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Soil prokaryotes composition and diversity are the key to uncovering the mechanisms that drive variations in soil
biogeochemical processes. Soil erosion is a primary factor that affects the spatial distribution of the soil pro-
karyotic community, but how soil prokaryotes in soil-eroding catena respond to environmental factors related to
topography remains largely unclear. In this study, topsoils were sampled from three typical erosion geomorphic
units (autonomous, transitional and depositional zones) in 2018 to identify the soil prokaryotic community and
interactions among the species on the Chinese Loess Plateau. The alpha-diversity was greater but the beta-
diversity was lower in the autonomous and transitional zones than in the depositional zone. Gammaproteo-
bacteria and Bacteroidetes were 73% and 68% lower in the autonomous and transitional zones than in the
depositional zone. In addition, Deltaproteobacteria, Acidobacteria, Firmicutes, Actinobacteria, Chloroflexi,
Gemmatimonadetes and Nitrospirae were significantly higher in the autonomous and transitional zones. A less
clustered network and fewer co-occurrences within the prokaryotic community and functional groups of pro-
cesses were found in the depositional zone than in the autonomous and transitional zones. The alpha-diversity
index was significantly negatively correlated with clay particles, soil water content, soil organic carbon (SOC),
and ratio of SOC and nitrogen (C/N) but positively correlated with total nitrogen (TN). The higher relative
abundances of copiotrophic groups (including Gammaproteobacteria, Bacteroidetes, etc.) in the depositional
zone was mainly due to the increased SOC caused by the deposition of SOC-rich clay. Reassembly of the soil
physico-chemistry characteristics among the topographic units significantly altered the soil prokaryotic com-
munity along the soil-eroding catena.

1. Introduction

Soil prokaryotes are important for functioning of terrestrial ecosys-
tems by influencing carbon storage and nutrient recycling (Allison and
Goulden, 2017; de Carvalho et al., 2016; Takriti et al., 2018). While soil
prokaryotes are sensitive indicators of changes in environmental prop-
erties (Griffiths and Philippot, 2013), previous studies showed that soil
prokaryotes are cosmopolitan and that their patterns are mainly driven
by environmental factors. For example, several studies highlighted that
particle size (Sessitsch et al., 2001), organic carbon (SOC) (Goldfarb

et al.,, 2011), cation exchange capacity (Mapelli et al., 2018), and
nutrient availability (Fierer et al., 2007) significantly influenced soil
prokaryotes community structure and interactions among species.
Therefore, systematically investigate the effects of physico-chemical
factors on soil prokaryotes community structure and interactions
among species are essential are needed to understand activity of mi-
crobial processes and microbial ecology.

A soil-eroding catena, which has been systematically studied by Lei
et al. (2000), is a chain that is mainly characterized by the transport and
output of erosion materials with an energy link and an interrelated,
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orderly evolving erosive form. In fact, the effect of the topography on
soil-eroding catena is apparent (Hook and Burke, 2000; Seibert et al.,
2007), with redistribution of the water, nutrient elements (carbon, ni-
trogen etc.) and soil particles along topographic units (Khomo et al.,
2013; Hu and Kuhn, 2014). To date, the influences of soil-eroding catena
on physiochemical properties at different topographies has been
extensively studied (Khomo et al., 2013; Sun et al., 2014, 2015; Wang
et al., 2017b). Several studies have suggested the topography controls
the reception and (re)distribution of radiation, water and sediments over
the land surface, influencing soil erosion (Seibert et al., 2007; Gabarron-
Galeote et al., 2013; Sun et al., 2014). Some studies showed eroding
slopes and depositional plots differentiate soil microbial diversity (Xiao
et al., 2017), communities structure (Du et al., 2020; Sun et al., 2018),
and microbial activity, such as metabolic coefficient (Mohammadi et al.,
2017), greenhouse gas emission (Sun et al., 2018; Wiaux et al., 2014)
and enzyme activities (Sun et al. 2018). Nevertheless, very few studies
have taken the effects of topographic units (topographically defined as
autonomous, transitional and depositional zones, Fig. 1) on soil-eroding
catena into consideration when addressing the potential variation of the
soil prokaryotic community composition and their co-occurrence
patterns.

