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The microtopographic changes induced by coal mining subsidence caused a series
of environmental problems such as soil erosion, and vegetation degradation in the
mining area. However, the corresponding influence on surface vegetation and soil
characteristic in different parts of the slope was completely different. To understand
soil and vegetation degradation in coal mines and their future ecological restoration, it
was crucial to investigate the origin. The relationship between soil microbial community
diversity, structure, and taxa in the slope of subsidence area of different topographic
locations in Daliuta coal mine, Shannxi, China, was determined by high throughput
sequencing and molecular ecological network analysis. The relationship between the
bacterial communities, environmental factors, and soil physicochemical properties was
also investigated. We found a new topographic trait formed by surface subsidence
to deteriorate the living environment of vegetation and the bacterial community. The
vegetation coverage, soil water content, organic matter, and urease and dehydrogenase
activities decreased significantly (p < 0.05). Although soil bacterial community diversity in
the subsidence area did not differ significantly, the dominant taxa in different topographic
locations varied. The molecular ecological networks representing bacterial community
structure and function were also totally different. The networks in the middle and the
top of the slope tend to be more complicated, and the interaction between species is
obviously stronger than that of the bottom. However, the network in the bottom slope
approached simplicity, and weak interaction, predominantly cooperative, was observed
within and between modules. Meanwhile, the double stress of aridity and the lack of
carbon source induced by subsidence also enhanced the capacity of the soil bacterial
community to metabolize complex carbon sources at the bottom of the slope.

Keywords: mining subsidence, soil bacterial, molecular ecological network, ecological restoration,
microtopography, metabolic function
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INTRODUCTION

Fossil fuels are used globally and are the dominant source of
energy. However, the exploitation of fossil energy, especially that
of coal, usually introduces super-incumbent topographic changes
such as surface subsidence, fracture, and land sliding, which
aggravate soil erosion and degradation. In addition, the regional
biomass and diversity also decrease dramatically (Bian et al.,
2012; Lei et al., 2016; Qi et al., 2016), causing huge damage
to the local ecological system. The productivity of coal mines
in China reached 3.6 billion tons in 2018 (Wang et al., 2019),
amounting to half of the global production. The cumulative
land area in China, damaged by mining has already reached 8
million hm2 with an annual increase at the rate of 48.8 thousand
hm2 (Li, 2006). A few years ago, the damaged mine land scale
was so huge that its artificial ecological restoration was nearly
impossible. Thus, the self-recovering ability of the ecosystem was
stimulated (Hu et al., 2013; Collier, 2015), which is influenced
by multiple factors including soil physicochemical characteristics,
the seed bank, and microbes, etc. (Li et al., 2018), wherein
microbes have an important catalytic function (Harris, 2009;
Ayala-Orozco et al., 2018). Many large-scale coal production
bases of China are distributed in the semiarid and arid sandy
grassland, whose ecological environment, once destroyed by
mining, was easily degraded. Thus, it is essential to understand
the influence of mining-induced change in topographic traits on
the soil microbial community succession and interaction, and the
potential of sandy grassland to restore the damaged ecological
system of mine land.

Microbes are the key component of the ecosystem and
are significant for global ecological restoration, environmental
monitoring, pollution treatment, and biological protection, etc.
(Alivisatos et al., 2015; Fierer, 2017). Recently, several studies
were conducted on the microbial community of mining soil
(Allison and Martiny, 2008), micro-influence of mining on the
ecosystem (Ding et al., 2015), the relationship between soil-
vegetation-microbe (Kardol and Wardle, 2010; Lozano et al.,
2014), and the application of microbe in ecological restoration
of mine land (Li et al., 2013). Soil microbial community
composition and diversity are sensitive to disturbance, hence
it can indicate changes in the soil environment (Zhang C.
et al., 2016). Besides, species abundance and redundancy could
increase the scale of adaptation of soil microbial community
to environmental change and can possibly aid in resisting
severe environmental deterioration (Allison and Martiny, 2008).
However, soil stability (resistance and resilience) is determined
by the structure or diversity of the microbial community and is
also related to plant and soil properties, including the quantity
and quality of coacervate and organic matter (Ding et al., 2015),
etc. Thus, the main ecological processes could be characterized by
soil-vegetation-microbe system. Mining disturbance changes the
site condition of the soil environment and inevitably decreases
the microbe adaptability. A decreasing trend is also observed
in the microbial biomass (Jing et al., 2018). A decrease in soil
microbial diversity due to mining was observed in Xilingol,
Inner Mongolia (Shen et al., 2019). Soil damage due to coal
mine exploitation negatively affects the microbial community

and the corresponding ecosystem (Brown and Jumpponen,
2015). A decrease in soil microbe population was also reported
after the subsidence of the mining area (Xiao et al., 2019).
Likewise, the arbuscular mycorrhizal fungal community changed
dramatically with the increasing reclamation time (Mao et al.,
2019), while the reclamation shows a positive effect on the
fungal community. Some researchers focused on the relationship
between change in soil microbial community and environmental
factors. The bacterial community structure and diversity were
found to change after the mining disturbance (Dimitriu et al.,
2010). Usually, higher plant diversity is favorable for enhanced
preservation of soil carbon which is an important component of
soil organic matter (SOM), as well as microbial activity (Prommer
et al., 2020). However, the quantity and quality of SOM determine
the composition of the microbial community (Ding et al.,
2015). The composition and diversity of the soil microbial
community are closely related to its function (Mendes et al.,
2015). Meanwhile, soil matrices, microbial diversity as well as
community composition influence the speed and direction of the
vegetation community succession (Frouz et al., 2016). Interaction
between soil, vegetation, and microbes drive the succession
of the whole environment, although the microbial succession
lags behind the vegetative succession. In turn, the ecological
environment changes the taxonomic and functional diversity of
the soil microbial community (Guo et al., 2018). The relationship
between different species usually forms a complex ecological
network, which controls the self-assembly of the bacterium
community and thus influences the structure and function
of the community (Zhou et al., 2010). Interaction between
microbial genera is important for understanding the dynamics
between microbial community assembly and environmental
changes. Worldwide, specific microbial ecological networks have
received great attention. However, previous studies seldom
focused on the spatial heterogeneity of topographic traits due
to mining subsidence which further influences the interaction
between soil microbial taxa in different topographic locations
(Delgado-Baquerizo et al., 2018b).

