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ARTICLE INFO ABSTRACT

Keywords: Microbial community development is a crucial aspect of soil restoration. The employment of frame beams in
Bacterial community diversity conjunction with external soil has demonstrated efficacy in the rehabilitation of degraded roadside ecosystems
Copper mining area within mining regions. Nonetheless, the effects of frame beams on the composition and stability of soil bacterial

Nearest taxon index
Soil restoration
Tibetan plateau

communities remain inadequately comprehended. We conducted a one-time soil sampling on a three-year
restored slope in a large-scale metal mining area on the Tibetan Plateau, providing a snapshot of the current
conditions and evaluating the restoration progress. Frame beams with external soil covers were applied at three
different altitudes: A1 (4800-5000 m), A2 (4500-4700 m), and A3 (4200-4400 m). Restoration significantly
altered bacterial community composition compared with controls. Proteobacteria had a higher relative abundance
in the restoration area (average: 31.16 %), whereas Acidobacteriota were more abundant in the control area
(average: 24.68 %). In the restoration area, soil bacterial a—diversity increased as elevation decreased, with the
Shannon index rising from 5.34 (A1) to 5.82 (A3), suggesting that bacterial communities at higher altitudes are
more sensitive to environmental conditions. Species turnover was the primary driving factor of p-diversity,
accounting for 96.26 % under Al, 94.71 % under A2, and 91.94 % under A3, respectively. The nearest taxon
index of bacterial communities shifted from negative to positive along the elevation gradient (—0.25 to 1.14),
indicating an increasing trend toward community clustering. Within the bacterial co-occurrence network, soil pH
and total phosphorus contribute significantly to network strength, closeness, and betweenness. Concluding, soil
pH and total phosphorus were identified as key factors shaping bacterial diversity and assembly mechanisms.
Our research contributes to the development of effective soil restoration strategies for alpine mining regions,
providing insights into microbial community assembly and stability mechanisms.
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H. Zhou et al.

1. Introduction

The Tibetan Plateau, as one of the largest plateaus globally, exhibits
a distinct continental plateau climate and is recognized as an ecologi-
cally fragile and sensitive region (Ding et al., 2013; Wu et al., 2021). Not
only does it possess rich mineral resources such as copper, chromite, and
lead-zinc ores, but pegmatitic deposits also contain abundant rare
metals like lithium, beryllium, niobium, and tantalum (Hou et al., 2009;
Qu, 2004). Mining has emerged as a major industry in the local metal
production sector (Park et al., 2019). Nevertheless, mining operations
and the establishment of industrial facilities often cause considerable
damage to the local ecological environment (Hudson-Edwards, 2016;
Santamarina et al., 2019), resulting in irreversible harm to the ecosys-
tems (Kou et al., 2023). Due to the absence of effective environmental
protection and management measures, ecological issues in mining areas
have worsened over time (Gunathunga et al., 2023; Venkateswarlu
et al,, 2016). Significant soil erosion occurs after human-induced
disturbance to soil layers in mining areas (Venkateswarlu et al., 2016).
The scarcity of soil resources further exacerbates the challenge of slope
ecological restoration in such areas (Gunathunga et al., 2023). Slope
restoration is essential for preventing soil erosion, enhancing soil health,
and improving biodiversity. It aids in restoring ecosystem functionality
and mitigates the negative impacts of mining and land degradation (Li
et al., 2021). Frame beam restoration is one of the prevalent methods for
slope restoration, involving cement casting followed by the planting of
suitable vegetation or the application of soil amendments (such as bio-
char or microbial agents) to stabilize surface soil (Gunathunga et al.,
2023; Tang et al., 2020; Venkateswarlu et al., 2016).

Soil restoration is an exceptionally slow process (Zhang et al., 2022),
involving the accumulation of soil thickness (Adriano et al., 2004),
nutrient cycling (Humphrey et al., 2021), and the formation of stable
pore structures within the soil. The development of microbial commu-
nities is a crucial component of the soil restoration process (Abbott et al.,
2001; Adriano et al., 2004), contributing to soil health and enhancing
the productivity of restored soils (Bahram et al., 2018; Beattie et al.,
2018; Hou et al., 2020). Wang et al. (2024) found that restoration period
is a crucial factor influencing soil microbial diversity during the slope
restoration. Over a restoration period of 0-22 years, the stability of
microbial communities increased with the duration of recovery. In the
initial phases of slope restoration, the internal soil ecosystems remain
unstable at the microscopic level (Zhang et al., 2022; Garcia-Palacios
et al., 2011) revealed that the availability of soil nutrients enhanced
microbial-mediated soil functionality in three years of slope restoration.
In a nine-year mining reclamation area, significant differences in mi-
crobial community structures were observed across various land use
types, with soil alkaline phosphatase and total nitrogen influencing
microbial community assembly (Ma et al., 2023). Microorganisms
decompose organic matter, releasing nutrients that support their growth
and reproduction. This process enhances microbial diversity (Xun et al.,
2021) and drives soil nutrient cycles (Ling et al., 2022). Additionally,
they secrete extracellular compounds that promote soil aggregation
(Witzgall et al., 2021) and enhance soil physical and chemical proper-
ties, thereby improving overall soil health (Adriano et al., 2004). All
these physiological and metabolic activities are also influenced by
external environmental factors due to their specific geographical loca-
tion, including air temperature, humidity, rainfall, and soil physico-
chemical properties (Kenarova et al., 2014; Song et al., 2018).