The Chinese Loess Plateau (6.4 x 10° km?) is a semi-arid region and
is considered to be one of the most severely eroded areas (mean soil loss
rate: 2860 t km 2 year 1); the Chinese Loess Plateau is characterized by
an extremely complex soil-eroding catena (Wang et al., 2017b). Inevi-
tably varied soil-eroding catena are found on the Loess Plateau, which
are the result of changing erosion processes with different of hydrody-
namic conditions. The southern gully region of the Loess Plateau has
three typical topographic units, including autonomous, transitional and
depositional zones. The effects of complex topography on soil physi-
ochemical characteristics, such as SOC, nitrogen (TN) and soil water
content distribution, on the Loess Plateau have been well documented
(Sun et al., 2015; Yang et al., 2017; Wang et al., 2018). Systematic in-
vestigations of the soil prokaryotic properties are beneficial to deepen
the comprehending of the effects of spatial differentiation on soil erosion
and, in particular, to explore this effect on a complex topography under
a whole soil-eroding catena. However, such studies on the fragmented
southern Loess Plateau are still limited. We hypothesized that the
topography of the soil-eroding catena would affect the soil prokaryotic
community structure, interactions and functions due to the different
clay, water and SOC content. Therefore, this study aimed to explore (1)
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the changes in the soil prokaryotic community, interactions and func-
tions; (2) the altered keystone species; and (3) the factors influencing the
changes in the prokaryotic properties among the topographic units of a
whole soil-eroding catena.

2. Materials and methods
2.1. Study site

The study area is located in the Wangdonggou watershed, Shaanxi
Province, China (Fig. 1). Soil is loam, clay content is 22%, annual mean
precipitation is 568 mm, air temperature is 9.1 °C, frost-free period is
194 days, and potential evapotranspiration is 967 mm (Huang et al.,
2003). The topography of the watershed is complex, including autono-
mous, transitional and depositional zones, with the gully density at 2.78
km km~2 (Wang et al., 2017b). Variations in topographic units and
changes in land uses have fragmented the Chinese Loess Plateau into a
complex combination of autonomous, transitional and depositional
zones with cropland, orchard and wasteland. The study watershed was
6.3 km?, the total length of main gully was 4.97 km, and total length of
transect was about 1.6 km. In this watershed, the autonomous, transi-
tional and depositional zones area covers about 1/3 of the total area,
respectively (Fig. 1).

2.2. Soil sample collection

We randomly collected the soil samples from autonomous, transi-
tional and depositional zones in October during 2018, the samples site in
the transitional zone was apart about 2.0 km form autonomous zone,
and the depositional zones was the bottom of the main gully. Totally, we
collected 26 samples (cropland: 5 and orchard: 5) in the autonomous
zone, 10 samples (cropland: 5 and orchard: 5) in the transitional zone
and 6 samples (wasteland) in the depositional zone. For each soil sample
(0-10 cm), six soil cores were randomly collected using a soil auger (d =
3 cm) and then mixed to compost sample. The samples were placed in a
portable refrigerator for transport to the laboratory. Then, the sub-
samples were: (1) stored at — 80 °C for analysing the bacteria and fungi
composition, and (2) air dried for determining the SOC, TN, Olsen-P, soil
texture, and pH.

Autonomous zone

Transitional zone

Depositional
zone

Fig. 1. Information for studies area. a, location of the study area (cited from Wang et al., 2016); b, schematic transects of soil-eroding catenas; c, photo of the study

area (cited from Wang et al., 2017b).
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2.3. Soil characteristics and microbial community analysis

SOC and total nitrogen (TN) were measured by KyCrO7-HSO4
oxidation method and Kjeldahl method, respectively (Fujii et al., 2011;
Sparks et al., 1996; Grimshaw et al., 1989). Soil pH was analysed as
described by Bao (2000). Olsen-P was determined as described by Olsen
and Watanabe (1957). Soil water content was calculated from the
weight differences between moist and dry soil samples collected by
rings. Soil particle sizes distribution was determined with the laser
diffraction particle size analyser (MS2000, Malvern).