In the recent decade, high throughput sequencing has
enabled the acquisition of significant information about the
microbial world. Notwithstanding, the extraction, analysis, and
summary of the massive information are always difficult (Wang
and Brose, 2018). The molecular ecological network method
uses visualization of the sequencing data to demonstrate the
complicated and potential interaction between microbial taxa,
investigate different ecological processes, ecological functional
stability, complexity, and the function of key taxa (Deng et al.,
2016). This method was used to study the relationship and the
difference in network structure, interaction, and relationship
of the key taxa of soil bacteria in the potato fields and
their interaction with the environment with the increase in
CO2 level (Zhou et al., 2010; Luo et al., 2014). Mining is
a high-intensity disturbance and influences the soil nutrient
cycle. Assessment of the interaction and relationship between
microbial taxa, the search for key taxa that are adaptable
to the subsidence environment, and the clarification of the
main controlling factor of microbial community distribution
in a coal mine were found to be important for reestablishing
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the self-recovering ability of mining land ecological system
(Bi et al., 2019). This research hypothesizes that under the
combined effect of soil and vegetation, topographical changes
caused by mining differentially impact the structure of soil
bacterial communities and their interspecific relationships. In
this work, the Daliuta coal mine subsidence area in the Mu
Us sandy grassland of Inner Mongolia was chosen as the
study target. The development of soil bacterial community,
their interaction, and the adaptability between the bacterial
taxa and environment with different topographic traits were
investigated by the high throughput sequencing technology and
ecological network analysis method, and provide the possibility
for further finer manipulation and management of microbial
communities to serve the differentiated bio-remediation. The
study is also important for the remediation sequence, direction,
and procedures of differentiated sandy grassland.

MATERIALS AND METHODS

Study Area
Daliuta coal mine has an area of 189.9 km2 and is situated
between Yulin City, Shannxi Province and Inner Mongolia
(110◦12’–110◦23’E, 39◦13’–39◦22’N). It belongs to the transition
area between the Loess hilly landform and the sandstorm
landform and has a semiarid climate in the temperate zone.
It is situated at an altitude of 1,057–1,334 m, with an annual
average temperature of 8.6◦C. The area has an annual average
precipitation of 340 mm, which is mainly stormy and occurs
primarily from June to September. The annual evaporation
amount was estimated to be 1,754 mm (Luo et al., 2020). Surface
vegetation in this mine land is mainly drought-tolerant shrubs
and herbs, for example, Artemisia halodendron, A. ordosica,
Salix psammophila, Caragana intermedia, Lespedeza davurica,
A. capillaris, Alfalfa, etc. Daliuta coal mine was officially exploited
in 1996. Since then, the underground goaf area constitutes 70%
of the total area of mine land (He et al., 2017). Long-term
exploitation led to a decrease in the underground water level and
soil water content, increased the depth of the surface dry sand
layer, and caused severe damage to the vegetation. These were
typical exploitation subsidence areas of degraded grassland. In
this work, the sampling was done in the northeastern part of the
Daliuta coal mine, at the 52302-working slope of the well-field
III. The mining activities in the sampling area have been stopped
since 2013. According to the monitoring of terrain and ground
vegetation by remote sensing, the topography of the sampling
area is stable at present (Huang et al., 2020), and the surface
vegetation coverage has a high consistency in recent years (He
et al., 2017). The sampling area are typical representative.

Soil Sample Collection and Analysis of
Soil Physicochemical Properties
Eight samples each were collected from the top, middle, and
bottom of the slope of a collapsing pit in the Daliuta coal mine
on August 15–16, 2018, and were labeled as B (bottom), M
(middle), and T (top) (Figure 1). The coverage degree of surface
vegetation (PC) in the sampling site was determined through

the customized grid plate (1 m × 1 m) with the grid area of
100 cm2 (10 cm × 10 cm). The sampling site was kept in the
center of the grid, then the proportion between the grid number
covered by the vertical projection of vegetation and the total grid
number in the grid-scale was calculated (Chmura et al., 2016).
Soil water content (SWC) and temperature (ST) were determined
using the on-site quick measurement method with a temperature
hydrometer (TR-6, Shunkeda, Guangdong). Five hundred grams
of mixed surface soil sample was evenly collected from the depth
of 0 to 10 cm near the contour in the three sites of the top,
middle, and bottom of the slope, along the subsidence slope.
Samples were sealed in the special sterile bag, kept in the car
refrigerator, and sent to the lab. A portion of fresh soil was sealed
with ice in a bubble chamber and was mailed directly to Shanghai
Personal Biotechnology Co., Ltd. for sequencing. The remaining
soil sample was naturally air-dried, and stones and animal and
plant residues were removed. After grinding and filtering the soil
by 100 mesh, physicochemical properties and enzyme activities of
soil samples were determined.

The mechanical composition of the soil was determined by
the hydrometer method, and pH and electrical conductivity
(EC) were determined by the potentiometry method (water:
soil = 1:2.5) (Lei-ci, Shanghai, DDS-307A). The SOM was
determined by potassium dichromate colorimetry (Jena,
Germany, Specord 210 plus). Available phosphorus (AP),
available potassium (AK), ammonium nitrogen (AN), and
nitrate nitrogen (NN) were determined, respectively, by
the Olsen method, ammonium acetate extraction flame
photometer method (TAS-990, Puxi, Beijing), potassium
chloride extraction ultraviolet spectrophotometry method,
and calcium chloride extraction-ultraviolet spectrophotometry
method. The activities of dehydrogenase (DHG), urease (URA),
and protease (PRO) enzymes in soil were determined by the
triphenyl tetrazolium chloride method (TTC), the sodium
phenoxide-sodium hypochlorite colorimetry method, and the
ninhydrin colorimetry method, respectively (Barahona and
Iriarte, 2001; Malachowska-Jutsz and Matyja, 2019).