Habitat heterogeneity for microorganisms implies diverse environ-
mental pressures (Chen et al., 2017), and variations in nutrient distri-
bution and availability, which necessitate a range of survival strategies
(Qiu et al., 2021). The composition of microbial communities experi-
ences significant variation due to environmental stress or interspecies
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competition, as organisms strive to find optimal habitats within their
tolerance range. This process drives species turnover and nestedness,
contributing to ecosystem p-diversity (Soininen et al., 2018). This is
particularly evident across varying elevation gradients in alpine mining
regions, where differences in climate and soil physicochemical proper-
ties become increasingly distinct (Cui et al., 2019). Soil multi-
functionality is primarily governed by a suite of edaphic parameters,
notably soil pH levels, organic matter composition, and
nitrogen-phosphorus stoichiometry (Liang et al., 2020; Ma et al., 2023;
More and Wolkersdorfer, 2024). These biogeochemical factors collec-
tively serve as critical drivers in shaping microbial community assembly
processes through their synergistic regulation of nutrient availability
and biochemical equilibrium within terrestrial ecosystems. In soils,
phosphates tend to bind with minerals like calcium, iron, and aluminum,
resulting in insoluble phosphates that plants cannot access (Luo et al.,
2022). Consequently, phosphorus emerges as the primary limiting
nutrient in terrestrial ecosystems. Vegetation succession typically di-
minishes biologically available phosphorus, intensifying its scarcity.
Under phosphorus-deficient conditions, soil microorganisms enhance
biologically available phosphorus by encoding an enzyme via the gcd
gene, which breaks down inorganic phosphorus and mineralizes organic
phosphorus (Liang et al., 2020). The starvation response genes (phoB,
phoR, and phoU) enhance microbial phosphorus uptake, while phos-
phate transport genes (pst, phn, pit, and Ugp) aid in the transportation of
inorganic phosphates (Alori et al., 2017). However, there remain sig-
nificant research gaps concerning the dynamic patterns of phosphorus
cycling facilitated by soil microorganisms in alpine mining regions.
Differences in physicochemical properties contribute to variations in the
distribution, species composition, and community formation processes
of microbial communities across different elevation gradients (Jin et al.,
2024). This raises important questions: what factors influence the var-
iations in species composition across different habitats, and how do the
diversity of microbial communities and their assembly mechanisms
react to environmental changes in alpine metal mining areas (Cui et al.,
2019; Green et al., 2008)?

The following research hypotheses were proposed: (1) the soil bac-
terial diversity and community structure vary substantially along the
elevation gradient in alpine mining area; (2) in the early stages of slope
restoration, soil bacterial communities exhibit an evolutionary trend
from dispersion to clustering along the elevation gradient; and (3) the
key drivers influencing the assemblage and stability of bacterial com-
munities in soil may be similar between restored slopes and undisturbed
areas. Overall, we studied bacterial communities in a three-year slope
restoration site located in an alpine mega-metal mining region on the
Tibetan Plateau. We analyzed the meteorological and soil physico-
chemical factors across elevation gradients that influence bacterial
community diversity. Structural equation modeling was used to validate
the potential mechanisms through which varying elevation environ-
ments in mining regions impact bacterial community distribution and
formation.

2. Materials and methods
2.1. Study site

The study site, Qulong Copper-Polymetallic Mine (N29°38'-29°45/,
E91°35-91°46), is located in Maizhokunggar County, Lhasa, Tibet,
China (Fig. 1A). The mine is part of the Gangdese metallogenic belt with
the Tethys-Himalayas (Yang et al., 2009), a globally significant por-
phyry copper ore metallogenic region (Hou et al., 2009). The region has
a semi-dry, temperate highland climate influenced by seasonal monsoon
winds. The air is typically dry, and temperatures vary sharply between
daytime heat and nighttime coolness. The average annual temperature is
0.9 °C, with an average annual rainfall of 431.1 mm. The mining area is
currently operational for mineral extraction, with recently established
slope restoration zones (0-3 years old) strategically positioned along the
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Fig. 1. Location of the Tibetan Plateau (A). Locations of the Qulong Copper-Polymetallic Mine and the study sites (A1-A3) within Maizhokunggar County, Tibet, (B).
General overview of the mining area (C). Overview of each slope restoration area and the adjacent control areas (D).

mountainous access road connecting the administrative complex to the
processing facilities (Fig. 1C). The soil used to fill the restoration area
was derived from the topsoil of the mountain massif disrupted during
mining activities. Three years after restoration, the Cu content in the
high-altitude restoration area remained higher than that in the undis-
turbed area, whereas the Cu content in the low-altitude restoration area
had decreased to levels lower than those in the undisturbed area. Given
the varied timeframes and restoration methods (such as fiber spraying
and bio-cell walls) in these areas, preliminary surveys indicated that the
framed beam restoration method is the most effective for this mining
area. In accordance with the experimental design and research objec-
tives, areas restored for three years using the framed beam method were
consistently selected across different elevation zones. According to the
ecological restoration staff, each framed beam slope restoration area
was stabilized by covering the steep rocky slopes with iron mesh, fol-
lowed by topsoil excavated from the mining site. After the grass seeds
were evenly distributed, the slopes underwent a single round of fertil-
ization at a ratio of N:P:K = 1:1:1. No further fertilization was applied,
and the slopes were regularly watered by the mining site’s water truck.

2.2. Sampling
Soil samples were collected on August 10th, 2023, during the plant
growing season when soil biological activity was at its peak. The sam-

pling sites were categorized into three elevation gradients, with three

Table 1

corresponding meteorological stations capturing the climatic conditions
at these specific elevations, and the meteorological data used in this
study represent the average values from 2021 to 2023 (Table 1). Due to
the discontinuity of the slope restoration areas, two slopes within each
altitude gradient (with a vertical difference not exceeding 100 m) were
chosen as sampling points. Concurrently, undisturbed areas of native
vegetation, situated more than 100 m from the restoration areas at the
same altitude gradient, were designated as the control (Fig. 1D). Both
the slopes and their adjacent control areas were subjected to repeated
sampling using a five-point sampling method, ensuring that each sam-
pling point was spaced more than 5 m apart while maximizing coverage
of the slope restoration area. A total of twenty sampling points were
established in the restoration and control areas at each elevation zone
(Table S1). Soil samples were collected from each sampling point at
depths of 0-10 cm and 10-20 cm using a 5 cm diameter earth auger,
with 600-700 g of fresh soil collected per sample. The samples were
divided into two parts: one was sealed, labeled, and stored in a refrig-
erator at 2 °C for physicochemical property analysis, while the other, a
composite sample from the 0-20 cm depth, was stored in liquid nitrogen
below —196 °C for DNA extraction to examine microbial community
assembly.

