model (Chi-square:2.962, p = 0.479,
GFI = 0.998, RMSEA = 0.000) by constructing the initial model,
checking model, and correction model. Erosion-deposition and SOC
levels had direct or indirect effects on bacterial alpha diversity through
moisture, MWD, TN, pH, and TP, while erosion-deposition and SOC
levels directly or indirectly affected fungal alpha diversity through

moisture, MWD, TN, and pH. The diversity of bacteria and fungi pre-
sented a reverse cooperative covariation relationship, which together
caused changes in soil microbial biomass carbon.

3.4. Soil bacterial community structure

NMDS was used to evaluate the differences in bacterial and fungal
community structures, and the results were reliable (Stress < 0.2,
Fig. 5). At the three SOC levels, the bacterial community structure at the
control check site, eroded site, and depositional site were diverse, while
the fungal community structure of the erosion sites was different at high
SOC levels compared with low and medium SOC levels (Fig. 5). ANOSIM
showed that there were distinct differences in bacterial communities at
different SOC levels and erosion sites (p < 0.05, Table S4). There was no
obvious difference in the fungal community structure at each part of the
erosion sites at low SOC levels. At high SOC levels, the fungal commu-
nity structure at the control site was similar to that at the eroded site, but
all of them significantly differed from that at the eroded site (p < 0.05,
Table S4).
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Fig. 4. Effects of soil properties on soil bacterial and fungal diversity in different site under three carbon levels. SEM analyzes effects of moisture, MWD, soil
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Fig. 5. NMDS of soil bacterial (a, b, ¢) and fungal (d, e, f) communities across three different sites at three SOC levels based on Bray-Curtis distances.

RDA revealed that MSTR, MWD, Cy, and SOC were the main envi-
ronmental predictors affecting bacterial community structure (Fig. 6a, b,
and c), explaining 32.25%, 32.43%, and 34.94% of the community
variation at the low, middle, and high SOC levels, respectively. TEMP,
MSTR, MWD, BD, Caly, SOC, TN, TP, and pH were considered as the
main environmental predictors controlling fungal community structure
(Fig. 6d, e, and f). The process of soil properties affecting fungal com-
munities at different erosion sites was restricted by SOC levels, and
crucial controlling factors were converted at low, middle, and high SOC
levels.

3.5. Soil microbial co-occurrence network complexity

Bacterial and fungal co-occurrence networks were constructed for
different erosion sites and SOC levels (Figs. 7, 8, and 9). The nodes and
edges of the bacterial networks for different erosion sites and SOC levels
are shown in Table S5. Network analysis identified Actinobacteria,
Proteobacteria, Acidobacteria, and Chloroflexi as keystone OTUs at
different erosion sites and SOC levels (Fig. 7). Actinobacteria and
Acidobacteria were more connected at the eroded site, and Proteobac-
teria and Chloroflexi had many connections at the depositional site
(Fig. 9a). Actinobacteria, Acidobacteria, and Chloroflexi were more
connected at low and middle SOC levels, and Proteobacteria were more
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connected at high SOC levels (Fig. 9b). The nodes and edges of the fungal
networks for different erosion sites and SOC levels are shown in
Table S6. Ascomycota and Basidiomycota were considered keystone
OTUs at different erosion sites and SOC levels (Fig. 8). Ascomycota and
Basidiomycota were more connected at the eroded site and high SOC
levels (Fig. 9c, d).

The network topological characteristics of bacteria and fungi are
shown in Tables S5 and S6. The modularity of the bacterial network at
the control check, eroded, and depositional sites were 0.271, 0.371, and
0.240, respectively; the modularity bacterial networks at low, middle,
and high SOC levels were 0.313, 0.222, and 0.139, respectively
(Table S5). This indicates that more functional communities were pre-
sent at the depositional site than at the eroded and control check sites.
We also found that as SOC levels increased, more communities that are
functional increased in the bacterial networks. The bacterial network
vulnerability was also on average lower in depositional sites (0.135) and
higher in eroded sites (0.162) than in control sites (0.143) and decreased
with increase of SOC level (Table S5). The modularity of the fungal
network at the control, eroded, and depositional sites were 0.444, 0.663,
and 0.661, respectively, and they were 0.830, 0.740, and 0.504, at low,
middle, and high SOC levels, respectively. Erosion-deposition reduced
the functional communities of the fungal network, and an increase in
SOC level promoted functional communities in the fungal network
(Table S6). The fungal network vulnerability was on average higher in
depositional sites (0.201) and eroded sites (0.195) than in control sites
(0.181) and decreased with increase of SOC level (Table S6).