We used MoBio Power Soil™ DNA Isolation Kits to extract DNA from
the soil, and a Nanodrop spectrophotometer was used to check the
quantification and quality. The V4 region of the 16S rRNA gene was
amplified using the 515F and 806R primers (Caporaso et al., 2011).
Sequencing libraries were generated using TruSeq Rapid PE Cluster Kit
(Cat No.PE-402-4001) following manufacturer’s recommendations and
index codes were added. At last, sequencing was performed using the
Mlumina HiSeq 2500 platform and 250 bp paired-end reads were
generated. As described by Edgar (2013), sequences analysis were per-
formed by Uparse software (Uparse v7.0.1001, http://drive5.com/
uparse/). Operational taxonomic units (OTUs) were clustered with se-
quences > 97% similarity. For each sample, OTU was normalized to the
same least sequences (34186) for a-diversity (Chaol, observed species
and Shannon index) analyses. FAPROTAX was used to predict the
functional groups of processes of the prokaryotes (Louca et al. 2016).
The sequence data have been deposited with the NCBI (PRINA628855,
PRINA636893).

Co-occurrence network analysis was used to investigate the in-
teractions of prokaryotic taxa and functional groups of processes.
Genera with mean abundances higher than 0.1% and all functional
groups of processes (relative abundances) were selected for Spearman’s
correlation analysis (igraph and Hmisc packages), and robust if the
Spearman’s correlation coefficient was > 0.6 and the P-value was < 0.01
(Barberan et al.,, 2012). Gephi platform was used to visualize the
network (Bastian et al., 2009; Newman, 2003, 2006). Values of topo-
logical features were evaluated by path length, diameter, degree, den-
sity, clustering coefficient and modularity. Genera with the highest
mean degree were considered keystone species (Berry and Widder,
2014).

2.4. Statistical analyses

Alpha diversity was calculated with QIIME (Version 1.7.0), and beta-
diversity was estimated according to the Bray-Curtis distance between
the samples. Canonical correspondence analysis (CCA) was used to
evaluate the effects of variables on prokaryotic community structures.
The differences in the variables were compared using analysis of vari-
ance with ANOVA (IBM SPSS 20.0).

3. Results
3.1. Soil properties

The soil properties markedly differed across the three topographic
units (Table 1). SOC, soil water content, clay (<0.002) and C/N were
significantly higher but TN and Olsen-P were significantly lower in the
depositional zone than the autonomous and transitional zones (Table 1).
Compared with that in the autonomous zone (7.80 g kg™ ), the SOC was
increased by 55% in the depositional zone but decreased by 12% in the
transitional zone. Olsen-P was 12% and 32% lower and TN was 22% and
29% lower in the transitional and depositional zones, respectively, than
in the autonomous zone. Soil water content was 21% and 31% greater
and clay was 43% and 12% greater in the depositional zone than in the
other two topographic units.
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Table 1

Soil properties of the autonomous, transitional and depositional zones.
Soil properties Autonomous Transitional Depositional

zone zone zone

SOC (g kgfl) 7.80 + 0.71b 6.87 £ 0.61c 12.12 £+ 1.35a
TN (gkg 1) 1.07 + 0.20a 0.83 + 0.05b 0.76 + 1.61b
Olsen — P (mg kgfl) 19.09 + 7.05a 16.81 + 3.51b 12.95 + 1.62c
C/N ratios 7.50 + 2.00b 8.25 £ 1.10a 16.04 + 1.67c
pH 8.07 + 0.06a 8.02 £ 0.11a 8.10 + 0.03a
Soil water (%) 21.89 + 0.52b 20.09 + 0.69b 26.40 + 0.38a
Clay (<0.002, %) 25.45 + 2.76b 32.42 + 2.38a 36.27 + 1.65a

Note: SOC, Soil organic carbon; TN, Total nitrogen; C/N ratios, SOC/TN ration.
Values with different letters in a row mean a significant difference at p < 0.05.
The values are means of three replicates + standard deviations.

3.2. Soil prokaryotic diversity and community structure

The topographic units significantly influenced the soil prokaryotic
community structure (Fig. 2). Compared with those in the autonomous
and transitional zones, the relative abundances of Gammaproteobac-
teria, Bacteroidetes, and Verrucomicrobia was significantly higher and
the relative abundances of Deltaproteobacteria, Acidobacteria, Actino-
bacteria, Firmicutes, Chloroflexi, Gemmatimonadetes, and Nitrospirae
was lower than those in the depositional zone. Prokaryotic alpha-
diversity was significantly lower in the depositional zone than in the
autonomous and transitional zones, while it exhibited similar values
between the autonomous and transitional zones (Table 2).