2.2.1. Soil properties and heavy metal determination
Soil for physicochemical property analysis was air-dried in a dark
room and sieved through a 2 mm mesh. The soil organic carbon (SOC),

The elevation, MAT, AMRH, AMP, MAP, and AMWS of the sample sites in different slope restoration areas, are based on data from single meteorological stations at each

elevation gradient between 2021 and 2023.

Slopes Elevation (m) Meteorological Station Location/Elevation (m) AMP (hPa) MAT (°C) AMRH (%) MAP (mm) AMWS (m/s)
Al 4800-5000 Phase II TSF/5060 124.8 0.6 16.3 281.3 14.9
A2 4500-4700 TBM Launching Portal/4750 140.3 1.7 14.9 443.5 9.7
A3 4200-4400 TSF/4140 345.3 3 24.1 382.6 22.7

Note: TBM is the abbreviation for Tunnel Boring Machine. The meteorological station at the A2 elevation zone is located at the TBM launching portal. TSF stands for
Tailings Storage Facility, and Phase II TSF refers to the second-phase expansion of the tailings storage facility.
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total nitrogen (TN), total phosphorus (TP), available nitrogen (AN),
available phosphorus (AP), and copper (Cu) contents were measured.
These measurements were used for correlation analysis with the bacte-
rial community. The analyses of SOC, TN, AN, TP, AP, and Cu contents
were conducted by Chengdu Baihui Testing Technology Service Co., Ltd.
(Project No.: C2308131).

2.2.2. DNA extraction and high-throughput sequencing

Microbial communities were analyzed using high-throughput
sequencing technology on the Illumina MiSeq platform (Caporaso
et al., 2012; Cole et al., 2014). The target gene fragments were first
amplified by PCR using specific primers targeting the V3-V4 region of
the 16S rRNA gene. Soil for microbial property analysis was retrieved
from a liquid nitrogen tank at —196 °C, and the presence of genomic
DNA was confirmed using 1 % agarose gel electrophoresis. Preliminary
experiments were conducted on selected samples to optimize PCR with
the least number of cycles, utilizing an ABI GeneAmp® 9700. The PCR
products were grouped by sample and subjected to 2 % agarose gel
electrophoresis (Yeates et al., 1998). This was followed by gel excision
and recovery using an AxyPrep DNA gel extraction kit (AXYGEN Sci-
entific Inc., USA) and Tris-HCI elution. A second round of 2 % agarose
gel electrophoresis was conducted to confirm detection. PCR product
quantification was performed using the QuantiFluor™-ST blue fluores-
cence quantification system (Promega, USA). The sequenced PE reads
were assembled based on overlaps, and the sequences were
quality-controlled and filtered (Griffiths et al., 2000). Further analyses
included sample differentiation, sequence clustering, denoising, and
taxonomic classification. The final step involved high-throughput
sequencing on the MiSeq platform and was conducted using the Tru-
Seq™ DNA Sample Prep Kit.

2.3. Statistical analyses

This study used R (version 4.3.3 for Windows) to perform statistical
analysis and data visualization. One-way ANOVA was selected to
compare the abundance differences of bacteria at the phylum level
across three elevation zones due to its robustness in testing mean dif-
ferences among three or more independent groups (Quinn and Keough,
2002). However, ANOVA does not identify specific group differences;
thus, Tukey’s post hoc test (Janczyk and Pfister, 2023) was applied to
control family-wise error rates while comparing all possible pairwise
group contrasts. The “vegan” package was employed for multivariate
analysis, including redundancy analysis (RDA) and non-metric multi-
dimensional scaling (NMDS). RDA, a constrained ordination method,
was chosen to explicitly model relationships between bacterial com-
munities and environmental factors (Legendre et al., 2012), while NMDS
provided a non-parametric visualization of community dissimilarities
based on Bray-Curtis distances (Minchin, 1987).

For correlation analyses, the Spearman coefficient (non-parametric
rank-based method) was selected over Pearson’s coefficient due to its
tolerance for non-normal data distributions (Hauke and Kossowski,
2011). This coefficient was integrated into Mantel tests to assess matrix
correlations between environmental and microbial distance matrices,
with Benjamini-Hochberg adjustment (Benjamini and Yekutieli, 2001)
applied to reduce false discovery rates in multiple hypothesis testing.
p—diversity decomposition was performed using the Jaccard index (Jost,
2007). Bacterial OTU abundance data from all soil samples were con-
verted into a binary (presence/absence) format, allowing the Jaccard
index to quantify community similarity and dissimilarity (1 minus
similarity) among samples. This provided both an overall measure of
p—diversity and pairwise p—diversity between samples. To further dissect
the underlying patterns, we partitioned p-diversity into turnover and
nestedness components using the ‘betapart’ package (Baselga and Orme,
2012), which is well-suited for sparse microbiome datasets as it em-
phasizes presence-absence data. Additionally, spatial patterns of
f-diversity were evaluated using multi-site dissimilarity measures.
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Network topological parameters (node Strength, Closeness, Between-
ness) were calculated via the “igraph” package, which specializes in
graph theory metrics (Ju et al., 2016), while Cytoscape (version 3.10.2
for Windows) was chosen for visualization due to its interactive network
layout customization capabilities (Shannon et al., 2003). The calculation
of node Strength, Closeness, and Betweenness in the co-occurrence
network are presented in Table S3. MEGA (version 11.0.13 for Win-
dows) was employed to construct co-phylogenetic trees of bacterial
communities from different sample sites (Tamura et al., 2021), while the
microbial nearest taxon index was calculated using the “NST” package.
PICRUSt2 (Douglas et al., 2020) was implemented for functional
prediction, leveraging the phylogenetic placement of 16S rRNA se-
quences against reference databases (SILVA) to infer KEGG pathways
(Kanehisa and Goto, 2000). The results were normalized to obtain pre-
dicted KEGG pathway abundance information. Principal coordinates
analysis (PCoA) was performed on meteorological factors using the "ape"
package, where temperature, relative humidity, and pressure data were
dimension-reduced, with the first PCoA axis being used as the “Climate
Factors” data. While this approach is computationally efficient, poten-
tial limitations include dependency on reference database completeness.
Structural equation modeling (SEM) via the “piecewiseSEM” package was
adopted to evaluate causal pathways among meteorological, soil, and
microbial variables. SEM is advantageous for partitioning direct and
indirect effects in complex systems but requires careful model specifi-
cation to avoid overfitting (Lefcheck, 2016). All visualization workflows
were standardized using the “ggplot2” package for its reproducible
grammar-of-graphics framework (Wickham, 2016).

