Effect of vegetation blanket cover with different materials on soil microbial community structure in opencast coal mines in arid areas
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Abstract：Vegetation blanket restoration techniques of different materials in mine drainage field provide different environments for plant growth, but effects of vegetation blanket cover on soil microbial community structure and their diversity characteristics were not well known， especially in arid areas. In this study, high-throughput sequencing was used on the study site, located at Dafeng Mine, the Helan Mountains, Ningxia, China. Soil microbial communities were analyzed under four different treatments: Straw, Straw-Coir, Coir vegetation blanket types, and a bare soil control. The results showed that the contents of soil total nitrogen, available potassium, urease, and catalase were significantly increased in different types of vegetation blankets. High-throughput sequencing showed that the straw vegetation blanket increased bacterial diversity while the coir vegetation blanket increased fungal diversity. The dominant bacterial phyla were Proteobacteria, Bacteroidetes, Actinobacteria, and Chloroflexi, whose main influencing factors were total nitrogen, catalase, urease, and protease. The dominant fungal phylum was Ascomycota, whose main influencing factors were alkaline phosphatase, soil organic carbon, total nitrogen, and electrical conductance. These results indicate that vegetation blanket cover can improve the physicochemical properties of soil, increase the diversity and richness of soil microorganisms, and improve the structural composition of the community, thus improving the soil environment in the mining areas in arid regions, while laying a good foundation for further restoration measures.
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Surface mining of coal resources not only destroys the ecological environment but also deteriorates local ecosystems, making it extremely difficult to rely on natural ecological restoration (Carrick & Krüger, 2006). Related studies show that about 6.7 million hm2 of land is currently destroyed by mining worldwide, of which China accounts for a quarter, and the rate of increase is 40,000 hm2 per year (Ghosh & Maiti, 2021; Wu et al., 2014). The Helan Mountains, as the boundary between China's three major deserts (the Mawusu Sand, Ulanbu, and the Tengger Desert) and the desert oasis plain, are the last ecological protection barriers in northwest China (Zeng et al., 2019). Open-pit mining of coal mines in the Helan Mountains not only destroys surface vegetation, but also causes soil erosion, induces geological disasters such as landslides, cuts off biological corridors of ecological reserves, and has huge impacts on the landscape, water environment, and biodiversity of the reserves (Yu et al., 2021).
Microorganisms are an important component of soil and play a key role in the transformation and cycling of nutrients; soil microorganisms can measure the quality of the soil environment, and their community structure and diversity are influenced by factors such as organic matter, temperature, salinity, pH and heavy metals (Zhao et al., 2014). There has been some research on the structural characteristics of microbial communities along with studies on the physicochemical properties of mine drainage site soils. Sanjo et al. (2018) used different forest age reclamation sites of the Raniganj coal mine in eastern West Bengal, India, and found that soil organic carbon (SOC) and glomalin related soil protein (GRSP) in mine soils after restoration were strongly correlated with pH, total nitrogen (TN), and carbon/nitrogen ratio (C/N), and were used as one of the important indicators of soil improvement in mining areas. Li et al. (2021) found that organic-inorganic compound fertilizers had a more significant impact on the sustainable productivity of reclaimed soils from open-pit coal mines, promoting the recovery of bacterial communities and improving soil quality. Huang et al. (2016) found that the SOC, TN, and total phosphorus (TP) contents of the soil in the open-pit coal mine drainage site in Heidaigou, Inner Mongolia Autonomous Region, China, increased with the year of vegetation reconstruction response, and that it took c. 25 years for the reconstructed vegetation and soil properties to return to their original state. Mine reclamation techniques mainly focus on artificial vegetation restoration and soil physicochemical-biological property improvement (Cao et al., 2020), however, there is less research on the changes of soil physicochemical properties and microorganisms under vegetation blanket cover, and nothing is known about ecological vegetation blanket restoration techniques for open-pit coal mines in arid areas. Vegetation blankets also called ecological protective plant fiber blankets and geotextiles (Eugeniusz et al., 1991), and are widely used in slope protection, soil erosion, and ecological restoration in mining areas. Mine drainage field ecotype vegetation blanket restoration technology provides a good living environment for plant growth by using vegetation blankets made of natural non-polluting materials (e.g. coconut shell, straw, cotton fiber) or synthetic materials (e.g. polyethylene, polyester) that have been discarded, thus improving the structure and fertility of the surface soil of the open-pit coal mine drainage field and promoting the restoration of the mining ecosystem (Chu et al., 2012). It is therefore important to study the soil physicochemical and microbial community structure of different ecotype vegetation blanket types covered for the ecological restoration of mine sites.
The Helan Mountains, straddling the Ningxia Hui Autonomous Region and the Inner Mongolia Autonomous Region, are at the boundary between temperate grasslands and desert grasslands in China and are the core area of the "Alashan-Erdos Multidimensional Center", one of the eight biological multidimensional centers of endemic plants in China (Li et al., 2014). In this study, high-throughput sequencing technology was used to explore the effects of three vegetation blanket types: straw, straw-coconut, and coconut, and four different treatments of bare soil control on the community structure and diversity of soil microorganisms, and the relationship with environmental factors, in order to explain the feedback mechanism of soil microorganisms on the vegetation blanket cover of the drainage site. The objectives of this study were (1) to investigate whether vegetation blanket cover could increase the diversity of soil microorganisms (bacteria and fungi) in the mine site from this arid mining area; (2) to identify the main environmental factors driving changes in microbial community structure after vegetation blanket cover.