4. Discussion

4.1. Changes in soil properties induced by erosion—deposition and SOC
levels

In this study, erosion caused an uneven distribution of soil moisture,
but it did not have a significant effect on soil temperature. This was
because that erosion caused an uneven distribution of soil aggregate
structure, capillary number, and porosity, resulting in significant dif-
ferences in soil moisture at each erosion site (Soinne et al., 2016; Wang
et al., 2014). Although changes in soil structure caused by erosion led to
changes in thermal conductivity, resulting in changes of temperature,
changes of temperature at soil-air interface may be further weakened
with the increase of soil layer. Therefore, temperature in our test layer
did not have a significant response to erosion. However, soil organic
carbon did not only significantly affect soil moisture at the eroded and
depositional sites, but also affected the variation characteristics of soil
temperature. This was because that, with the increase of soil organic
carbon content, soil aggregate structure increased, distribution of soil
porosity evened out, number of capillaries increased, capacity of water
absorption and holding improved, and soil moisture also increased
(Adhikari and Bhattacharyya, 2015; Carrizo et al., 2015; Zinn et al.,
2011). The change in moisture may affect the soil thermal conductivity,
which indirectly leads to local differences in soil temperature.

Erosion stripped off the topsoil, and the spatial distribution pattern
of soil porosity and aggregate structure was reset, resulting in a decrease
in the bulk density at the eroded site. (Jankauskas et al., 2008). The bulk
density at the sedimentary site increased due to the accumulation of fine
soil and reconstruction of the soil texture (Morvan et al., 2018). The
aggregates were destroyed during the entire erosion process, and the
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stability of the aggregates accumulated at the depositional site was
weakened (Xu et al., 2016). Therefore, the average weight diameter of
aggregates at the eroded site was higher than that at the control site,
whereas it was lower at the depositional site (p < 0.05). The soil particle
composition at the eroded site was significantly different from that at the
depositional site. This is due to the classification of soil particles during
the erosion—deposition process. (Xu et al., 2016). To a large degree, the
level of SOC directly determines the pattern of soil bulk density and
stability of soil aggregates (Zinn et al., 2011). When eroded soil particles
are destroyed and transported by erosion, soil nutrients are lost along
with the migration of soil particles, and are buried along with silt
deposition (Borrelli et al., 2018; Gu et al., 2018; Pacala et al., 2001). As a
result, TN, TP, SOC, SMBC, and DOC at the eroded site were significantly
lower than those at the control site were, while they were higher at the
depositional site (p < 0.05). The process of migration, deposition, and
the increase in organic carbon levels may cause a decrease in soil pH.
This is because the loss of soil mineral nutrients caused by erosion will
increase the relative concentration of soil acid-causing ions, which in
turn promotes a decrease in soil pH (Bezdicek et al., 2003; Jarasiunas
and Kinderiene, 2016).

Therefore, damage, transportation, migration, and redistribution of
the topsoil caused by erosion will directly lead to topsoil decay (Zhang
et al., 2004), drastic changes in the hydrothermal environment (Starr
et al., 2000), topsoil nutrient loss (Borrelli et al., 2018), and directional
and nondirectional changes in soil properties (Lal, 1998), which in turn
causes soil quality degradation. In the deposition process, the trans-
ported and migrated soil fine particles were accumulated, the topsoil
structure was rebuilt, and the nutrients lost due to erosion were inter-
cepted and buried, which would make more available nutrients stored at

the depositional site. This series of processes promoted the formation of
two environments where the soil texture was “reconstructed” and the
nutrient “rich and poor” differed at the eroded and depositional sites.
Moreover, the SOC background regulated the formation of these two
environments.