3. Results
3.1. Bacterial community composition and diversity

Bacterial communities were observed across different elevation
gradients in the mining area restoration and control sites revealing a
distribution of sequences across 481 genera, 309 families, and 38 phyla.
The top ten most abundant phyla are presented in Table 2, including
Proteobacteria, Chloroflexi, Acidobacteriota, Actinobacteriota, Patescibac-
teria, and Bacteroidota. These six phyla constituted over 80 % of all se-
quences in the soil samples. Additionally, Gemmatimonadota,
Verrucomicrobiota, Methylomirabilota, and Firmicutes were identified,
with the remaining less abundant phyla categorized as "others", ac-
counting for 2.50 %-5.65 % of the total abundance.

Proteobacteria were found to be the most abundant in the restoration
areas: A1R (25.16 %); A2R (33.44 %); A3R (34.89 %). Meanwhile,
Acidobacteriota exhibited the highest proportions in the control area. The
distribution of various bacterial taxa across different altitude gradients
revealed distinct patterns. In the restoration areas, Proteobacteria, Acti-
nobacteriota, and Acidobacteriota significantly increased with altitude. In

Table 2
The average relative abundance of the top ten most abundant bacterial and other
phyla in the restoration and control areas across three elevation gradients.

Study sites

Phylum AlR A1CK A2R A2CK A3R A3CK
(%) (%) (%) (%) (%) (%)
Proteobacteria 25.16 25.28 33.44 21.58 34.89 19.73
Actinobacteriota 14.49 12.53 17.74 12.54 18.69 12.97
Acidobacteriota 17.96 22.76 14.24 21.22 19.19 30.05
Chlorofiexi 19.07 17.15 11.00 16.98 9.87 14.35
Patescibacteria 6.35 3.60 6.34 6.54 1.77 3.97
Bacteroidota 4.69 1.31 7.47 4.12 8.44 1.71
Gemmatimonadota 4.55 2.06 4.28 2.29 3.55 3.07
Verrucomicrobiota 1.72 3.89 1.42 3.67 0.95 4.59
Methylomirabilota 1.50 3.16 0.27 1.54 0.06 4.09
Firmicutes 0.24 3.57 0.35 3.88 0.17 1.19
Others 4.27 4.69 3.45 5.65 2.51 4.28
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contrast, in the control area, the abundances of Acidobacteriota and
Gemmatimonadota increased as altitude decreased (p < 0.01).

In restoration areas, A2R and A3R exhibited higher bacterial
a—diversity compared to A1R (Table 3). The Shannon index and ACE
index (Fig. 2A and B) showed a significant increase from A1R to A2R and
A3R. Notably, when comparing the difference in bacterial diversity
between the control and restoration areas at different elevations, the
difference at A1 (i.e., ALCK-A1R) was significantly higher than those at
A2 and A3. The findings from NMDS suggested that the gradient may
drive the differentiation among the samples. The bacterial communities
in the restoration areas (Fig. 2C) exhibited a distinct separation (stress
<0.1). In the control (Fig. 2D), differences in bacterial species compo-
sition among different elevation samples were insignificant.

3.2. Decomposition of bacterial f—diversity

The variations in bacterial composition within the mining area were
predominantly driven by species turnover (Table 4). The proportion of
shared bacterial species between the restoration and control areas in-
creases along the elevational gradient. The contribution of turnover to
p-diversity decreased with the decreasing altitude (p < 0.05), account-
ing for 96.26 %, 94.71 %, and 91.94 % in the A1R, A2R, and A3R zones
respectively. No significant differences were observed in the variation of
f—diversity components across elevation bands in the control area.

The ternary plot visualized the similarity, turnover, and nestedness
components between sample pairs in each study area (Fig. 3). The mean
values indicated that in the restoration area, similarity increased, turn-
over decreased, and overall data density rose as elevation decreased. In
the control area, similarity initially decreased and then increased, while
turnover and data density first increased and then declined with
decreasing elevation. The similarity of values between Al and A3 sug-
gested that sampling points at the A2 elevation band were less stable.

3.3. Mantel test of bacteria and soil properties

In restoration areas, the dominant factors influencing microbial
communities across various altitudes were soil nitrogen and pH levels in
both surface and subsurface layers (Fig. 4A, p < 0.01). Phosphorus and
SOC primarily impacted the A2R and A3R zones. Among the climatic
factors, temperature and pressure significantly affected bacterial com-
munities across all elevation zones, while humidity played a crucial role
in the A3R zone (p < 0.01).

3.4. RDA analysis of bacteria and soil properties

Redundancy analysis (RDA) for bacterial communities and soil
environmental factors revealed a similar explanatory power across both
soil layers. The first two axes of the RDA accounted for 58.58 %, 55.20
%, and 60.49 % of the variation in bacterial community composition in
the surface soil layer of the Al, A2, and A3 zones, respectively
(Fig. 5A-C), and 57.26 %, 51.48 %, and 61.50 % in the subsurface soil
layer, respectively (Fig. 5D-F). Soil parameters exhibited varying de-
grees of explanatory power for bacterial community variation. Soil pH
consistently showed a significant positive correlation with changes in
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bacterial community variation structure and diversity in the restoration
area, with exceptionally high explanatory power in the Al and A2
elevation zones (% = 0.88-0.92), which slightly decreased in A3. Highly
correlated parameters (SOC, TN, and AN) exerted a persistent and strong
influence on bacterial communities in the control area. Their explana-
tory power increased along the elevation gradient and is more pro-
nounced in subsurface soil layers than in surface layers. TP and AP
influenced both the restoration and control areas in the Al and A2
elevation zones, with most bacterial community variations being posi-
tively correlated with them. Notably, TP in Al exhibited an explanatory
power of 0.49, second only to pH. At lower elevations (A3), both surface
and subsurface soil TP and AP demonstrated high explanatory power,
with TP playing a dominant role in shaping bacterial communities in the
control area, while AP has a stronger impact on the restoration area.