Furthermore, the prokaryotic community in the depositional zone
showed the highest beta-diversity, which indicates a higher dispersion
(Fig. 3a). CCA analyses showed soil clay, soil water content, SOC, TN,
Olsen-P, C/N, and pH explained 71.21% of the variation, with the first
two axes explaining 58.56% and 12.65%, respectively. (Fig. 3b). SOC
was the highest (% = 0.91, p < 0.01), followed by C/N (* = 0.88, p <
0.01), and then soil clay = 0.79, p < 0.01), soil water content =
0.72,p < 0.01) and TN (2 = 0.26, p < 0.05). The primary phylum were
influenced by the soil physico-chemistry properties. Proteobacteria and
Bacteroidetes were significantly and positively correlated with clay
content, soil water content and C/N, whereas Actinobacteria and
Chloroflexi were negatively correlated with them (Table 3). Addition-
ally, at class level, Gammaproteobacteria was positively correlated with
clay and SOC, whereas Deltaproteobacteria was negatively correlated
with clay and SOC (Table 3).

3.3. Prokaryotic co-occurrence patterns at topographic units

The soil prokaryotes in the depositional zone has less nodes and
edges, which indicated more loosely distributed in depositional zone
when compared with autonomous and transitional zones (Fig. 4). The
network pattern of the depositional zone contained longer characteristic
path lengths (2.590) and a higher modularity index (0.535) than that of

Relative abundance (%)
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Fig. 2. Taxonomic compositions of the bacterial and fungal communities. Phyla
or classes with abundance < 1.0% are summed as “others”.
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Table 2
Diversity indices in the autonomous, transitional and depositional zones.

Soil properties Autonomous zone Transitional zone Depositional zone

Observed species 3281 + 273a 3289 + 139a 2264 + 161b
Shannon 10.11 £+ 0.20a 10.01 £+ 0.12a 8.48 + 0.33b
Simpson 0.998 + 0.00a 0.998 + 0.00a 0.988 + 0.00b
Chaol 3902 + 419a 3855 + 302a 2989 =+ 200b
ACE 3897 + 396a 3870 + 224a 3033 + 200b

Note: values with different letters in a row mean a significant difference at p <
0.05. The values are means of three replicates + standard deviations.

the autonomous zone (2.231, and 0.429, respectively) and transitional
zone (2.356 and 0.482, respectively). The number of co-occurrences was
much greater in the autonomous zone than in the transitional and
depositional zones. The total correlation edges of the soil prokaryotes
were 1666, 1023, and 894 in the autonomous, transitional and deposi-
tional zones, respectively. The keystone species were also changed by
the topographic units in the eroding landscape (Fig. 4). In the autono-
mous zone, the soil network was mainly influenced by the phyla Fir-
micutes, Bacteroidetes, Proteobacteria, and Actinobacteria. In the
transitional zone, the soil network was mainly influenced by Bacter-
oidetes, Firmicutes, and Proteobacteri. However, the soil network was
mainly influenced by Bacteroidetes, Proteobacteria, Verrucomicrobia,
Proteobacteria, and Oxyphotobacteria in the depositional zone.
Similar to the prokaryotic community co-occurrence patterns in the
topographic units, lower links (166), lower mean density (1.430), lower
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mean degree (2.721) and higher modularity (0.741) were found in the
functional groups of processes network patterns in the depositional zone
(Fig. 5). However, in contrast to prokaryotic community co-occurrence,
a higher clustering coefficient (0.741) and a shorter path length (1.430)
were found in the depositional zone. The key functional groups of pro-
cesses were also significantly different among the three topographic
units. The key functional groups of processes in the autonomous zone
included cyanobacteria, oxygenic photoautotrophy, photoautotrophy, che-
moheterotrophy, aerobic nitrite oxidation, etc. However, dark hydrogen
oxidation, methanogenesis by CO» reduction with H,, hydrogenotrophic
methanogenesis, methanogenesis, reductive acetogenesis, etc., in the tran-
sitional zone and chlorate reducers, knallgas bacteria, nitrogen fixation,
nitrate respiration, etc. in the depositional zone were found in this study
(Fig. 5).