1 Materials and methods
1.1 Site description and sample collection

The study area was located in the dump of Rujigou Dafeng Mine, Dawukou District, Shizuishan City, Ningxia Hui Autonomous Region (39°2′-39°9′N，106°1′-106°15′E) (Figure 1). The area is about 200 km2 and the elevation is between 1823 m and 2120 m. The climate is continental, dry and with little rainfall, a large temperature difference between day and night, northwest winds throughout the year, with a maximum wind speed of c. 12 kts, and no surface runoff (Chen et al., 2005). The soil of the mine drainage site is mainly composed of coal gangue, slag soil, and mining waste. The plants in the mine are mainly shrubs and herbs, mostly Ulmus glaucescens Franch., Ammopiptanthus mongolicus (Maxim. Ex. Kom.) Cheng f., Asterothamnus centraliasiaticus Novopokr., Halogeton arachnoideus Moq., Astragalus laxmannii Jacquin and other dry plants（Li et al., 2021）.
In this study, four randomly selected 1 m×1 m sample squares of each vegetation blanket without damage were selected in May 2021 under the cover of three different types of vegetation blankets of straw (JG), coir (YS), and straw-coir (JY) in the dump of the Dafeng mine, and bare land (CK) was set as a control, and five soil samples were collected randomly as a composite sample in each sample square according to the five-point sampling method. A total of 16 soil samples were collected from three vegetation blanket types and bare land, put into sterilized self-sealing bags, pretreated (removing the visible vegetation blanket debris and gravel with forceps), and then immediately placed in 4 ℃ iceboxes and transported back to the laboratory, part of which was naturally dried in the laboratory and used for the determination of soil physicochemical properties; one sample was stored in a 5 ml freezing tube at -80 ℃ for soil microbial community structure analysis. Gloves, tools, bags, and all other sampling items were sterilized before use. 

1.2 Determination of Soil Characteristics and Enzyme Activity
[bookmark: _Hlk98608242]Soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), available phosphorus (AP), available potassium (AK), soil pH, as well as electrical conductance (EC) were analyzed in the present study. SOC was determined by the external heating method using H2SO4-K2CR2O7, TN of the soil was measured with a Vario EL III CHNS analyzer (Elementar, Germany), TP, AP and AK were determined using the molybdenum-blue method with an atomic absorption spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan). Soil pH, and EC by potentiometric methods (water:soil=1:2.5) ( DDS-307A, Leici Company, Shanghai, China) ( Liu et al., 2019).
Fresh soil on the surface layer was naturally dried indoors and sieved through 100 mesh to determine Urease, Protease, Alkaline Phosphatase and Catalase. Urease activity was determined by the sodium phenol-sodium hypochlorite colorimetric method, Protease activity was determined by the ninhydrin colorimetric method, alkaline phosphatase (AKP) activity was determined by the p-nitrophenylphosphate disodium method and catalase activity was measured by potassium permanganate titration (Wang et al., 2022).