3.5. Co-occurrence networks between bacteria and soil properties at the
phylum level

The co-occurrence networks of bacteria in the restoration areas
(Fig. 6A) indicated that the networks of soil physicochemical factors and
bacterial communities became simpler and more independent as alti-
tude decreased. In the A1R zone, a sensitive ecosystem area, soil pH, TP,
and AP in both surface and subsurface layers collectively influenced a
microbial network comprising 106 OTUs. In contrast, the microbial
network influenced by SOC, TN, and AN consists of 83 OTUs. In the A2R
zone, the network influenced by pH and nitrogen comprises 118 OTUs,
while the network governed by TP and AP consists of 67 OTUs. In the
A3R zone, the network is smaller but more specific; soil pH in both
surface and subsurface layers independently influenced a network of 79
OTUs, while TP and Cu together affected a network of 67 OTUs, and AP
governed a network of 44 OTUs. Cu was predominated in the A1CK and
A2CK zones. However, its influence weakened in A3CK, where SOC, TP,
AN, and TN jointly affected a larger network of 109 OTUs. Although the
roles of pH and TP were diminished by Cu, they still independently
affected portions of the co-occurrence networks across different eleva-
tion zones.

The contribution of each soil parameter as a node to network sta-
bility in the co-occurrence network is fully presented in Table S4. The
node strength of each soil property within the restoration area was
notably high (Fig. 6B), with the strength in the AIR and A2R zones
exceeding that in the A3R. In both the restoration and control areas, the
TP and AP exhibited the highest centrality, while the pH, TP, and AP
demonstrated higher betweenness, thereby contributing to network
stability as “bridge” nodes. The contributions of SOC, TN, and AN to
network stability were primarily reflected in their correlation-
dominated strength, while soil pH, TP, and AP made significant con-
tributions to all three stability indicators, with TP, particularly in the
subsurface soil, showing especially strong contributions in both the
restoration and control areas.

3.6. The relationship between bacterial community properties and
environmental variation

In the phylogenetic assembly of soil bacterial communities,

Table 3

The microbial diversity index and the community assembly index across different study sites.
Sample sites Shannon index ACE index NMDS1 MMDS2 NTI
AIR 5.34 +0.25° 2245.66 + 285.96 ° —0.28 + 0.26¢ —0.05 + 0.04 —0.25 +1.28"
A1CK 5.69 + 0.33 @ 3011.98 =+ 389.43 2 0.14 +0.11 ~0.03+0.11° 0.48 +0.79 @
A2R 5.91 + 0.412 2733.10 + 386.66 2 0.02 +0.11 > 0.08 +0.18 2 0.82 + 0.47 @
A2CK 5.53 +0.31 % 2570.24 + 558.23 % —0.14 + 0.28 < 0.02 +0.20 @ —0.35+1.06°
A3R 5.82 + 0.27 2823.97 + 351.85 2 0.26 + 0.05 ? ~0.03 +0.05 % 1.14 +0.64°
A3CK 5.59 + 0.22 @ 2749.09 + 345.11 0+0.15"% 0+0.13% 1.124+0.76 2

Note: The values of NMDS1 and NMDS2 represent the mean positions of sample species along the horizontal and vertical axes of the NMDS plot, respectively. Different
letters indicate significant differences amongst the six survey regions (Tukey’s test, p < 0.05).



H. Zhou et al.

Environmental Research 275 (2025) 121432

A 35 ia W ATCKAIR 1500 a B AICKAIR
Shannon index -z B ACEindex -
b b
7.0 * b - .
r 1\ oo *
B 40007 \ ‘
fL‘ -05 ‘ - Fokk ’ -
6 5 o - 500
+ 1.1 -
’ fl - - 3500- ~1000.
A1CK-ATR A2CK-A2R A3CK-A3R A1CK-A1R A2CK-A2R A3CK-A3R
6.0 30007
5.51 2500+ .
m AR M, AR
- m AICK m AICK
J m A2R
5.01 g QSEK 2000 | A2CK
- @ A3R ™ A3R
@ A3CK 1 A3CK
C ATR A1CK AZR A2CK A3R A3CK D ATR AICK A2R A2CK A3R A3CK
< i ® A1 - ® Al
Restoration area Control area
© |stress = 0.09 A2  |stress = 0.1576 A2
A ® A3 : e A3
o~ o~
= ol
s £
. . .
%O % o f 8o O Ay
So] ul sl S, S5 o
z S e %Y . zZ .o
o o %
<l o
] ]
L)
< o A
o o
T T T T T T T T T | T T I T
-0.6 -04 -0.2 0.0 0.2 0.4 -0.6 -04 -0.2 0.0 0.2 0.4
NMDS1
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Table 4

The similarity, turnover, and nestedness components of bacterial communities across study sites, and the proportional contributions of turnover and nestedness to

p—diversity.

Sampling sites Similarity Total Beta Diversity Contribution of Turnover (%) Contribution of Nestedness (%)
Turnover Nestedness

AlR 0.159 0.810 0.031 96.26% 3.74¢

AICK 0.176 0.793 0.031 96.27%" 3.73%¢

A2R 0.152 0.803 0.045 94.71° 5.29%

A2CK 0.150 0.826 0.024 97.22% 2.78¢

A3R 0.246 0.693 0.061 91.94¢ 8.06"

A3CK 0.184 0.785 0.031 96.247" 3.76%¢

Note: Lowercase letters indicate significant differences in the contribution of Turnover to f—diversity among study areas, while uppercase letters indicate significant
differences in the contribution of Nestedness (Tukey’s test, p < 0.05).

subsurface soil pH and TP in the mining area not only impacted the
diversity of bacterial communities but also influenced their community
assembly mechanisms, shifting from dispersal to clustering develop-
ment. The structural equation model (Fig. 7) showed that climate factors
such as air temperature, humidity, and pressure, affected soil nutrient
availability, and jointly influenced the characteristics of bacterial com-
munities. In restoration areas, climate factors, soil pH, and TP had a
positive correlation with the NTI index of the bacterial community,
exhibiting a total effect of 0.523, 0.442, and 0.759, respectively