DNA Extraction, Purification, PCR
Amplification, and 16S rRNA Sequencing
DNA from 24 soil samples was extracted according to the
specification of the FastDNATM SPIN Kit for Soil (MP
Biomedicals Corp., United States). The V4 and V5 zones
of 16S rRNA in soil bacteria were PCR amplified from
the three topographic locations. The primers used were
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 907R
(5′-CCGTCAATTCMTTTRAGTTT-3′). PCR conditions
were: initial denaturation at 98◦C for 2 min, 25 cycles of
denaturation for 15 s at 98◦C, annealing for 30 s at 55◦C and
elongation for 30 s at 72◦C, followed by 5 min of terminal
elongation at 72◦C and then at 10◦C. The size and quality of PCR
amplified products from the three soil samples were determined
by agarose gel (2%) electrophoresis. The gel elution kit (Axygen,
United States) was used for the elution of the target fragments.
Based on the above electrophoretic preliminary quantitation
result, the PCR amplified elution product was quantified using
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the fluorescence reagent of Quant-iT picoGreen ds DNA Assay
Kit and the microplate reader. Sequencing libraries of the soil
bacteria from the top, middle, and bottom slopes were prepared
by TruSeq nano DNA LT Library Prep Kit developed by Illumina
Corp. The constructed library was quantitatively determined
by Qubit and Q-PCR. The qualified library (Shanghai Personal
Biotechnology Co., Ltd.) was sequenced by HiSeq2500 PE 2500
(Illumina, United States).

Construction of a Molecular Ecological
Network of Soil Bacteria
Based on 16S rRNA sequencing data, the operational taxonomic
unit (OTU) was classified adopting the principle of 97%
similarity. The number of sample OTUs in each group was added.
The frequency value of the top 80% of the OTUs was used for
the construction of a molecular ecological network (Zhou et al.,
2010; Deng et al., 2012). In this work, the molecular ecological

network analysis pipeline was used for the construction and
statistical analysis of the microbial molecular ecological network.
Briefly, the data of the obtained OTUs were transformed by
log10. The related matrix was calculated and transformed into
a similarity matrix based on the Pearson correlation coefficient.
According to the random matrix theory, the best similarity
threshold was chosen from the similarity matrix and transformed
into an adjacency matrix through reciprocity. The connection
strength between each pair of nodes was coded by the adjacency
matrix. The ecological community was predicted by analyzing
the nearest adjacent distance of the related matrix eigenvalue.
The basic properties of the network were analyzed by topological
parameters of the network (Table 1 and Supplementary Table 3
in section 2 of Supplementary Material; Deng et al., 2012;
Luo et al., 2014; Delgado-Baquerizo et al., 2018b; Doncheva
et al., 2019). Each type of OTU was regarded as a network
node. Total nodes represented the node number of the entire
network, and the total links represented the connection number

FIGURE 1 | The study area and sampling sites of coal mining subsidence. (A) Sampling points of land subsidence in Daliuta coal mine, (B) Schematic diagram of the
sampling point location, (C) Location of Daliuta coal mine, (D) Relative position of the sampling points. The photographs of the (E) Top, (F) Middle, and (G) Bottom
of the slope.

TABLE 1 | Topological property of the empirical molecular ecological networks of microbial communities and their random networks at different locations of the
subsidence area.

Topological parameters Soil sample location Topological parameters Soil sample location

Bottom Mid Top Bottom Mid Top

R square 0.873 0.831 0.855 Total nodes 275 279 282

Total links 367 575 628 Avg K 2.669 4.122 4.454

Negative links 97 223 253 Modularity 0.853 0.729 0.642

Positive links 270 352 375 Module number 17 11 11

(1). R square: the credibility of scale-free networks. (2). Total links: the number of connections between nodes. (3). Negative links: the number of negative connections
between nodes. (4). Positive links: the number of positive connections between nodes. (5). Total nodes: the numbers formed by the network construction. (6). Avg K:
Average connectivity, which presented the complexity of networks. (7). Modularity: a network that could be naturally divided into communities or modules. (8). Module
number: the number of modules which nodes more than (9). More information about these parameters is given in Deng et al. (2012).
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of all nodes. The larger the connection number, the closer the
connection between nodes in the network was. The average
connection number of each node was represented by average
connectivity (Avg K). The more the average connection was,
the more complex the interior of the network was. When the
connection within one group of OTUs in the network was more
and the connection outside the group was only a few, this
group of OTUs could be regarded as a module. Module number
represented the module quantity with more than five nodes which
could be classified in the network. Modularity represented the
proportion of OTUs which could be classified into modules in
the network. The higher the extent of modularity was, the less the
network redundancy was.

The distribution status of OTUs was demonstrated by the
Z-P diagram which acted as the topological character in the
module (Luo et al., 2014). Each dot represented one OTU in the
data set. According to the scatter diagram of the connectivity
within (Zi) and between (Pi) the module, the topological function
of each OTU was confirmed. Module hubs, connectors, and
network hubs were recognized (Olesen et al., 2007; Clauset
et al., 2008), wherein OTUs with Zi ≥ 2.5 were recognized as
module hubs, OTUs with Pi ≥ 0.62 were recognized as the
connectors in the network, and OTUs which satisfied both the
above conditions were recognized as the network hubs (Zhou
et al., 2010). The network was visualized using the Cytoscape
3.8.0 software. One ecological network was divided into many
modules and each module was a functional unit of the microbial
system. In the network structure diagram, the node represented
the taxa in the microbial community. The connection between
nodes represented the interaction relationship between taxa. Blue
and red colors represented positive and negative interactions,
respectively (Zhou et al., 2010).

Statistical Analysis and Processing
Alpha diversity index and beta diversity index adopted the
non-metric multidimensional scaling (NMDS) analysis, which
was calculated and analyzed based on the galaxy platform1.
One-way analysis of variance (ANOVA) of the physicochemical
properties of different topographic locations was calculated using
SPSS 21.0 software (IBM, United States). The construction
and the calculation of characteristic parameters of molecular
ecological network structure were based on the high throughput
sequencing results of bacteria and used the MENA platform2.
The structural diagram of the molecular ecological network
was drawn using the Cytoscape 3.8.0 software. Soil microbial
abundance diagrams were drawn by Origin Pro 2020 software
(Origin Lab, United States). The gene functional prediction
analysis predicted the function of soil bacteria using the PICRUSt
(Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States) software3. For data treatment and drawing,
Excel 2019 (Microsoft, United States) and R-project software
were used (MathSoft, United States).