1.3 High-throughput sequencing
PCR amplification was performed on the V3 and V4 regions of 16S rRNA of soil bacteria from three vegetation blanket types and CK with primers 341F (5'- CCTAYGGGRBGCASCAG -3') and 806R (5'- GGACTACNNGGGTATCTAAT -3'). Soil fungus was amplified using the universal primers ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA-3') and ITS2R (5'- GCTGCGTTCTTCATCGATGC -3') which were used for PCR amplification of the ITS1 region of the fungal ITS gene (Ettenauer et al., 2012).
PCR was carried out using Taq DNA Polymerase (Takara, Shiga, Japan) and performed in a 20 μ reaction system, including 4 μl 5× Fast-Pfu buffer, 2 μl 2.5 mM dNTPs, 0.4 μl of each primer (5 μM), 0.5 μl DNA sample, and 0.4 μl Fast-Pfu polymerase (TransGen Biotech, Beijing, China). PCR reaction conditions and amplification procedure was as follows: 98°C/30s, 25x[98°C/10s, 55°C/30s, 72°C/45s], 72°C/5min). The PCR machine used was: T100PCR, Bio-Rad, USA (Sun et al., 2019). The products were detected by 2% agarose gel electrophoresis. After amplification, the PCR products were recovered, purified, detected, and quantified, and the next step was library construction and sequencing using the Illumina Miseq technology sequencing platform (PE300) (Sequencer, Novaseq 6000, Illumina, San Diego, CA, USA) (Wang et al., 2018). Sequencing was conducted by Wekemo Tech Group Co., Ltd. (Shenzhen China). Analyses were conducted in triplicate for each sample.

1.4 Statistical analyses
The data were collated in Excel 2019 and analyzed using IBM SPSS Statistics 24.0 software. QIIME2 software was used to quality control, denoise, splice, and de- chimeric the DNA sequencing raw sequences of soil samples to obtain the structural composition of the microbial community for each sample (Gregory et al., 2010). The remaining analyses were performed using R (4.05). The LEfSe method was applied to identify microorganisms with differences in abundance between groups and samples. The principal coordinates analysis (PCoA) method enables the classification of multiple samples and further demonstrates the differences in species diversity between samples. Redundancy analysis (RDA) was used to reveal potential associations between microbial communities and relevant environmental factors.

2 Results 
2.1 Variation of Soil Basic Physiochemical Properties Among Bare Land and Different Types of Vegetation Blanket 

The physicochemical properties and enzyme activities of different types of vegetation blanket soils are shown in Table 1. The pH of the soil in the dump at Dafeng Mine of the Heilan Mountains ranged from 7.87 to 8.25, which was weakly alkaline. The TN and urease of YS and JY soils were significantly higher than those of bare land (CK), where TN increased by 8.77%, and urease increased by 26.53% and 39.39%, respectively. Available potassium (AK) of JG soil was significantly higher than that of CK, which increased by 25.78%. No differences in SOC, TP, available phosphorus (AP), or EC were observed between soils from CK and those from different types of vegetation blankets（Table 1）.

