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Background: Mining activities are known to exert significant effects on the structure and function of grassland ecosystems. However, the role of mining grasslands restoration in altering the plant community and soil quality remains poorly understood, especially in alpine regions. Here, we investigated species diversity in grasslands with dynamic changes and different restoration levels in the Tianzhu alpine mining area locating in the Qilian Mountains.
Methods: The plant community structure and species composition of the grasslands with different restoration levels were analyzed by the sample method. We used five different restoration levels: very low recovered degree (VLRD), low recovered degree (LRD), medium recovered degree (MRD), and high recovered degree (HRD), and selected natural grassland (NGL, CK) as the control.
Results: Plant community structure and species composition were significantly higher than those under the VLRD in the Tianzhu alpine mining area (p < 0.05), with HRD > MRD > LRD > VLRD. There were 11 families, 18 genera, and 17 species of plants, mainly in the families of Leguminosae, Asteraceae, Gramineae, Rosaceae, and Salicaceae; among them, Salicaceae and Gramineae played a decisive role in the stability of the community. The ecotype community showed that perennial herbaceous plants were the most dominant, with annual herbaceous plants being the least dominant, and no tree and shrub layers were observed; the dominance index was the highest in VLRD at 0.32, the richness index was the highest in HRD at 2.73, the diversity of HRD was higher at 1.93, soil pH and EC showed a decreasing trend, and SMC, SOC, TN, NO3-N, NH4-N, AN, TP, and AP content showed an increasing trend with the increase of grassland restoration.
Conclusion: In summary, with the increase of restored grassland in the Tianzhu alpine mining area, plant diversity gradually increased and plant community structure gradually diversified, which was close to the plant diversity of NGL. The protection of partially VLRD and LRD grasslands in the mining area should be emphasized, and the mine grassland should be used rationally and scientifically restored.
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1 INTRODUCTION
Community structure and biodiversity loss have become a global concern; further, there is accumulating evidence suggesting that these losses will negatively impact ecosystem services, which are essential for societies (Wang et al., 2014). Although community structure and species composition determine the presence of biodiversity, the relationship between species diversity and grassland degradation are the core issues in ecological research (Che et al., 2019; Ma et al., 2022). It has been well acknowledged that decreasing soil biodiversity can hinder many ecosystem properties, such as aboveground plant diversity, nutrient retention, and nutrient cycling (Cappelli et al., 2022; Choudoir et al., 2022). When the composition of the plant community changes with the grassland, it can be intuitively predicted through the changes in plants. Therefore, clarifying and quantifying the change law of plant community structure and species diversity with grassland restoration can aid in the accurate prediction of the community structure and biodiversity of varying degrees of restoration on the spatiotemporal scales. However, humans have taken a series of measures to restore the service functions of destroyed ecosystems post unreasonable mining, of which, revegetation is one of the most important approaches (Neldner et al., 2017; Ahirwal et al., 2018; Liu et al., 2019; Gao et al., 2022). In recent years, the study on plant functional species diversity by domestic and foreign scholars have primarily focused on tropical and temperate forest ecosystems (Satake et al., 2021; Thakur et al., 2021); however, there are few reports on the restoration of grassland ecosystems in mining areas, especially in the alpine mining areas of the Qilian mountains.
The utilization of mining is an integral part of socio-economic development. However, over-exploitation in mining areas has aggravated the degradation of the grassland ecological environment (Akala et al., 2015; Wang et al., 2018), resulting in landscape damage to the ecological and geological environment, soil pollution, and vegetation resource pollution; it has largely destroyed the ecological environment of the Qilian mountains national nature reserve (Haddaway et al., 2019; Adator et al., 2021), and its ecological restoration has become a global ecosystem problem. According to the current status of mining area restoration, domestic and foreign experts have actively carried out ecological restoration and governance in alpine mining areas, clarified the current situation and driving forces of mining area restoration, and reported that the impact of mining area restoration on plant community structure, soil nutrient content comparison, underground microbial communities, and diversity were different (Rania et al., 2021). However, the Qilian Mountains alpine mining area has not been used as a study area to measure the degree of grassland restoration and change in biological communities in the mining area (Figueiredo et al., 2023).