(Fig. 7D). Climate factors and pH negatively affected the turnover
component of bacterial community p-diversity, whereas TP exhibited a
positive effect, with a total effect of —0.810, —0.252, and 0.374,
respectively (Fig. 7C). Both climate factors and TP negatively influenced
the o—diversity of bacterial communities, with a total effect of —0.176
and —0.849 (Fig. 7B). The model was also applicable in the control
areas, however, in contrast to the restoration areas, the effect of TP on
the turnover component of bacterial community —diversity shifted from
positive to negative, with a total effect of —0.498 (Fig. 7G). Moreover,
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the impact of climate factors on bacterial community a-diversity tran-

4. Discussion
sitioned from negative to positive, with a total effect of 0.533 (Fig. 7F).

4.1. Differences in bacterial community composition and diversity across
various elevation zones within the mining area

The observed differences in bacterial species composition between
the restoration and the control areas highlight the functional roles of
various microbial groups during soil recovery. This suggests that specific
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microbial groups may be particularly beneficial for soil restoration (Ling
et al., 2022; Wang et al., 2024). These findings are consistent with the
study by Zuo et al. (2023) on microorganisms in the tailings soil of
lead-zinc mines in karst regions and by Wang et al. (2024) on roadside
slope restoration. Our research indicates that Proteobacteria and Acti-
nobacteriota are more prevalent in the restoration area (Table 2), playing
a pivotal role in soil cycling and improving soil structure (Lu et al.,
2024). Proteobacteria contribute to nutrient cycling by decomposing
organic matter, promoting soil aggregate formation, and improving soil
structure (Ling et al., 2022; Wang et al., 2023), which is especially
crucial for soil ecosystems in the early stages of recovery. The presence
of heavy metals in the soil also influences the bacterial community
structure (Zuo et al., 2023). The Cu content in both the surface and
subsurface soils of the A1R and A2R zones is higher than that in the
control areas (Table S2). Actinobacteriota has multiple genes encoding
heavy metal oxidases and exhibits strong tolerance to heavy metals,
thereby reducing the bioavailability of heavy metal content in the soil
(Altimira et al., 2012; Bohan et al., 2022; Zhang et al., 2024). The soil pH
in the control area is acidic, which likely contributes to the higher
proportion of acidophilic bacteria, specifically Acidobacteriota. These
bacteria not only decompose various organic residues but also exhibit

,p < 0.01; “***” p < 0.001. (For interpretation of the references to color in this

high sensitivity to environmental changes, thereby indicating the overall
functionality and stability of the soil ecosystem (Kou et al., 2023).
Diversity indices were frequently employed to gauge the stability of
microbial communities (Xun et al., 2021), and they serve as a measure of
soil ecosystem multifunctionality (Bastida et al., 2021; Wagg et al.,
2014; Wu et al., 2022). Prior research has demonstrated marked varia-
tions in soil microbial composition across distinct successional stages
(Jiang et al., 2021). From the perspective of environmental gradients,
bacterial a—diversity increases from higher to lower altitudes (Fig. 2A
and B). Both indices indicate that in the Al zone, the a—diversity of the
control area is significantly greater than that of the restoration area.
However, this trend is absent in the A2 and A3 zones. Banerjee et al.
(2024) discovered that microbial a-diversity diminished in the
contaminated soils of mining areas subjected to PHEs pollution and
alkalinity stress, implying that higher altitude slopes present greater
restoration challenges (Li et al., 2022). Environmental factors, such as
nutrients or pollutants, contribute to the dispersed distribution of bac-
terial communities in the restoration area along the altitudinal gradient
(Song et al., 2018). Particularly in the Al zone, where community sep-
aration is pronounced along the NMDS axes (Fig. 2C and D). The
negative NTI index (Table 3) observed in the A1R zone signifies
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corresponding to various environmental factors are presented (B).

overdispersion, implying that the development and assembly of bacte-
rial communities occur at a slower rate at higher altitudes compared to
lower ones.

Spatial turnover refers to the replacement of certain species by others
due to environmental, spatial, and historical constraints (Baselga,
2010). In the decomposition of bacterial community p-diversity (Fig. 3),
we also verified that species turnover is the primary force driving dif-
ferences in bacterial community composition (Jost, 2007). Disturbances
engendered by mining activities led to the segregation of bacterial
communities, thereby augmenting p-diversity which in turn facilitated
the adaptation of these communities to their respective habitats (Xu
et al., 2020). During soil restoration, new dominant species continuously
replace the original populations (Soininen et al., 2018). Furthermore,
the contribution rate of turnover to p-diversity decreases along the
altitudinal gradient, indicating that as altitude decreases, the environ-
mental stress on microbial communities is mitigated. Notably, after fully
accounting for p-diversity driven by richness differences and species
spatial variation (Baselga, 2012), we observed a declining trend in the
contribution of turnover to p-diversity along the elevation gradient in
the restoration area (from 96.26 % to 91.94 %). Meanwhile, the

similarity component among samples in each study area increased
steadily (from 0.159 to 0.246), along with a rise in data density driven
by similarity. These findings suggest that species replacement within
bacterial communities may be reduced at lower elevations in the
restoration area, allowing more dominant clusters to persist. Compared
to bacterial communities in high-elevation restoration areas, those at
lower elevations are likely subjected to lower environmental pressures.

4.2. Response of bacterial community structure to environmental
physicochemical characteristics during soil restoration

Microbial community composition exhibits sensitivity to environ-
mental alterations and can swiftly adapt to them. The primary drivers of
bacterial community dissimilarity may be the soil’s physicochemical
properties and climatic factors across altitudinal gradients (Kuang et al.,
2016; Pérez Castro et al., 2019). The Mantel test (Fig. 4) indicates a
strong correlation between the development and stabilization of soil
ecosystems and the interactions between microbes and physicochemical
properties (Li et al., 2024). Soil pH, carbon, nitrogen, and phosphorus
are intimately associated with microorganisms (Gunathunga et al.,
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2023). Microorganisms efficiently utilize available organic matter in
their environment, including humus, plant residues, and cellulose, to
generate increased biomass (Wagg et al., 2014). During this process,
microorganisms decompose soil organic nitrogen to produce ammonia
nitrogen, thereby synthesizing the necessary biomass nitrogen for their
growth. This not only influences the structure of the microbial com-
munity but also directly impacts the processes of soil carbon and ni-
trogen mineralization, as well as the C:N ratio (Tian et al., 2024; Zhang
et al., 2022). This effect persists even as the entire soil ecosystem evolves
towards a stable state (CK).