4.2. Responses of soil microbial community characteristics to
erosion—deposition and SOC levels

The sensitivity of soil microbes to disturbances is different, and may
exhibit resistance, resilience, and “functional redundancy” effects to
disturbances (Garcia-Palacios et al., 2018). In this study, erosion caused
a decrease in bacterial and fungal alpha diversity. This was because of
the continuous stripping of the topsoil layer, destruction of soil aggre-
gate structure, reduction in soil moisture, and entrainment of nutrients
by the sediment during the erosion processes (Table 2). The reduced
substrate that is required for microbial life activities and the habitat of
bacteria and fungi was severely affected and became barren. Changes in
habitats and loss of niches have been shown to reduce the diversity of
fungi and bacteria (Bahram et al., 2018; Zhang et al., 2018). Although
bacteria and fungi respond differently to the environment, long-term
erosion has produced a negative response to the diversity of bacteria
and fungi. The fine particles of topsoil transported and stripped by
erosion were intercepted and buried in low-lying areas, and soil mois-
ture increased at the depositional sites (Table 2). Under the influence of
the water-activated aggregate structure (Wang et al., 2018), the avail-
ability of enriched nutrients increased, bacteria proliferated rapidly,
both types and numbers improved, and the bacterial diversity increased
(Tiemann and Billings, 2011). The composition of the fungal community
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was more dependent on habitat availability, and continuous deposition
may result in the attenuation of habitat effectiveness, which is not
conducive to the colonization of scattered spores and propagules (Kasel
et al., 2008). In addition, fungi have strong water tolerance and high
evolutionary levels (De Vries et al., 2018; De Vries et al., 2012), which
means that, in the process of long-term habitat destruction, the recovery
ability and mechanism of fungi were far behind bacteria, and fungal
communities did not return to their original state or even flourish after
the environmental reconstruction. This also confirmed the “retention
effect” of the soil environment on the fungal community. Once
destroyed, it is difficult to recover completely, which affects the function
of the soil ecosystem (Meisner et al., 2018; Preece et al., 2019).

Many studies have shown that the available water content and pH in
soil are considered to be the most important factors affecting soil mi-
crobial abundance (Delgado-Baquerizo et al., 2019; Fierer and Lennon,
2011; Shen et al., 2014; Tedersoo, 2017; Treseder, 2008). Notably, in
this study, although soil moisture did not have a direct effect on bac-
terial and fungal diversity, it had an indirect effect on bacterial and
fungal diversity by driving soil aggregates. These results suggest that soil
moisture affects microbial diversity mainly through aggregates, which
are considered as the basic places of microbial metabolism. Previous
studies have suggested that pH can actively drive bacterial diversity, but
has little or weak negative effects on fungal diversity (Peay et al., 2016;
Zhou et al., 2016). In our study, with decreases in pH, bacterial diversity
increased, and pH close to neutral may be more conducive to bacterial
diversity. However, a decrease in pH drives the loss of fungal diversity.
Therefore, when soil is stripped and transported from eroded sites to
depositional sites, the pH decreases, which increases bacterial diversity
and reduces fungal diversity. There was a weak antagonistic effect on
the bacterial and fungal diversity. TN and SOC, as the nutrients supplied
for soil microbial metabolism activities, directly affect microbial di-
versity (Shen et al., 2015; Singh et al., 2013). SMBC is a part of soil
active components, which are regarded as indicators of variation in
bacterial and fungal diversity. The effect of TP on fungal diversity was
not obvious, but it had an adverse effect on bacterial diversity.

Compared with the control sites, bacterial and fungal communities
differed at the eroded and depositional sites (stress < 0.2, Fig. 5). At the
phylum level, erosion-sedimentation significantly affected the relative
abundance of Actinobacteria and Acidobacteria (Table S1). This may be
caused by changes in the structure of soil aggregates, soil aeration, and
pH during the processes of erosion and deposition (Fierer and Jackson,
2006). At the phylum level, erosion-deposition significantly affected
Ascomycota and Basidiomycota (Table S1). This should result from the
resetting of soil moisture, nutrients, texture, and other resources caused
by erosion-deposition (Bennett et al., 2009). RDA analysis showed that
the regulators of bacterial community structure were MSTR, MWD, clay,
and SOC, while factors, such as TEMP, MSTR, MWD, BD, Caly, SOC, TN,
TP, and pH regulated various fungal communities. Thus, these factors (e.
g., TEMP, pH, TN, and TP) significantly regulated the fungal community
compared to the bacterial community, and the regulatory mechanism of
fungi is relatively complex. A combination of these factors affects the
availability of soil fungal community habitats, which in turn affects the
colonization of fungal scattered spores and propagules after soil changes
(Kasel et al., 2008). In summary, destruction and reconstruction of the
habitat may cause the recovery of the fungal community structure to be
delayed or even irreversible, but the response of the bacteria was rela-
tively weak.