1http://mem.rcees.ac.cn8080
2http://ieg4.rccc.ou.edu/mena
3http://github.com/picrust/picrust2/wiki

RESULTS

Physicochemical Properties of Soil in
Different Topographic Locations
Uneven topographic change in mine land caused different extents
of disturbance, leading to variation in physicochemical properties
of soil in different topographic locations of the mining land
(Figure 2). In addition, soil physicochemical properties show
some regularity with the change in the topographic altitude.
First, with the intense topographic change, sand proportion (SP),
PC, and SOM in different topographic locations demonstrated
a dramatic variation. From the top to the bottom slope, PC
decreased sharply by 39.62% (p < 0.05), leading to a reduction
in SOM by as much as 87.62% (p < 0.05). A desertification
phenomenon was observed in the soil of the middle and the
bottom slopes, with a corresponding increase in SPs by 7.0 and
28.62% (p < 0.05), respectively. The EC also demonstrated a
gradual but not significant decreasing trend from the top to the
bottom of the slope. With the change in the soil layer structure,
there was a dramatic difference in ST and SWC of the bottom, the
top, and the middle slopes. SWC in the bottom slope decreased
by more than one-third (p < 0.05). However, ST in the bottom
slope was nearly 9◦C higher than that in the middle and the
top slope (p < 0.05). The AK, DHG, and URA were consistent
between the bottom and the middle slope, and these were all
significantly lower than those in the top slope. Compared with
those of the top slope, AK, DHG, and URA decreased on an
average, by 42.5% (0.23 mg kg−1), 38.3% (0.835 mg kg−1), and
65.8% (0.125 mg kg−1), respectively. There was no significant
influence of topographic change on pH, AP, AN, NN, and PRO,
wherein, NN content in the top slope was higher than that in
the bottom and the top slopes. However, the contents of the
other four indexes were lower in the middle slope compared
with those in the bottom and top slopes. On the whole, with the
increase in the intensity of topographic change, although there
was no significant loss of main nutritional elements such as N,
P, and K, the soil environment in the middle and bottom slope
deteriorated dramatically.

Structural Characteristics of Soil
Bacterial Community in Different
Topographic Locations
Soil Bacterial Community Diversity in Different
Topographic Locations
In this study, 924,281 effective sequences from 24 samples of
three topographic locations were obtained. Nearly 33,194–44,787
sequences had almost even distribution, wherein the number
of effective sequences determined in the middle and bottom
slopes accounted for 92 and 96% of the effective sequences in
the top slope, respectively. Overall, the number of bacteria in
the middle and bottom slopes was slightly lower than that in
the top slope. The estimation of soil bacterial alpha diversity is
shown in Figure 3, wherein the Chao1 index and the Simpson
index demonstrated the abundance of the bacterial community,
and the Pielou-evenness index and the Simpson-evenness index
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FIGURE 2 | Box-plots of soil physicochemical properties at different locations of the subsidence area. SWC, soil water content; ST, soil temperature; SP, sand
proportion; PC, plant cover ratio; AP, available P; NN, nitrate-nitrogen; AN, ammonium nitrogen; AK, available K; SOM, soil organic matter; DHG, dehydrogenase;
URA, urease; PRO, protease. The Bottom, Middle, and Top are the positions of the subsidence area.

FIGURE 3 | Soil microbial community diversity at different locations in the subsidence area.

represented the evenness of the microbial community. Analysis
results of soil microbial beta diversity are shown in Figure 4.

The richness indexes and evenness indexes in Figure 3
indicate that the bacterial community richness and evenness
were similar in the bottom and the middle slopes. Both of them
were a little higher than that on the top slope. However, the
standard deviations of the diversity indexes in the top slope
were dramatically larger than those of the middle and bottom
slopes, indicating that the bacterial communities in areas with
greater changes (the middle and the bottom slopes) show an
evolutionary trend of increase in diversity and decrease in spatial
heterogeneity after the reshaping of the original topography.
On the whole, considering the time scale of this study, the
topographic change did not have a dramatic influence on the
diversity of the soil bacterial community. Then, the highest 70%

OTUs at the phylum level and the genus level were selected for
NMDS analysis based on Bray-Curtis distance (Figure 4). Indeed,
there was some difference in the microbial community structure
between the bottom slope and other topographic locations on
the level of phylum and genus. However, the group division
was not dramatic.

Soil Bacterial Community Composition in Different
Topographic Locations
Topographic change influenced the soil bacterial community
composition, which varied among different topographic
locations. In all samples, the highest 11 phyla accounted for
more than 90% relative abundance (Figure 5). Among the
dominant phyla (bacteria phyla with relative abundance > 1%)
with relatively large abundance, Actinobacteria had a 13.3%
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FIGURE 4 | Non-metric multidimensional scaling (NMDS) analysis at (A) phylum and (B) genus level in different locations of the subsidence area.

FIGURE 5 | Bar diagram to represent the bacterial community analysis on the phylum level at different locations of the subsidence area.

decrease in relative abundance in the middle slope compared
with that in the top slope. However, Proteobacteria increased
by 15.9%. On the contrary, Actinobacteria increased by 6.8%
in the bottom slope compared with that of the top slope,
whereas the decrease in Proteobacteria was not significant.

In addition, compared with those in the top slope, the
relative abundance of Acidobacteria and Chloroflexi in the
middle and the bottom slopes demonstrated a consistently
decreasing trend. Among dominant phyla with small relative
abundance, Planctomycetes, Gemmatimonadetes, Bacteroidetes,
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Cyanobacteria, and Euryarchaeota demonstrated a consistently
increasing trend in the middle and the bottom slopes, compared
with those in the top slope. However, only the relative abundance
of Thaumarchaeota decreased by 24.7 and 50.6%, respectively,
in the middle and bottom slopes. Among the above-mentioned
phyla, the variation of Cyanobacteria and Euryarchaeota drew
our attention, because the relative abundance of Cyanobacteria
in the middle and top slopes increased by 1.2 and 1.9-fold (the
non-representative sample M3 was excluded), respectively,
and that of Euryarchaeota increased by 64% and 1.8-fold,
respectively (Figure 5).