3.4. Correlations between soil prokaryotic diversity and keystone species
and environmental factors

The alpha-diversity indices were negatively correlated with clay, soil
water content, SOC and C/N ratio, whereas they were positively corre-
lated with TN and Olsen-P (Fig. 6). In the autonomous zone, the
keystone species were generally positive to clay, pH, TN and Olsen-P but
negatively correlated with C/N (Fig. 7). The keystone species in the
transitional zone were negatively correlated with clay (except Alistipes
and Haliangium) and Olsen-P but positive to pH, SOC, TN, and C/N
(Fig. 7). In the depositional zone, most of the keystone species were

4 -
b : @ Autonomous zone
@ Transitional zone
34 : © Depositional zone °
2 4
&
BN
w e
o
- (o]
= Clay
IS}
<
Q
U .....
Soil water
(¢}
© 0°

CCAI (58.53%)

Fig. 3. a, Beta diversity; b, ordination plots of the results from the canonical correlation analysis (CCA) to identify relationships between soil microbial and

environmental variables.

Table 3

Spearman correlation between phylum or class and soil properties
Phylum Clay pH SoC TN Olsen-P Soil water C/N
Proteobacteria 0.723* 0.037 0.372 —0.661** —0.180 0.547%* 0.516*
Alphaproteobacteria 0.251 —0.265 —0.085 —0.099 0.304 0.270 —0.132
Deltaproteobacteria —0.456* —0.164 —0.254 0.212 0.041 —0.413 —0.096
Gammaproteobacteria 0.669** 0.120 0.458* —0.709** —0.338 0.502* 0.654**
Bacteroidetes 0.768** 0.389 0.426* —0.470* —0.170 0.481* 0.513*
Firmicutes —0.088 —0.014 0.372 0.137 —0.100 0.263 0.092
Acidobacteria —0.169 —0.301 —0.821%* 0.227 0.451* —0.754** —0.540%*
Actinobacteria —0.726** —0.142 —0.407 0.765%* 0.319 —0.473* —0.651**
Verrucomicrobia 0.334 0.117 —0.125 —0.382 —0.121 —0.256 0.131
Chloroflexi —0.787%* —0.223 —0.362 0.517* 0.108 —0.366 —0446*
Gemmatimonadetes —0.313 —0.095 —0.686** 0.284 0.411 —0.661** —0.453*
Nitrospirae —0.304 —0.266 —0.741** 0.203 0.278 —0.683** —0.444*

Note: * represents significant correlations at the level of p < 0.05, ** represents significant correlations at the level of p < 0.01.
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Fig. 4. Soil bacteria co-occurrence networks of autonomous zone (a), transitional zone (b), and depositional zone (c).
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Topography Links Path length

Mean density

Modularity ~ Clustering coefficient Mean degree

Autonomous zone 67 291 2.136 0.066 0.470 0.326 4343
Transitional zone 64 312 1.549 0.077 0.576 0.343 4.875
Depositional zone 61 166 1.430 0.045 0.741 0.379 2.721

Fig. 5. Soil bacterial function co-occurrence networks of autonomous zone (a), transitional zone (b), and depositional zone (c).
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nificant correlations at the level of p < 0.05, ** represent significant correlations at the level of p < 0.01.

positive to clay, pH, and C/N but negative to Olsen-P, except the Are-
nimonas and Chothoniobater (Fig. 7).