Organic carbon is the core of eroded soil quality (Bonner et al., 2018;
Van Oost et al., 2007), and it is also a substrate for maintaining micro-
bial metabolism. Its quality has a significant effect on the growth of
microbes (Takriti et al., 2018). Although erosion and deposition had
different effects on bacteria and fungi, both bacterial and fungal di-
versity increased with an increase in the SOC level. In contrast, various
bacterial and fungal communities became more obvious as the SOC level
increased. This indicates that an increase in SOC levels can regulate the
metabolic process of microorganisms by changing the availability and
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composition of nutrients and soil structure at the erosional and depo-
sitional environments (Hobbie and Hobbie, 2012), which does not only
increase microbial diversity, but also contribute to the growth and dif-
ferentiation of functional microorganisms.

4.3. Erosion-deposition and SOC levels affect microbial co-occurrence
network and keystone taxa

Microbial network studies have mainly analyzed the interactions
among different microbial species in complex soil ecosystems. The in-
teractions among microbial species are critical to ecosystem stability,
especially in the soil microbial community (Bascompte, 2007; Qi et al.,
2019; Zhou et al., 2011). Our results show that erosion reduces the
network complexity of bacteria and fungi, while deposition increases the
complexity of bacterial networks, but reduces the network complexity of
fungi. An increase in the SOC level can further strengthen the network
complexity of bacteria and fungi at various sites. This is because mi-
crobial co-occurrence networks in erosion and deposition sites are
largely driven by resources rather than phylogeny (Banerjee et al.,
2016b), and the complexity of microbial networks differed due to
changes in land management and disturbance (Li et al., 2017; Sul et al.,
2013). Erosion leads to a decrease in the availability of soil water,
organic carbon, and other nutrients, and resource limitations inevitably
damage the complexity of bacterial and fungal networks (Banerjee et al.,
2019; Barberan et al., 2012; De Vries et al., 2018). Deposition trapped
and buried soil nutrients, increased soil moisture, and created a rela-
tively resource-rich environment. This environment is more conducive
to the repair of the bacterial network. In contrast, fungal mycelia crossed
soil porosity and promoted the movement of the community to new
resource patches (Kohlmeier et al., 2005), but the cycle of niche re-
differentiation and re-recovery lasted longer, and it was difficult to
recover to the original state under “retention effect” (Meisner et al.,
2018; Preece et al., 2019). As a substrate of microbial metabolism, an
increase in organic carbon content has a positive effect on the
complexity of bacterial and fungal community networks (Xue et al.,
2020).