2.2 Effects of different types of vegetation blanket on the soil microorganisms
2.2.1 Effects of different types of vegetation blanket on the soil microbial diversity
The high-throughput sequencing results of 16 soil samples showed that 1574409 valid sequences were obtained for soil bacteria, with an average of 98401 valid sequences per soil sample and an average sequence length of 415.5bp, while 3104427 valid sequences were obtained for soil fungi, with an average of 194027 valid sequences per soil sample and an average sequence length of 246.3bp. The sequencing results showed that the total number of soil bacterial samples OUT was 24027, belonging to 493 genera and 281 species of 41 phyla and 125 orders and 192 families. Moreover, the total number of fungal samples OUT was 3657, belonging to 422 genera and 636 species of 9 phyla and 33 orders and 80 families and 197 families. There were some differences in the species composition of soil microbial communities under the cover of different types of vegetation blankets (Table 2).
[bookmark: _Hlk98318649][bookmark: _Hlk98318658]There was no significant difference in the abundance of soil bacteria in bare land(CK) compared to the other three different types of vegetation blankets, but the soil bacterial abundance was significantly higher in JG than in YS (Figure 2A). Soil fungal richness was significantly higher in YS compared to CK and also higher than JG and JY (Figure 2B).
The bacterial operational taxonomic unit (OTU) numbers in CK, JY, YS and JG were 3101, 2888, 3007 and 3260, respectively（Figure 3A). The fungal OTU values in CK, JY, YS and JG were 229, 172, 730 and, 225 respectively（Figure 3B). JY、YS and JG vegetation blanket soils had 95, 106, and 177 bacterial OTUs relative to CK, respectively（Figure 3A), while they were 9, 22, and 14 for fungal OTUs（Figure 3B). JG vegetation blanket soils shared more fungal OTUs compared to CK than those soils covered by other vegetation blanket types. In addition, YS vegetation blanket soils shared more bacterial OTUs compared to CK than those soils covered by other vegetation blanket types (Figure 3).
The Principal Coordinates Analysis (PCoA) method enabled the classification of multiple samples and further demonstrates the differences in species diversity among samples. The closer the sample points were, the higher the similarity of soil microbial communities. Principal coordinates 1 (PCo1) and principal coordinates 2 (PCo2) explained 40.6% and 9.8% of the differences in soil bacterial communities among the four different treatments, with a cumulative contribution of 50.7% (Figure 4A), showing a low similarity of soil bacteria among the different treatments. The explained rate of differences in fungal communities was 28.7%, 24.1%, with a cumulative contribution of 52.8% (Figure 4B). The similarity of soil fungi was higher between CK and JG and lower with JY and YS. The similarity between JG and JY was also higher.
These results could also be supported by the ANOSIM results, where the β-diversity of fungi and bacteria was significantly different between CK and different types of vegetation blanket soils. The results indicated that the effect of vegetation blanket cover on bacteria was greater than that on fungal diversity, both in terms of soil microbial richness and species composition (Table 3).
[bookmark: _Hlk98322141]
2.3 Effects of different types of vegetation blanket on the soil microbial community structure
[bookmark: _Hlk98337986]Soil bacterial community composition included 20 identified phyla, with Proteobacteria, Bacteroidetes, Actinobacteria, and Chloroflexi being the four dominant phyla. Proteobacteria was the most abundant phylum in the soil, with relative abundances of CK, JG, JY, and YS soils being 24.76, 27.55, 29.63, and 30.88%. The relative abundance of Bacteroidetes in CK, JG, JY, and YS soils was 17.12, 24.15, 30.22 and 30.28%, that of Actinobacteria was 29.28, 24.56, 19.07 and 20.27% and that of Chloroflexi was 16.00, 10.95, 8.03 and 7.66%, respectively. The above four bacterial species comprised more than 80% of the sequences in each sample (Figure 5A).
[bookmark: _Hlk98337020]Nine fungal phyla were identified. Ascomycota was the most dominant fungal phyla. The relative abundance of Ascomycota in CK, JG, JY and YS soils was 93.69, 88.07, 90.08 and 76.92%, respectively, and the highest abundance of Ascomycota was found in CK (Figure 5B). The percentage of Basidiomycota in YS increased steeply with about 18.08% (Figure 5B).
The linear discriminant analysis effect size method (LEfSe) was used to quantify the main bacteria and fungi in CK and different types of vegetation blanket soils to further elucidate possible interactions between the branches identified in the soil samples. The different colored nodes corresponded to microbial groups that were significantly enriched in the corresponding groups and significantly influenced the differences between groups (LAD > 3, p < 0.05), and the taxonomic rank from phylum to genus ranged from inside to outside the radial circles (Figures 6A and 6C). The results showed that 24 bacterial evolutionary branches exhibited significant differences in different types of vegetation blanket soils, and the bacterial markers of CK were 14 species of Actinobacteria (phylum to genus), Micrococcaceae, Glycomycetaceae, and JY included Flavobacteriaceae (order to genus), succinicans, Micrococcaceae and 7 species, and YS included Burkholderiales, Oxalobacteriaceae, and Massilia. while no markers were exhibited among JG groups (Figure 6A and Figure 6B). 117 fungal evolutionary branches in different types of vegetation blankets and CK soils showed significant differences, with 29 fungal markers for CK including Sordariomycetes, Nectriaceae, Gibberella, and Microdochium, JG including Rhizophlyctis, Chytridiomycota, and 8 species, and JY including Hypocreales, Sarocladium, Cladosporium and 13 other species, and YS includes Basidiomycota, Tremellomycetes, Filobasidiaceae and 68 other species (Figure 6C and Figure 6D).