The soil bacterial community composition on the genus level
was analyzed to further verify the micro-differentiation of soil
bacterial communities in different topographic locations. We
could identify and classify 945 genera in 24 samples, of which
15 genera had relative abundance > 1%. Compared with that in
the top slope, the relative abundance of Acinetobacter decreased
greatly with the corresponding decrease in amplitude to 96.2%
in the middle slope and 92.6% in the bottom slope, respectively.
The decrease in the relative abundance of Solirubrobacter and
Roseiflexus exceeded 35%. However, the relative abundance of
RB41 which was the highest, decreased by 27.9 and 28.6% in
the middle and the bottom slopes, respectively. Meanwhile,
the relative abundance of Streptomyces and Gemmatimonas
in the bottom slope increased greatly with the increase in
amplitude to 103 and 111.4%, respectively. On the whole, when
facing topographic change, the structure and composition of
the soil bacterial community underwent a dramatic directional
succession, in principle. However, there was a dramatic
differentiation between different topographic locations.

The Correlation Between Soil Microbes
and Environmental Factors
To clarify the relationship between the bacterial community
succession and environmental factors, RDA analysis was
conducted for soil microbial taxa in different topographic
locations and environmental factors at the phylum level

(Figure 6). On the whole, Axis 1 and Axis 2 could explain
47.29 and 13.04% of the sample differentiation, respectively, with
relatively higher explanation reliability. Some clustering effect of
soil samples was observed in coordinates of different topographic
locations, wherein, the bottom clustering was dramatically
separated from that at the top. Besides, there was a certain degree
of overlapping in the coordinate system between the middle slope
and those two axes.

In the transition from the top to the bottom slope, there
was a dramatic change in correlation between SP, SW, SOM,
PC, and the sampling site (Figure 6A). The relatively long
rays indicate that these factors were important and resulted
in soil physicochemical property differentiation in different
topographies. Figure 6B illustrates the correlation between the
bacterial phyla and the environmental factors, represented by
the cosine value of the intersection angle between species and
environmental factors. In detail, Acidobacteria was correlated
significantly positively with PC, SOM, SW, and AN but
significantly negatively with SP and ST. However, correlations of
Euryarchaeota, Gemmatimonadetes, and Cyanobacteria were the
contrary, illustrating that Acidobacteria in the soil of the study
area are more inclined to a living environment with sufficient
water and SOM and have a certain preference for N. However,
Euryarchaeota, Gemmatimonadetes, and Cyanobacteria are more
tolerant to arid and barren environments. Actinobacteria and
Planctomycetes dramatically and negatively correlated with
NN and positively correlated with EC, AK, and pH. The
correlations of these factors with Proteobacteria, Bacteroidetes,
and Chloroflexi were the contrary, illustrating that Actinobacteria
and Planctomycetes were more adaptable to the loss of N in
the environment.

Soil Bacteria Molecular Ecological
Network Characteristics in Different
Topographic Locations
The bacterial molecular ecological network was constructed
based on topographic locations. Network topological properties

FIGURE 6 | Redundancy analysis (RDA) of samples and environmental factors (A), environmental factors, and major phyla (B).
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are mentioned in Table 1 and Supplementary Table 3 in section
2 of Supplementary Material. According to the construction
method of molecular ecological network, OTUs with the highest
70% of the frequency in 24 sample sequences were selected.
The network similarity threshold was set at 0.91. Considering
the topological parameters (Table 1), the network connectivity
distribution curve could satisfactorily simulate the power-law
model (all R2 > 0.8), illustrating that the network was scale-
free and reliable (Deng et al., 2012). The network topological
properties of total nodes, total links, and Avg K demonstrated
a consistent decreasing principle from the top to the bottom
slope, indicating that the structural complexity of soil microbial
community also decreases accordingly. Meanwhile, modularity
and module numbers in the bottom slope network were
dramatically higher than those in the middle and the top slopes,
indicating the involvement of a higher proportion of bacteria in
the material and energy cycle in the bottom slope. Besides, there
were fewer redundant taxa in the network.

OTUs which were vital within and between modules were
identified by the Z-P diagram. Generally, the node with Zi ≥ 2.5
or Pi ≥ 0.62 was regarded as the key species (Zhou et al.,
2010). There were more connection nodes in the top slope
ecological network, wherein, five belonged to Proteobacteria and
one belonged to Actinobacteria. In the middle network, there
were three network nodes belonging to Actinobacteria. However,
there was only 1 network connection node in the bottom slope
which belonged to Acidobacteria. Thus, the key species with
the highest connectivity in soil bacterial molecular ecological
network at the top slope was Proteobacteria. Likewise, the key
species in the middle and bottom slopes were Actinobacteria and
Acidobacteria, respectively. There was a significant distinction
between key species in different topographic locations, indicating
that topographic change reshaped the structure and interspecies
relationship of soil bacteria.

Based on the sequencing results of soil bacteria, bacterial
ecological network diagrams were constructed. The relationship
between different species in soil microbes is demonstrated in
Figure 7. In detail, there were 34 key OTUs whose connectivity
was larger than 10 in the top molecular ecological network
(Figure 7C), wherein, the primary 33 were from modules 1 and
3, and were thus regarded as key modules. The structure of the
middle network was also close (Figure 7B). There were 27 key
OTUs, among these, 26 were from key modules 2, 3, and 9.
Key OTUs in the middle and top slope also belonged mainly
to Proteobacteria, Actinobacteria, Acidobacteria, and Chloroflexi.
However, there was only one OTU node in the bottom slope
that belonged to Acidobacteria with connectivity greater than 10
(Figure 7A). In the middle and top network, the connections
within and between modules were stronger than those in the
bottom, irrespective of being a positive or negative interaction.
Although the structure of the bottom network was loose and the
connection between nodes was weak, the interactions between
and within modules were mainly positive.