Keystone taxa play a pivotal role in driving the microbial community
structure and function (Banerjee et al., 2016a). In this study, Actino-
bacteria, Proteobacteria, Acidobacteria, and Chloroflexi were identified
as bacterial keystone taxa (Fig. 7), Ascomycota and Basidiomycota were
identified as fungal keystone taxa (Fig. 8), which is consistent with
previous studies (Banerjee et al., 2018; Deng et al., 2012; Ling et al.,
2016). Actinobacteria and Acidobacteria are highly connected general-
ists at the eroded sites. This was because Actinobacteria had good
adaptability to low-water environments, and Acidobacteria is an oligo-
trophic bacterial phylum, which had good adaptability to relatively poor
soil at the eroded sites. Proteobacteria and Chloroflexi are highly con-
nected generalists at the depositional sites (Fig. 9a). Proteobacteria is a
eutrophic bacterial phylum, and the trapped and enriched nutrients at
the depositional sites provide a rich substrate for their proliferation.
Chloroflexi, involved in the CO; fixation reaction, rapidly proliferated in
environments with compact and reconstructed soil structures. There
were more connections of Actinobacteria, Acidobacteria, and Chloro-
flexi in low and middle SOC levels, while Proteobacteria had more
connections at high SOC levels (Fig. 9b), which indicates that Proteo-
bacteria was more suitable to grow in a high-humidity and organic
carbon enriched environment, whereas Actinobacteria, Acidobacteria,
and Chloroflexi were more adapted to proliferate in low and medium
SOC environments. Ascomycota and Basidiomycota are highly con-
nected generalists at the eroded sites and high SOC levels (Fig. 9c and d).
This suggests that Ascomycota and Basidiomycota had high adaptability
in an environment of structural destruction and nutrient loss, as well as
an environment with abundant substrates. In summary, various
keystone taxa should be attributed to changes in soil properties and
differences in organic carbon substrates caused by erosion and
deposition.
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Modularity indicates how well a network can be subdivided into
modules or compartments, which may originate from specific in-
teractions, habitat heterogeneity, resource partitioning, or niche over-
lap. Less modularity is interpreted as a more functional community
(Deng et al., 2012; Olesen et al., 2007). In this study, there was less
modularity of the bacterial network at the depositional sites that at the
eroded sites (Table S5), suggesting that more bacterial functional com-
munities were present at the depositional sites than at the eroded sites.
There was higher modularity of the fungal network at the eroded and
depositional sites han at the control sites (Table S6), which suggests that
both erosion and deposition caused a reduction in fungal functional
communities. As the SOC level increased, the bacterial and fungal
modules decreased (Tables S5, 6), suggesting that an increase in SOC
levels effectively increased bacterial and fungal functional communities.
Similarly, the clustering coefficient of the bacterial and fungal co-
occurrence networks also confirmed our results. Lower clustering coef-
ficient in bacterial erosion network, higher clustering coefficient in the
bacterial depositional network, and increases in clustering coefficient
with SOC levels indicate that deposition enhanced the functional com-
munities compared with erosion, and an increase in SOC levels further
enhanced the functional communities in each network. Interestingly,
clustering coefficients in the erosion and depositional networks reduced,
and increased SOC levels also effectively strengthened the clustering
coefficients, indicating that both erosion and deposition reduced func-
tional communities, but an increase in SOC levels effectively improved
the functional communities. In general, the bacterial deposition network
is larger and more complex than the erosion network. This is because the
more efficient resources at the depositional sites supported an increase
in network complexity, improving bacterial community stability and
nutrient transfer efficiency (Wang et al., 2018). Environments at the
eroded sites were more susceptible to disturbance, which had a negative
effect on the ecological functions of the bacteria in the habitat. This was
confirmed by the vulnerability of bacterial communities as well. The
bacterial network vulnerability was lower in depositional sites and
higher in eroded sites than in control sites. Moreover, erosion and
deposition networks were disturbed to varying degrees and became
fragmented, and the niches were further differentiated, which was not
conducive to the stable proliferation of fungal communities. Further-
more, an increase in SOC level undoubtedly had a positive effect on
bacterial and fungal co-occurrence networks, which promoted the
building of bacterial and fungal communities with more organization
and were more functional (Ling et al., 2016).

5. Conclusion

In this study, long-term erosion and deposition continuously created
two environments, where soil texture was “reconstructed” and nutrients
differed between “rich and poor”. In such an environment, bacterial
communities were constantly being destroyed and remodeled, and
staying in a process of continuous improvement of their functions.
However, due to its slow recovery cycle, weak repair ability, and lack of
available external forces (no vegetation, root system and soil intrusion in
this study), fungal community destroyed by erosion cannot be quickly
reconstructed and recovered in the deposition site, which greatly
increased the risk of decline or even loss of functional diversity. The
internal mechanisms of bacterial and fungal community structure con-
struction and maintenance were different, and the response to envi-
ronmental factors and soil properties were also different. The bacterial
community structure was mainly affected by SOC, MSTR, TN, MWD,
Clay, while change in fungal community structure was driven by MSTR,
TEMP, pH, SOC, TN, TP, BD, MWD, and Clay. Remarkably, Increase in
organic carbon level was beneficial to inhibit erosion, reduce the po-
larization of soil properties in erosion and deposition areas, and effec-
tively improved the reconstruction of bacterial and fungal community
structure, but it did not mean that the decline of the fungal community
caused by long-term erosion-deposition can be completely eliminated.
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The decline of fungal community function may be more conducive to the
retention of inert organic matter and slow down the mineralization of
soil organic matter. Our results bring a new insight into understanding
changes in microbial life processes and survival strategies induced by
erosion—-deposition. These findings also give a new revelation that
organic carbon can be used to control earth surface processes induced by
erosion—-deposition, regulating and stabilizing soil microbial commu-
nities and functions, and promoting the normal functioning of soil
ecosystems.
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