Our study refines and amplifies the influence of various soil factors
on bacterial community structure (Fig. 5). We found that soil pH exerts a
significant impact on bacterial community variation across different
elevation gradients. Soil pH is a significant predictor of microbial
community structure in tailings, as bacterial survival and function
typically operate within a narrow optimal pH range (Chen et al., 2013).
pH is a crucial environmental parameter during the soil recovery pro-
cess, directly influencing a series of physiological and metabolic activ-
ities in the soil (Atasoy and Cetecioglu, 2022; More and Wolkersdorfer,
2024), such as enzyme catalysis (Tang et al., 2020) and fatty acid syn-
thesis (Atasoy et al., 2019; Bevilacqua et al., 2021). Liu et al. (2023)
found that differences in soil pH between mining areas and surrounding
regions led to significant variations in bacterial relative abundance, di-
versity, and community structure. This aligns with our research findings,
where at higher altitudes (A1), pH has a more pronounced influence and
exhibits a stronger correlation with microbial community structure
(Fig. 4A and Fig. S1). At higher elevation zones (Al, A2), permutation
tests revealed that pH accounted for 87 %-92 % of the variation in
bacterial community composition (Fig. 5). However, the influence of
carbon and nitrogen on bacterial communities is more pronounced in
high-altitude areas with slower restoration progress (A1R) during the
early stages of soil recovery, while phosphorus exerts a sustained in-
fluence on the overall soil restoration process (Luo et al., 2022). In RDA
analysis, TP and AP influence bacterial communities in both the resto-
ration and control areas. At the A3 elevation zone, TP explains 68 % (-
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= 0.68) of the variation in surface soil bacterial communities, while AP
accounts for 80 % (* = 0.80).

Complex organic processes in the soil often lead to the formation of
organic phosphorus products resistant to decomposition. Research has
demonstrated that following the ecological restoration of mining-
degraded land, the phosphorus cycle in the soil is enhanced (Gao
et al., 2024; Li et al., 2024; Wang et al., 2023). This is because the mi-
crobial gcd gene encodes an enzyme that mediates the dissolution of
inorganic phosphorus, thereby facilitating the phosphorus cycle in the
soil (Liang et al., 2020). The influence of AP and TP on the bacterial
community within the restoration areas becomes more pronounced as
altitude decreases (Fig. 5). This implies that phosphorus may be a
limiting nutrient during soil recovery (Liang et al., 2020; Li et al., 2016;
Liu et al.,, 2023). The mechanism of microbial phosphorus trans-
formation involves phosphate-solubilizing bacteria in the soil secreting
organic acids to increase the solubility of inorganic phosphates or
organic phosphorus (such as inositol phosphates), converting them into
readily available phosphorus within the soil (Yan et al., 2023). This
process triggers microbial uptake of available phosphorus, which is then
assimilated into their biomass, resulting in intracellular phosphorus
compounds, such as nucleic acids and phospholipids (Liang et al., 2020;
Luo et al., 2022). As altitude decreases, the diversity and stability of the
bacterial community increase (Cui et al., 2019), while the predation of
phosphate-solubilizing bacteria on phosphorus intensifies (Alori et al.,
2017). This supports the competition hypothesis that limited nutrients
suppress microbial diversity through competitive exclusion (Kaspari
etal., 2017). Our study indirectly supports these perspectives. We found
an increasing correlation and influence of TP on the structure and dis-
tribution of bacterial communities (Fig. 5C and F), and microorganisms
use various strategies such as enhancing bacterial chemotaxis (Fig. S1),
to mitigate phosphorus limitations in the soil. Subsurface soil organic
phosphorus and soil pH more effectively regulate the development of
microbial communities during soil restoration. The variations in soil
nutrient data across the study area also effectively reflect this trend. The
surface soil in the densely vegetated A2 and A3 elevation bands exhibits



H. Zhou et al.

higher AP content (Table S2), possibly due to the upward migration of
AP driven by plant root activity.

In our study, we found a strong correlation between meteorological
factors and bacterial communities. Specifically, temperature, relative
humidity, and air pressure were identified as having a direct impact on
various biological metabolic activities within the soil (Fig. S1). Suitable
temperatures are crucial for enzymatic reactions in bacterial metabolism
(Chen et al., 2017). The feedback processes between soil moisture and
the atmosphere influence both soil moisture content and soil respiration
(Humphrey et al., 2021). Sufficient soil moisture and porosity provide
essential environmental conditions for the formation of fungal hyphae
and the reconstruction of the soil environment (Ciarkowska et al., 2016;
Witzgall et al., 2021). Our research also revealed that the content and
distribution of soil pH and various phosphorus components are influ-
enced by meteorological factors (Fig. 4). A comprehensive meta-analysis
conducted by Li et al. (2022), which included 55 studies from 18
countries and various mining sites, demonstrated that different climate
types can influence the succession of soil ecosystems in mining areas.
This is likely due to their effects on the content and distribution of soil
physicochemical properties. In the study area, the climate exhibits
noticeable variations with every 300-m increase in elevation (Table 1).
Given its strong correlation with soil nutrients (Fig. 4), we believe that in
such ecologically fragile regions, the impact of climate on soil nutrient
availability and bacterial community development warrants further
investigation.