Soil Bacterial Functional Gene Prediction
In this work, OTUs of samples were selected and matched with
the KEGG data library (Aoki-Kinoshita and Kanehisa, 2007) for

the prediction of PICRUSt gene function (Douglas et al., 2020).
The environment with drought and carbon stress clearly selected
the bacteria in the middle and the bottom slopes (Figure 8)
which responded to four functional categories of genes involved
in biological metabolic pathway including cellular processes,
environmental information processing, genetic information
processing, and metabolism, wherein compared with that in the
top slope, the secondary function genes for cell communication
consistently and significantly increased in the middle and bottom
slopes, and their proportions in all genes have increased by 7.3
and 38.8%, respectively. Meanwhile, the predicted differentiation
analysis of secondary metabolism pathway by KEGG also
illustrated that the genes for biodegradation and metabolism of
xenobiotics, metabolism of terpenoids and polyketides, and lipid
metabolism of bacterial communities in the bottom slope were
strengthened in terms of function. However, the functional genes
which metabolized complex carbon source in the middle slope
did not increase, but in fact, decreased a little.

DISCUSSION

The Influence of the Topographic
Change in Mine Land on Soil
Physicochemical Properties
In an arid area, water is the primary factor influencing
the site quality (Deng et al., 2020). Water in soil is the
carrier of material and energy cycle between soil, plant, and
microbes, and is responsible for important functions such
as nutrient transfer, providing a reaction environment, and
osmosis balance, etc. (Chen et al., 2016) In this study, the
reshaping of mine land topography changed to originally similar
site condition, especially the soil water content (Figure 2
and Supplementary Table 1 in section 2 of Supplementary
Material), making the topographic condition the most basic
factor to driving the variation in soil physicochemical properties
in the interior of mining land. The mechanism of differentiation
of physicochemical properties of mining soil due to topographic
changes could be illustrated through three aspects such as soil,
vegetation, and microbes.

The topographic change occurred because the overlaying soil
of mine land subsided after losing support. The subsided top
and the bottom slopes were usually accompanied by circular
and curved fractures around the collapsing pit (Bian et al.,
2012). The physical performance of soil is determined by its
mechanical composition (Davidson et al., 2000). Due to the
change in original topography, there is a change in structure,
water conservation ability, and infiltration characteristic of local
soil (Li et al., 2010; Ontl et al., 2013). Small particles of soil
are lost along the fracture due to surface runoff and surface
wind, causing a decrease in the clay particles in the middle
and bottom slope and an increase in the sand proportion
(Zu et al., 2004; Zhuang et al., 2007). However, topographic
change usually results in plant mechanical damage, leading to
a decrease in the surface water and soil conservation ability,
which further accelerates the soil desertification process (Figure 2
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FIGURE 7 | Soil bacterial molecular ecological networks and module structure of (A) the bottom of the slope, (B) the middle of the slope, and (C) the top of the
slope. The connecting line represents the interaction of the target level on phylum; colors blue and red represent positive and negative interactions, respectively.

FIGURE 8 | Functional genes analysis of relative abundance changes on Bottom compared to Top and relative abundance changes on Middle compared to Top of
the slope.
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and Supplementary Table 1 in section 2 of Supplementary
Material). Meanwhile, topographic change directly altered the
runoff direction of soil water (Michalet et al., 2002). Accordingly,
the direction of transfer of the available nutrient in the soil
which was easily soluble also converged to the bottom slope.
However, a major portion of water in the soil and water-soluble
nutrients were retained in the fracture between the middle and
the bottom slope. In addition, since the bottom of the slope is
closest to the breaking point of the overlying rock (Tiwari et al.,
2019), the evaporation and infiltration of the cracks aggravate
the loss of soil water, which is particularly obvious at the bottom
slope. The dramatically lower water content in the bottom slope
compared with that in the top slope in this study was consistent
with that of a previous report (Doncheva et al., 2019). During
the time of this investigation, the surface fracture was already
filled with sand soil. In the area with abundant vegetation, the
biological crust (function of Cyanobacteria) was formed, which
prevented the evaporation of water in the soil and the loss of
the soil nutrient (Warren et al., 2019). Meanwhile, with the
increase of nitrogen-fixing bacteria (such as Thaumarchaeota
and Rhizobiales), the available N could recover to its original
level (Liang et al., 2011; Chen et al., 2018). In this work, we
investigated the area in the rainy season. P could be massively
accumulated due to the drying and wetting function, which
also led to a higher AP content in the middle and the bottom
slopes (Figure 2 and Supplementary Table 1 in section 2 of
Supplementary Material).

The status of vegetation growth on the ground surface is
a comprehensive macroscopic reflection of the influence of
topographic change. The dynamic performance of vegetation
change could characterize soil status with time (Wang et al.,
2017). Surface subsidence caused mechanical damage to plant
roots, and soil water and fertilizer loss also intensified
competition among plants, resulting in a sharp decrease in
vegetation coverage, which is consistent with the trend of
vegetation change from the top to the bottom slope in this work
(Figure 2). Meanwhile, drought caused by topographical changes
can enhance the ability of bacterial communities to degrade soil
organic carbon (Kuang et al., 2020), thereby accelerating the loss
of SOM. This may be the reason why the SOM content shows
greater differences than vegetation coverage.

The biological enzyme activity in the soil can indicate the soil
nutrition status and the activity status of soil microbes (Wolinska
et al., 2015), wherein, DHG can comprehensively indicate soil
microbial characteristics (Zeng et al., 2017), and URA in the
soil could be the validity index for the evaluation of soil fertility
(Fu et al., 2020). Under the dual effects of soil and surface
vegetation, the development and metabolism of bacteria in the
middle and bottom slopes faced more serious water stress and
carbon stress, so the DHG and URA enzyme activities of the
top slope were significantly higher than those in the middle and
bottom slopes (Figure 1 and Supplementary Table 1 in section
2 of Supplementary Material), which was also reported earlier
(Doncheva et al., 2019). The PRO activity of the soil in the middle
and the top slopes did not decrease and was possibly related to a
significant increase in Gemmatimonas in the middle and the top
slopes. Gemmatimonas has been reported to display strong PRO

activity for the decomposition of complex carbonate compounds
(Jiang et al., 2017).