2.4 Correlation analysis of bacterial and fungal community structure with soil nutrients and soil microbial interactions network
[bookmark: _Hlk98340341]To reveal the effect of soil physicochemical properties on soil microorganisms in different types of vegetation blankets, RDA was used to analyze the effect of soil properties on the structure of soil bacterial and fungal communities. The length of the arrow corresponds to the change in microbial community structure that can be explained by soil physicochemical properties, and the direction represents the increase in soil physicochemical properties. The 1st and 2nd ranking axes of RDA explained 19.7% and 13.4% of the total bacterial variance, respectively. TN, catalase, urease, and protease were the most important factors affecting the soil bacterial community, followed by SOC, AKP, EC, TP, and AK, AP, and pH (Figure 7A). AKP, SOC, TN, and EC were the most significant influencing factors, with protease, AP, urease, and catalase having the next most significant effects, and pH, TP, and AK having the least significant effects (Figure 7B).
The covariance network was an effective way to determine the biological interactions occurring in microbial communities and could represent the complex relationships composed of highly connected between genera as a whole. The color of the dots represents the phylum to which they belong, the size of the dots represented the magnitude of abundance, and the thickness of the lines represents the magnitude of the correlation, with red lines indicating positive correlation and blue lines indicating a negative correlation. In this study, the Pearson model was chosen to conduct a univariate network analysis of the top 30 genera in relative abundance among soil fungi and bacteria of different types of vegetation blankets and CK with absolute values of relative coefficients ≥ 0.5 and p-value < 0.05. The nodes in the network analysis were from the dominant phylum, and the bacteria formed a highly compact network of 28 nodes with 870 reciprocal edges belonging to Proteobacteria, Actinobacteria, Bacteroidetes Firmicutes, and Nitrospirae, which showed a positive correlation accounting for 68.28% and a negative correlation (Figure 8A). The fungi formed a highly compact network of 23 nodes with 30 interactions, belonging to Ascomycota, Chytridiomycota, Basidiomycota, and Mortierellomycota, with 90% positive correlations and 30% negative correlations (Figure 8B).