Grassland is the largest area and most important land use type in the Qilian mountains in northwest China (Kang et al., 2021); it plays an irreplaceable role in the construction and development of the ecological environment in the western region (Feng, 2019). Due to mining in the Qilian Mountain reserve, the ecological environment has been damaged, such as the destruction of the original grassland and soil erosion. At present, many researchers have managed the ecological environment of the mining area, scientifically and rationally restored the degraded grassland in the mining area, and promoted the restoration of the mining area. Ecological balance, moderate productivity restoration, and economic benefits are crucial (Wang et al., 2021). The Tianzhu alpine grassland belongs to the northeastern margin of the Qilian mountains and plays a pivotal role in the stability of the ecosystem. Mainly dominated by grasses and sedges, it is one of the areas with the alpine ecosystem’s richest and densest species diversity. However, in recent years, grassland plant community diversity has decreased sharply due to unreasonable mining, the number of endangered plants continues to increase, ecosystem stability has been weakened, and grassland productivity has declined (Celestino et al., 2020; Zhu et al., 2022). Many researchers have restored grassland in mining areas in response to this problem. However, the changes in plant community structure, diversity, and soil microorganisms during restoration are yet to be discovered.
In this study, we considered the alpine grassland plant community in a typical Qianmalong mining area on the northeastern margin of the Qilian Mountains as the research sample plots. We specifically addressed the following scientific questions: 1) How the degree is the grassland ecosystem restoration in the alpine mining area of the Qilian Mountains? 2) What is the plant community structure after the grassland ecosystem restoration in the alpine mining area of the Qilian Mountains? 3) What is the dynamic change law of plant community structure, species diversity, and soil properties after the grassland ecosystem restoration in the alpine mining area of the Qilian Mountains with different degrees of restoration? This study aims to help advance the restoration of alpine mining areas and may provide theoretical support for the ecosystem restoration process of alpine mining grassland.
2 MATERIALS AND METHODS
2.1 Study site, experimental design, and soil sampling
The study site (36。91′N, 102。66′E; elevation: 2,821 m) is located in Tianzhu Tibetan Autonomous County, the Qilian mountain Qianmalong Coal mining grassland of the Gansu Province, northwestern China (Figure 1). It is characterized by a temperate continental arid climate with mean annual temperature, precipitation, and sunshine hours of ∼10°C, 416 mm—most of it is orographic rain concentrated from July–September—, and 2926.7 h, respectively. The primary soil type in the study site is a subalpine meadow with organic matter content, total nitrogen and phosphorus, and pH of ∼10.92, 0.64, and 0.65 g kg–1, and 8.00, respectively. The vegetation type in this area is mainly alpine grassland. The vegetation types in the research alpine mining area are rich and diverse, and the main types of grassland plants are Polygonum viviparum, Elymus nutans, Stipa krylovii, and Cyperus rotundus L.
[image: Figure 1]FIGURE 1 | Location of the study area in the Chinese Qilian Mountains (A, B) and VLRD, very low recovered degree (C), and LRD, low recovered degree (D) an MRD, middle recovered degree (E) and HRD, high recovered degree (F) and NGL, CK natural grassland (G).
Field investigation was conducted in August 2022; three large quadrats were set up in five different restoration grassland and three small sampling plots (0.5 m × 0.5 m) were set up in each large quadrat (Figures 1A,B). Field investigation and data calculation were based on the method of grassland ecological survey of Prof. Ren (1998), recording the plant species, species number, number of individuals, total community coverage, and species coverage in the quadrats. The circle was measured, the height was measured with a steel tape measure, and the altitude, longitude, and latitude of different locations were recorded using a GPS. The Grassland restoration time started in 2017 in the Qianmalong mine. Based on previous research on the Tianzhu section of Zhuaxi xiulong Township in Tianzhu Tibetan Autonomous County, comprehensive analysis of different grassland vegetation and soil characteristics, and the method of restoring succession sequences based on space restoration instead of time (Ren, 1998) and “Soil erosion classification and grading standard” (SL190-2007) of China, the representative restoration of grassland in Qilian Mountains high cold Tianzhu Qianmalong coal mine was selected for investigation, with five different degrees of grassland recovery: very low recovered degree (VLRD), low recovered degree (LRD), middle recovered degree (MRD), high recovered degree (HRD), and natural grassland (NGL), and natural grassland (NGL) as CK (Table 1).