The Adaptive Changes in Soil Bacterial
Community Structure
Soil bacteria are sensitive to environmental change. Change
in soil environment due to topographic change influences the
composition, activity strength of bacterial community, and the
material energy transformation process (Liu et al., 2016; Delgado-
Baquerizo et al., 2018a), which further drives the directional
succession of soil bacterial community. The proportions of
Actinobacteria, Proteobacteria, Acidobacteria, and Chloroflexi in
the top, middle and bottom slopes exceeded 80% (Figure 5).
They comprised the primary functional modules of molecular
ecological networks and dominated the development of the
community taxa. Besides, there was no large difference in the
number between those three levels. After surface subsidence
of desertification mining land, the overlying soil was found
to be generally dry and could not form nutrition pools (Yang
et al., 2016). Fracture and land sliding also increased the soil
porosity, making it favorable for the development of aerobic
bacteria (Actinobacteria, Proteobacteria) (Frerichs et al., 2013;
Banerjee et al., 2019) which became the dominant phyla.
Meanwhile, the lack of carbon source in the middle and the
bottom slopes (Figure 2) with relatively large topographic
change granted developmental advantage to autotrophic bacteria
(Acidobacteria, Chloroflexi) (Liu et al., 2016; Chen et al., 2017).
Therefore, these four types of bacteria can adapt to harsh
environments such as poor soil, lack of water, fracture, and
squeezing after the topography of the mine changes. They
constituted the main functional modules of the molecular
ecological networks (Figure 7), and dominated the development
of the community.

Although they are all in the context of environmental
degradation, different topographic locations have different
performances in soil-water environments and surface vegetation
conditions (Figure 2). Thus, except for the succession trend,
on the whole, bacterial communities demonstrated different
directions of succession due to the topographic differentiation
(Figure 7) as a response to different environmental stress.
Cyanobacteria can adapt to hypoxic and oligotrophic
environments (Figure 9), most of which can fix nitrogen
(Percival and Williams, 2014), and can form biological soil crusts
with algae and mosses (Ferrenberg et al., 2017), significantly
improving surface soil nutrients and soil water holding capacity
(Yang et al., 2012), etc. The biological crusts have strong
physiological tolerance to adversity (Warren et al., 2019), and
play an important role in improving the soil structure of the
slope and the bottom of the slope, preventing soil erosion
(Machado-de-Lima et al., 2019), and regulating the balance of
precipitation infiltration and evapotranspiration (Moreira-Grez
et al., 2019). Euryarchaeota is characterized by living in extreme
environments (such as high salinity, high temperature and
hypoxia) (Barberan et al., 2011), and a large number of ammonia
oxidation functions are used to cope with the poor soil nutrients
caused by mining subsidence (Schleper and Nicol, 2010). Both of
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them are negatively correlated with SOM and PC (Figure 6), and
there is a significant increase in the middle and bottom of the
slopes where the living conditions are relatively poor (Figure 5),
which proves that Cyanobacteria and Euryarchaeota have higher
tolerance to oligotrophic environment. Moreover, the bacterial
species diversity in the middle and bottom slopes showed
smaller spatial heterogeneity (Figure 3). These evidences all
demonstrated the adaptive succession of bacterial communities
in response to environmental degradation. Thaumarchaeota
is able to dominate the nitrification process of the soil under
low pH conditions due to its high affinity for ammonia (Zhang
et al., 2012), and it also has two nutrient modes: autotrophic
fixed CO2 and organic carbon metabolism (Walker et al., 2010;
Konneke et al., 2014). However, in this study, Thaumarchaeota
in the middle and bottom slopes showed a large decline
(Figure 10) contrary to expectations. Considering that there
is no significant difference in the overall pH of the collapsed
area (Figure 2), and the phylum Thaumarchaeota has a wide
range of adaptations to temperature, oxygen and moisture, we
believe that this may be caused by the obstruction of the organic
carbon metabolism pathway due to the sharp decrease in SOM.
It can be seen that the deteriorated soil environment in the
middle and bottom of the slopes also has a selective effect on the
bacterial community.

The bacterial community could better reflect the difference
in directions of succession in terms of the bacteria at genus
levels, and the effect of environmental selection is more
obvious at the genus level. Among those, Gemmatimonas
could secrete highly active PRO for the decomposition of
complex carbohydrates (Jiang et al., 2017). As the most

advanced Actinomycetes, the developed mycelial morphology
of Streptomyces endows it with strong drought tolerance and
barren resistance (Sun et al., 2017). Therefore, the numbers
of both increased with a larger amplitude in the middle and
bottom slopes (Figure 10). However, Acinetobacter, which lacks
mobility and cannot circumvent (Barbe et al., 2004), almost
disappeared in the middle and bottom slopes (Figure 10) due
to its inability to respond to the sudden change of water and
nutrition conditions in the earlier phase of topographic change.
Solirubrobacter (Actinobacteria), Roseiflexus (Chloroflexi), and
RB41 (Acidobacteria) are heterotrophic bacteria (Hanada et al.,
2002; Singleton et al., 2003; Pascual et al., 2015), so the decrease
of PC and SOM (Figure 10) concentration restricted their
reproduction and development in the middle and bottom slopes
from the carbon source. These evidences indicate that the
direction of bacterial community succession is closely related to
species composition of the community, and the environmental
stress that exceeds the resistance and self-recovering ability of
bacterial species will lead to the decline of the original community
and the generation of new communities.