3 Discussion
[bookmark: _Hlk98494350][bookmark: _Hlk98508290]Microbial community diversity is the basis of soil ecological function, and it is generally believed that the higher the diversity, the more stable the ecosystem and the healthier the soil will be (Dong et al., 2022). In this study, among the soil bacterial and fungal communities in different types of vegetation blankets and bare land, the straw (JG) bacterial community was significantly more diverse than coir (YS) (Figure 2A), and the YS fungal community was significantly more diverse than the control bare land (CK), JG, and straw-coir (JY) (Figure 2B), indicating that the vegetation blanket type influenced the community composition of soil microorganisms in the mine area, which is consistent with previous results (Jambhulkar & Kumar, 2019), where a JG vegetation blanket increased the abundance of soil bacteria, while a YS vegetation blanket increased the abundance of soil fungi (Figure 2). Meanwhile, the JG vegetation blanket had the highest number of bacterial OUT and the YS vegetation blanket had the highest number of fungal OUT. It has been shown that the heterogeneity of microbial distribution depends largely on the surrounding environment (Danise et al., 2022). Vegetation blankets can provide nutrients to soil microorganisms through microbial decomposition and show some similarity under similar environmental conditions at certain spatial scales (Wen et al., 2016). It indicates that the type of straw and coir type vegetation blankets have an important influence on the composition of microbial community structure (Figure 4). In addition, ANOSIM results and PCoA analysis showed that the composition of both soils bacterial and fungal communities differed among vegetation blanket types (Table 3 ). All of the above results can be explained by responding to the response of bacteria and fungi to different types of vegetation blankets (Ren et al., 2018). In this study, the results showed that Proteobacteria, Bacteroidetes, Actinobacteria, and Chloroflexi were the main phyla of soil bacteria in the mining area, and the main phylum among fungi was Ascomycota, which is consistent with the results of previous studies (Chen et al., 2021), indicating that there is some similarity in the distribution of microbial communities in the soil environment in the mining area (Liu et al., 2019), while also showing variability to different degrees (Figure 6). The relative abundance of Proteobacteria and Bacteroidetes in the three types of vegetation blanket soil was higher than that of CK, while the relative abundance of Actinobacteria and Chloroflexi was lower than that of CK, which may be due to the fact that Proteobacteria and Bacteroidetes belong to the symbiotic organisms, and the decomposition of the vegetation blanket can provide a nutrient-rich environment for them (Bennett et al., 2020). Actinobacteria has a stronger ability to adapt to a stressful environment and greater survival advantage in harsh habitats (Joachim & Fatemeh 2016; Barka et al., 2015), while Chloroflexi are oligotrophic (Kadnikov et al., 2020) and prefer poor soil environments.
Most of the nodes of bacteria and fungi in the network analysis map are from the dominant phyla, which is consistent with the pattern of most studies (Jiao et al., 2016; Chen et al., 2021). The dominant phylum of bacteria in this study, Proteobacteria, contains a variety of genera associated with nitrogen cycling (Wang et al., 2022), Actinobacteria promotes recycling of substances, and degradation of complex polymers (Analia et al., 2017), Nitrospira in the Nitrospirae can oxidize nitrite to nitrate (Zhang et al., 2017), while the dominant fungal phylum Ascomycota plays an important role in the decomposition of vegetation blanket residues and degradation of organic matter (Glass et al., 2013). Basidiomycota shows great potential in soil remediation (Miyauchi et al., 2020) (Figure 8). It is thus clear that most of the bacteria and fungi of vegetation blanket-covered soils are involved in biogeochemical cycles. It is inferred that vegetation blanket cover can increase the material cycling function of microorganisms. In addition, the relative abundance of Basidiomycota in YS increased steeply to 18.08% (Figure 5B), which may be related to the large specific surface area, hollow and low bulk density of natural coir fibers, which may provide more space for microorganisms to attach and multiply (Feng et al., 2017).
Soil physical and chemical properties are key factors affecting changes in soil microbial community structure, and soil enzyme activity can reflect changes in soil quality (Liu et al., 2017).Total nitrogen (TN) is one of the important factors limiting plant growth and development, and urease is an enzyme that plays a key role in urea conversion, and its enzymatic reaction product is the nitrogen source available for plant use and uptake. Its activity can be used to express the nitrogen supply capacity of the soil. The TN and Urease contents of YS and JY in this study were significantly higher than those of CK, and the relative abundance of Proteobacteria was increased (Figure 5A), indicating that these two types of vegetation blankets can provide a good environment for soil restoration and plant growth (Huang et al., 2022). The above results are also reflected in the genus-level RDA plots of bacteria, where TN, as well as enzyme activity, are the main influencing factors affecting soil bacteria. While the main factors affecting soil bacteria were AKP, SOC, TN, and EC, the abundance of soil microorganisms in vegetation blanket cover could be increased by artificial measures such as the application of organic fertilizer and water diversion irrigation. The AK content of JG was significantly higher than that of CK, probably because rice straw is an important resource of organic potassium fertilizer, which can provide the nutrients required for plant growth under the decomposition of microorganisms (Wang et al., 2021). Catalase is an important redox enzyme system that reduces the toxic effect of hydrogen peroxide and synthesizes humus in the soil. The catalase content of all three types of vegetation blankets in this study increased significantly compared with CK, which also indicates that vegetation blankets are gradually decomposing into various nutrients under the action of microorganisms, further indicating that vegetation blanket cover can improve the physicochemical properties of soil in mining areas. It can be seen that there are some differences in the response of soil dominant flora to the main physicochemical properties of soil after vegetation blanket cover in the mine area (Hu et al., 2021).