4. Discussion

4.1. Soil-eroding catena induced differences in soil properties among
topographic units

A continuous increasing trend of clay content, soil water content and
SOC and a decreasing trend of TN and Olsen-P values occurred from the
autonomous zone to the depositional zone (Table 1). The clay content in
the depositional zone was pronouncedly lower than that in the auton-
omous and transitional zones, similar result has been observed in pre-
vious studies who found finer soil textures at downslope positions
(Khomo et al., 2011; Bojko and Kabala, 2016). This may be the result of
the selective transport of fine particles by runoff (Hu and Kuhn, 2014).
In addition, selective deposition not only affects the distribution of
eroded soil fractions but also influences other soil properties, such as the
spatial patterns of particle-bound substances (SOC, phosphorus, e.g.)
and soil climate as a consequence of the altering clay content. In the
present study, we found the highest SOC content in the depositional
zone (12.12 g kg™!), which may be primarily due to selective erosion
from the transitional zone (6.87 g kg 1), which is supported by Nitzsche
et al. (2017) who also noted that the accumulation of C (partic-
ulate/soluble) transported downslope via erosion can result in higher
soil C in depositional areas. This result was different to the Sun et al.
(2015), who pointed out that SOC concentrations in the sloping areas
and gullies were greater than those on the summits. This may be related
to the different management practices in the highland region (cropland
in autonomous zone in present study) and hilly region (cropland in
gullies in Sun’s study). In addition, the higher TN and Olsen-P values in
autonomous and transitional zones where distributed with cropland and
orchard, were resulted from the higher fertilizer input (160 ~ 300 kg N
ha~! and 39 ~ 385 kg P ha’l). The increased soil water content in the
depositional zone was determined by the erosion runoff deposition and
higher clay content, which increased the water holding capacity (Assi
et al., 2019).

4.2. Changes in soil prokaryotic communities among topographic units in
soil-eroding catena

A complex topography induced by soil erosion has been incised into
the plateau, fragmented as an eroding landscape (Wang et al., 2017b),

but its impact on the soil prokaryotic diversity and community compo-
sition is less frequently studied. Deterioration of the soil in the deposi-
tional zone significantly decreased the prokaryotic alpha-diversity and
increased the beta-diversity when compared with those in the autono-
mous and transitional zones (Table 2 and Fig. 3a), and similar results
were also reported by Hargreaves et al. (2015), who found greater
alpha-diversity on summit than that on slope positions. This observation
may be primarily due to soil chemical properties. The lower TN and
Olsen-P indicate a significant decrease in the substrates and nutrients
available for soil prokaryotic growth and development, although with a
higher SOC. Second, the higher soil water content in valley could limit
the O3 content and diffusion, thus inhibiting aerobic prokaryotes (Cook
and Knight, 2003; Manzoni et al., 2012), and previous studies also
showed prokaryotes are largely inhibited under water-filled conditions
(Seaton et al., 2020). In addition, higher pore connectivity, changed by
the higher water content, decreased the prokaryotic diversity (Carson
et al., 2010), which is supported by our results, where alpha-diversity
was lower in the depositional and transitional zones than in the auton-
omous zone (Table 2). Microbial diversity was negatively correlated
with the clay fraction, which is contrasting to previous results (Naveed
et al., 2016; Seaton et al., 2020). These divergent results may be due to
the different mineral composition of soil particle size fractions in
different study regions, which is known to influence microbial associa-
tions with soil particles (Carson et al., 2009). In addition, our study was
different to the studies which on the specific erosion- and deposition-
plots, such as no differences (Xiao et al., 2017) and contrasts differ-
ences (Sun et al., 2018) in bacterial species diversity, this maybe related
the research scale (the watershed in present study vs. slope in their
studies). Contrasting to the variation of alpha-diversity among topo-
graphic units, beta-diversity was higher in the depositional zone (Fig. 3),
this maybe relate to the higher soil water content (Table 1) which was an
important factor for contributing beta-diversity pointed out by Dimitriu
and Grayston (2010).

The soil prokaryotic community composition was also altered among
the three topographic units. Separate clusters were formed by pro-
karyotic communities in the depositional zone and the other two topo-
graphic units (Fig. 3b). The altered prokaryotic community structure
was mainly influenced by the redistribution of SOC, clay content and soil
water content caused by selective erosion and sediment transport. The
significantly higher abundances of Gammaproteobacteria and Bacter-
oidetes in the depositional zone were found to be correlated with the
higher SOC and lower C/N (Table 3), and these were also in line with
previous studies showing that copiotrophic groups (r-strategists) prefer
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environments where organic C with high quantity and quality (Fierer
et al., 2007; Fierer et al., 2012; Goldfarb et al., 2011). Previous studies
reported that Actinobacteria have different lifestyles according to the
current nutrient conditions (Trivedi et al., 2015; Wang et al., 2017a). In
this study, the lower Actinobacteria abundances in the depositional zone
soils suggested that they are oligotrophic (Fig. 2). Gemmatimonadetes
were significantly decreased in abundances in the depositional zone,
which might be due to the higher soil water content, because DeBruyn
etal., (2011) has showed Gemmatimonadetes were more adapted to low
moisture soil.