The Interaction Between Soil Bacterial
Species
The interaction between species demonstrates the survival
strategy of species with a series of external factors including
resource availability and the extent of environment stress (Li
et al., 2019). In our study, under the combined interaction
of soil properties and surface vegetation, the key modules,
key species (OTUs), and even the interspecific relationships

FIGURE 9 | Z-P plot of molecular ecological networks at different locations of the subsidence area.
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FIGURE 10 | Bar diagram to represent the bacterial community analysis on the genus level at different locations of the subsidence area.

within the bacterial community also changed (Figure 7). The
Module hubs and Connectors in the molecular ecological
network are critical in the soil nutrient cycle, and they often
play a decisive role in the metabolic pathway of organic
matter (Lynch and Neufeld, 2015; Jiang et al., 2016), thus
becoming the core of the bacterial community. Changes in
key species of bacterial communities also reflect changes in
the relationship between bacterial species to a certain extent.
From the top to the bottom slopes, the key species were
transformed from Proteobacteria to Actinobacteria and then to
Acidobacteria (Figure 9).

The key species of the top slope molecular ecological
network are mainly composed of the genus Rhizobiales
(Proteobacteria), which can symbiotically with plants (Erlacher
et al., 2015), and the inorganic chemical energy class β-
Proteobacteria (Proteobacteria), which can oxidize ammonia
(Ferro et al., 2019). The abundant Alfalfa on the top of the
slope provides favorable conditions for the development of the
genus Rhizobiales (Song et al., 2017), and the growth-promoting
effect of Rhizobiales on plants provides more nutrients for other
bacteria (Zhang Z.Q. et al., 2016). As a result, they dominate
the carbon and nitrogen cycle process of the top slope as the
key species (Figure 9). Bacteria in the middle of the slope face
fewer plants and the most complex topographical conditions,
so the genus Nocardioides (Actinobacteria), which can use a

variety of organic matter as carbon source, developed into
the main key species in the metabolic process of the bacterial
community by advantage of its developed hyphae morphology
that can better absorb nutrients (Wu et al., 2019). The key
species of the bottom slope network were mainly composed
of anoxygenic chlorophototrophic Acidobacteria (Bryant, 2013).
Meanwhile, the genus Planctomycetaceae (Planctomycetes) is
also regarded as a key species of the bottom slope, and it
has been reported to be highly correlated with the production
of a large number of secondary metabolites (lantipeptide,
terpene and type 1 polyketide synthases) (Jeske et al., 2013).
Interestingly, in the prediction of functional genes, it was
found that the genes related to metabolism of terpenoids
and polyketides were significantly improved as well in the
bottom slope bacteria (Figure 8). These findings suggest that in
response to the extreme lack of carbon sources, the metabolic
relationship of the bacterial community in the bottom of
the slope was reshaped by the availability of carbon sources,
so autotrophic bacteria and bacteria with strong secondary
metabolism became the key species of community. Overall, the
interaction within the bacterial community is mainly driven by
the metabolism of nutrients.

In terms of network structure, the bottom of the slope has
the fewest nodes, but the highest degree of modularization
(modularity = 85.3%, Table 1). High degree of modularity

Frontiers in Environmental Science | www.frontiersin.org 13 April 2021 | Volume 9 | Article 656708

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-09-656708 April 12, 2021 Time: 19:16 # 14

Zhang et al. Microtopographic Effects Alter the Interaction

means that the community has lower species redundancy
(Deng et al., 2012), and species redundancy tends to be positively
correlated with the stability of the community (Coyte et al.,
2015; Deng et al., 2016). Meanwhile, the number of positive
links of the bottom slope network accounted for as high as
74.38% and the common cooperative relationship appeared
in most modules, but the cooperation among species would
reduce the stability of the community (Hernandez et al., 2021).
Besides, the weak interconnection between the network modules
at the bottom slope is also a manifestation of low community
stability (Zhou et al., 2010). The network structures in the
middle and the top slopes were similar, forming a metabolic
functional group with a few modules as the core, and the
relationship between species within the functional group is
greatly strengthened. The higher redundancy and association
strength indicate the more complex and stable community
structures in the middle and bottom slopes (Coyte et al.,
2015). Meanwhile, in the process of material metabolism, high
transitivity (Transitivity) and short path distance (Avg PD,
Supplementary Table 1) are also conducive to the stability of the
community on the food webs (Meyer et al., 2020). In addition,
the strong competition between the bacterial communities in
the middle and top slopes is also a sign that the soil-plant
ecosystem has regained a stable state (Bi et al., 2019). Overall,
under severe environmental stress (bottom), soil bacteria tend
to sacrifice community stability and choose to cooperate with
each other to maintain the cyclic metabolism of substances, so as
to ensure the energy requirements for growth, development and
reproduction. Therefore, the changes in interspecific relationship
may serve as evidence for the recovery of soil bacterial species
and functional diversity (Zhao et al., 2019; Madi et al., 2020).
Besides, the cell communication function genes also showed a
similar change trend while the inter-species cooperation was
greatly enhanced, which also confirmed the adaptive succession
of inter-species interaction to environmental degradation at
the genetic level.

CONCLUSION

Summarizing, these results reveals the impact of topographical
changes in the mining area on the soil environment and bacterial
communities. Based on the analysis of the results, we draw the
following conclusions:

(1) The surface subsidence caused by coal mining reshaped
the habitat of the desertification grassland. From the top
to the bottom of the slope, the soil environment gradually
deteriorates, and the lack of soil nutrients limits the
development and reproduction of bacterial communities.
Among them, PC and SOM are the biggest limiting factors
in the study area.

(2) In order to deal with insufficient soil nutrients caused
by terrain changes, bacterial communities tend to
cooperate with each other. The interaction within
the bacterial communities are mainly driven by the
metabolism of nutrients.

(3) The degree of nutrition stress faced by different
terrain parts is different, so the coping strategies
adopted by soil bacterial communities are therefore
different. Strong environmental pressure will weaken the
relationship between soil bacteria and reduce the stability
of the community.

The impact of topographical changes on soil bacteria is
multifaceted. The carbon source may be the fundamental factor
that governs the relationship between bacterial communities. The
methods provided in this study are qualitative. Therefore, the
specific relationship between soil carbon sources and bacterial
communities is still needs further verification by quantitative
research. The methods and perspectives this study provided
may be able to attract the attention of researchers of grassland
ecological restoration in subsided desertification mining areas,
so that ecological restoration can be carried out according to
local conditions.
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