4 Conclusion
In this study, the soil microbial community structure and its diversity characteristics were analyzed under bare land soil and three vegetation blankets covers of straw, coir, and straw-coir in a mine site in an arid region, and the relationship between microorganisms and soil physicochemical factors was investigated by correlation analysis to further understand the ability of vegetation blanket cover in ecological restoration of the mine site. The straw vegetation blanket increased the diversity of bacteria, while the coir vegetation blanket increased the fungal diversity. The dominant bacterial phyla were Proteobacteria, Bacteroidetes, Actinobacteria, and Chloroflexi, whose main influencing factors were total nitrogen, catalase, urease, and protease, and the dominant fungal phylum was Ascomycota, whose main influencing factors were alkaline phosphatase, soil organic carbon, total nitrogen, and electrical conductance. In further research, long-term localization experiments can be conducted to investigate the effects of restoration years of different ecotypes of vegetation blankets on soil microorganisms in mining areas.
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Figure 1. Location of sampling point
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Figure 2. Abundance of (A) bacterial and (B) fungal communities in soils of different vegetation blanket types and CK. * indicates significantly different at p≤0.5.
[image: ]
Figure 3. Venn diagram of the operational taxonomic units (OTUs) of bacteria (A) and fungi (B) in soils of different vegetation blanket types and CK.
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[bookmark: _Hlk98352521]Figure 4. PCoA analysis of bacteria (A) and fungi (B) in soils of different vegetation blanket types and CK.
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Figure 5. Relative abundance of bacterial (A) and fungal (B) phyla at the level of different types of vegetation blankets and CK.
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Figure 6. LEfSe analyses for bacterial (A and B) and fungal(C and D) communities among different vegetation blanket types and CK. (default preset value=3.0, p-values<0.05 considered significant)
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Figure 7 Redundant analysis (RDA) of soil bacterial(A) and fungal(B) 
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Figure 8. Interaction network of soil bacterial (A) and fungal (B) community structures and soil physical and chemical properties

Table 1. Soil physiochemical properties among bare land and different types of vegetation blanket
	Type of Vegetation Blanket
	SOC
(g/kg)
	TN
(g/kg)
	TP
(g/kg)
	AP(mg/kg)
	AK(mg/kg)
	pH
	EC
(us/cm)
	Urease(ug/g/h)
	Protease(ug/g/h)
	AKP(ug/g/h)
	Catalase(ml/g/h)

	CK
	28.25±1.96a
	0.57±0.02b
	0.44±0.02a
	8.13±1.02a
	114.84±3.13b
	7.92±0.09a
	390.75±50.66a
	4.9±0.50b
	0.066±0.022a
	2.55±0.57a
	6.57±0.07b

	YS
	31.11±2.35a
	0.62±0.03a
	0.43±0.02a
	8.17±2.25a
	134.18±3.14ab
	7.94±0.12a
	272.75±58.45a
	6.20±0.32a
	0.082±0.031a
	3.74±0.91a
	6.91±0.15a

	JG
	29.389±1.357a
	0.57±0.01b
	0.42±0.01a
	8.63±1.04a
	144.45±16.16a
	7.87±0.13a
	345.25±142.43a
	5.92±0.47ab
	0.086±0.035a
	3.10±0.22a
	7.05±0.08a

	JY
	31.18±0.95a
	0.62±0.00a
	0.43±0.01a
	11.30±3.90a
	133.79±9.90ab
	7.98±0.10a
	297±62.49a
	6.83±0.84a
	0.116±0.043a
	3.35±0.60a
	7.14±0.14a


Note: Mean ± SD, and the number of repetitions was 4. Different lowercase letters indicate significant differences in soil layers of different vegetation blanket types at 0.05 level. CK, bare land; JY, soil of straw-coir (JY); YS, soil of coir (YS); JG, soil of straw (JG). 

Table 2. Species notes of soil microorganisms at different types of vegetation blanket.
	
	Group
	Phylum
	Class
	Order
	Family
	Genus
	Species
	OTU

	Bacteria
	CK
	27
	80
	111
	162
	195
	64
	3101

	
	YS
	23
	70
	102
	157
	209
	68
	3007

	
	JG
	26
	73
	116
	162
	201
	69
	3260

	
	JY
	24
	72
	102
	152
	193
	73
	2888

	Fungi
	CK
	5
	14
	27
	53
	83
	89
	229

	
	YS
	8
	24
	54
	122
	208
	245
	730

	
	JG
	5
	13
	27
	50
	78
	85
	225

	
	JY
	5
	13
	24
	39
	59
	62
	172



Table 3. Analyses of similarity (ANOSIM) for bacterial and fungal communities among different vegetation blanket types and CK species based on abundance considering Bray-Curtis dissimilarity matrices.
	Comparisons among different vegetation blanket types and CK
	Bacterial
	Fungal

	
	ra
	ra

	CK vs. JG
	0.990*
	0.094

	CK vs. JY
	1.000*
	0.500*

	CK vs. YS
	1.000*
	0.625*

	JG vs. JY
	0.823*
	0.156

	JG vs. YS
	0.979*
	0.719*

	JY vs. YS 
	0.792*
	1.000*
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