In addition to the chemical properties, a stronger relationship be-
tween a-diversity and clay (Fig. 6) and a stronger relationship between
the dominant phylum and clay (Table 3) was also identified in the
present study. These results implicated that the bacterial community
composition under the eroded landscapes might be closely related to
clay changes, which are the result of the migration of sediments due to
erosion. Some previous studies also showed that soil particles inhabited
by various microbial species are transported with the overland runoff
(Huang et al., 2013), but the specific information about this possibility
requires further investigation.

4.3. Soil prokaryotes co-occurrences among topographic units in soil-
eroding catena

The distinct compositions of the three topographic units networks
indicated the different roles of environmental filtering in prokaryotic
community composition in eroding landscapes (Fig. 4). The higher
modularity and path length, lower edges and mean density in the
transitional and depositional zones indicated that these two topographic
units had less complexity of the prokaryotic co-occurrence networks.
These findings all indicated that a more stressful environment in which
soil prokaryotes coexist was more likely to form in the transitional and
depositional zones than in the autonomous zone. Similar results were
also found for soil prokaryotic communities that had more interactions
and frequent communication in upward-slopes (Liu et al., 2020).

The main reasons for this phenomenon may be as follows. First, the
chemically deteriorated soil conditions (except SOC) induced by soil
erosion, such as decreased TN and Olsen-P, and increased C/N, can all
decrease the complexity of prokaryotic co-occurrence networks. Second,
physically deteriorated soil conditions, higher soil water content,
decreased redox, and higher clay content cause reductions in the Oy
content and diffusion, which inhibits aerobic prokaryotes, thus
decreasing the complexity of prokaryotic co-occurrence networks.

Functional groups of processes networks showed a decreased
complexity from the autonomous zone to the transitional zone and then
to the depositional zone (Fig. 5), which is similar to the prokaryotic
network. This observation was also found in previous studies, which
showed environmental factors not only varied by soil microbial net-
works (Banerjee et al., 2016a; Banerjee et al., 2016b) but also influenced
the microbial functional network (Zheng et al., 2019).

In addition, significantly different functional groups of processes
were also filtered from the assembly by environmental characteristics
among the three topographic units (Fig. 5). The key functional groups of
processes were also significantly different among the three topographic
units. The autonomous and transitional zone networks showed more key
functional groups of processes than the depositional zone networks, and
these functional groups of processes were mainly related to N cycling,
including aerobic nitrite oxidation, denitrification, nitrogen fixation, nitrate
denitrification, nitrous oxide denitrification, etc. However, the key func-
tional groups of processes related to carbon cycling in the transitional
zone were methanogenesis by COy reduction with Hy, hydrogenotrophic
methanogenesis, methanogenesis, etc., and some reduction functional
groups were identified as the key processes in the depositional zone.

Our study have pointed out the soil prokaryotic properties were
influenced by environmental filtering effects under soil eroding catena.
Further studies will conduct to explore the directly effects on
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prokaryotic properties from the runoff and sediment transporting, which
aim to deepen understand the effects of dynamic soil-eroding catena on
bacteria properties and function in eroding landscape.

5. Conclusion

This study analysed the effects of topographic units on the structure
of microbial community composition and co-occurrence patterns under
a whole soil-eroding catena on the fragmented Chinese Loess Plateau.
Alpha-diversity was greater, beta-diversity was lower, in the autono-
mous and transitional zones than in the depositional zone. Less clustered
networks and fewer co-occurrences within the soil prokaryotic com-
munity and functional groups of processes in the depositional zone
indicated that the depositional zone was a less diverse and more stressful
environment in which soil microbes co-existed. This observation may be
a result of the redistribution of soil clay content (<0.002), soil water
content, soil organic matter (SOC), nitrogen (TN), and Olsen-P induced
by the erosion process in eroding landscapes. Reassembly of soil envi-
ronment characteristics among the geomorphic units resulted in a
significantly varied soil prokaryotic community in the soil-eroding ca-
tena. These results shed new light on the effects of the spatial differen-
tiation of a complex topography on soil prokaryotes properties under a
whole soil-eroding catena.
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