4.3. Impact of environmental factors on bacterial community stability and
assembly

The formation and evolution of bacterial communities play a pivotal
role in soil restoration, stabilization, and the proper functioning of
essential ecological cycling processes (Kou et al., 2023). Bacterial
communities characterized by higher phylogenetic diversity are typi-
cally more stable and demonstrate enhanced resistance to disturbances
(Xun et al., 2021). The co-occurrence network derived from soil bacteria
and microorganisms effectively demonstrates the differential effects of
various environmental factors on the stability of bacterial development
(Fig. 6A). Our findings contrast with those of Liu et al. (2023), where the
microbial networks in the restoration areas were more complex and
stable compared to those in undisturbed areas, This may be attributed to
the different soil properties of the mining areas we studied. Neverthe-
less, our results concur with the findings of Wang et al. (2024), indi-
cating that the co-occurrence network of bacteria and soil factors
becomes progressively simpler along the restoration gradient, this may
reflect the commonality of slope restoration methods. We observed that
the co-occurrence networks influenced by pH and phosphorus maintain
relative independence and stability across different altitude zones. Both
TP and pH synergistically contribute to the stability of the soil
ecosystem. Bacteria excrete organic acids to augment the bioavailability
of phosphorus in the soil, simultaneously modulating soil pH through
feedback mechanisms (Atasoy and Cetecioglu, 2022). Furthermore,
fluctuations in environmental pH can alter other metabolic pathways
and bacterial reaction rates (Bevilacqua et al., 2021). Within the A2
zone, the microbial network structure, which is controlled by TP and AP,
reveals that Patescibacteria, despite its low abundance, demonstrates the
highest proportion. This observation underscores the correlation be-
tween rare bacterial phyla and phosphorus (Gao et al., 2024).

The stability indicators of nodes within the co-occurrence network
revealed disparities in the contributions of various soil environmental
factors to bacterial community stability (Fig. 6B and Table S4). This
finding aligns with the results of the Mantel test (Fig. 4), which showed a
stronger correlation in the A1 and A2 zones compared to the A3 zone.
Soil nutrients are instrumental in the construction of microbial com-
munities (Jia et al., 2024), the dependence of these communities on
nutrients decreases as they stabilize and diversity increases at lower
altitudes (Tables 2 and 3). The higher closeness suggests that TP is more
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central within the network. Our findings indicate a strong correlation
between phosphorus and the synthesis of essential amino acids (Fig. S1),
suggesting that adequate phosphorus in the soil can enhance microbial
diversity (Kaspari et al., 2017). Most organic acids produced by micro-
organisms have phosphorus-solubilizing functions (Liang et al., 2020),
with key phosphate-solubilizing bacteria surrounding phosphate min-
eral particles to facilitate decomposition, and assemble their commu-
nities in these areas (Alori et al., 2017). Given the thin soil layer in the
mining area, most of the inorganic phosphate in the soil derives from
deep rock minerals (Wang et al., 2024), potentially explaining why TP
has a higher closeness in deeper soils. The betweenness of soil factors at
the A3R is higher than at A1IR and A2R (Fig. 54), suggesting that at lower
altitudes, environmental factors exerting a greater influence on the
connections act as a "bridge" within bacterial networks. The majority of
the shortest paths in the network pass through TP nodes, indicating that
phosphorus may facilitate frequent nutrient transfer among different
bacteria and limit community development (Yan et al., 2023).

Soil properties play a pivotal role in shaping microbial community
assembly, which in turn dictates their functional attributes (Abdu et al.,
2017; Pu, 2022; Qiu et al., 2021). Moreover, the assembly of bacterial
communities is instrumental in enhancing soil multifunctionality (Jia
et al., 2024). Li et al. (2014) assessed the phylogenetic affinity among
species within microbial communities across different altitudinal zones
in the Hengduan Mountains using the nearest taxon index. Their find-
ings revealed phylogenetic clustering between altitudes of 4300 m and
5500 m. However, above 5500 m, the NTI suggested a randomized
phylogenetic structure. Yang et al. (2024) discovered that bacterial
communities possessing the mineralization organic phosphorus gene
(phoD) not only modulate phosphorus levels in the soil but also propel
their community assembly. Our research aligns with these findings, as
the centrality of TP in the co-occurrence network suggests that bacteria
foster community diversity through the mineralization of organic
phosphorus (Yan et al., 2023), transitioning from a dispersed to an
aggregated developmental state (with NTI values transitioning from
negative to positive). The structural equation model corroborates our
hypothesis (Fig. 7). The delicate ecosystem of the Tibetan Plateau ex-
hibits pronounced sensitivity to climatic variations across different el-
evations (Cui et al., 2019). Climatic conditions act as a physical
determinant, directly impacting bacterial physiology and metabolism,
and subsequently influencing community evolution (Wu et al., 2022).
Additionally, they can indirectly affect the intrinsic physiological and
biochemical processes in the soil by modifying key physicochemical
parameters (such as pH and TP), thereby influencing bacterial biosyn-
thesis, community assembly (NTI), and diversity indices (a and f).

5. Conclusion

In summary, during the restoration of slope soil in alpine metal
mining areas, soil pH and TP content emerge as the most influential
predictors of bacterial community characteristics. Their spatial dy-
namics significantly impact bacterial community diversity and assembly
mechanisms. As a nutrient-limiting factor, the availability and immo-
bilization of subsurface soil phosphorus accompany the entire course of
soil system development. It plays a pivotal role in the cyclical evolution
of the microbial community while simultaneously enhancing the soil’s
physical structure and physicochemical properties. This interaction
signifies a co-evolutionary process wherein soil organisms and the soil’s
physicochemical properties mutually influence each other, driving the
soil ecosystem towards increased stability and maturity through ongoing
iteration and succession. Despite the challenges posed by the harsh
environment of alpine metal mining areas, this study offers fresh
research perspectives and theoretical underpinning for understanding
the mechanisms behind bacterial community assembly during slope
restoration of slopes in such regions. Our study has certain limitations,
as it provides only a snapshot of bacterial community structure after
three years of soil restoration. Long-term monitoring is required to
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capture the complete trajectory of microbial succession and ecosystem
recovery. Additionally, fungal community dynamics were not examined
in this study. However, considering the crucial role of fungi in soil
structure formation, we are currently analyzing fungal communities
based on our 2024 sampling data. Future research may integrate met-
agenomic and transcriptomic approaches to investigate functional genes
associated with soil restoration processes (e.g., phosphorus solubiliza-
tion and pollutant degradation) and the role of plant-microbe-soil
feedback in shaping restoration outcomes.
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