TABLE 1 | Sample plots settings.
[image: Table 1]Soil samples were collected at each sampling plot, from 0 to 20 cm and 20 to 40 cm using a soil auger (Figure 1B). The samples used for soil SMC analysis were passed through a 2-mm sieve determined immediately and then stored at −80°C. Other samples used for analyzing physiochemical soil properties and soil enzyme activity were air-dried and passed through a 2-mm sieve.
2.2 Determination of soil properties
Gravimetric soil moisture content (SMC) was determined by drying to a constant weight at 105°C in an electrothermal blowing oven (DHG - 9,240, Shanghai Jing Macro, Shanghai, China). Soil pH was determined in a soil: water mixture at a ratio of 1:5, and soil organic carbon (SOC) content was determined using the dichromate oxidation method described by Walkley–Black (1934). Total nitrogen (TN) content was measured with an element analyzer (Vario MACRO cube, Elementar INC., Germany), while the total phosphorus (TP) and available phosphorus (AP) were determined by the Sommers-Nelson method. In addition, ammonium nitrogen content (NH4-N), nitrate nitrogen (NO3-N), and alkaline hydrolysis nitrogen (AN) were determined by the Flow-Injection method, Interval-flow analysis method, and Alkali diffusion method (Sommers et al., 1972), respectively.
2.3 Test methods
The community importance value is an important criterion for distinguishing different communities. The main components of each community were determined efficiently.
Important value calculation method: important value (IV) = (relative height + relative cover + relative density)/3 (Zhang, 2004).
Species diversity adopts species richness, diversity index, and uniformity. The indicators such as degree and dominance degree are expressed (Ma, 1994), calculated as follows:
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where, H is the Shannon–Wiener species diversity index, Ma is the Margalef richness index, D is the Simpson diversity index, Eve is the Evenness index, Do is the Dominance index, Pi is the important value ratio of species i, N is the sum of the important values of the plants in the transect, Ni is the important value of the ith plant in the plot, and S is the total number of species in the plot.
2.4 Statistical analysis
One-way analysis of variance (ANOVA) was conducted in SPSS 21.0 (IBM Corp., Armonk, NY, United States) to detect vegetation characteristics of different restoration degrees of alpine grassland, the alpine meadow plant diversity variation. The statistical significance of the means was compared by Duncan’s multiple range test using Statistical Product. The important value and diversity index of each plant in the herb layer were calculated by Excel 2010. The bar chart was analyzed and plotted in Sigmaplot 10.0 (Sigmaplot Lab Corporation, Northampton, MA, USA). The correlation was analyzed and plotted in Origin 9.0 (Origin Lab Corporation, Northampton, MA, USA).
3 RESULTS
3.1 Vegetation characteristics of alpine grassland community with different restoration degrees
Differences in vegetation characteristics in different restoration degrees of alpine grassland communities are shown in Figure 2. The grassland communities showed a downward trend and significant differences (p < 0.05) in different recovery levels of alpine grassland, which exhibited the order of HRD > NGL > MRD > LRD > VLRD. The height of the HRD was 2.20, 3.52, and 7.06 times that of the MRD, LRD, and VLRD, while its density (Figure 2A) was 3.88, 5.44, and 8.26 times that of the MRD, LRD, and VLRD, respectively (Figure 2B). The frequency of the HRD was 1.20, 1.73, and 2.49 times that of the MRD, LRD, and VLRD (Figure 2C), while the coverage was 1.44, 2.00, and 3.43 times that of MRD, LRD, and VLRD (Figure 2D), respectively. The aboveground biomass was 1.72, 3.26, and 4.29 times that of MRD, LRD, and VLRD (Figure 2E), while the frequency and coverage of the HRD were close to that of NGL (CK).
[image: Figure 2]FIGURE 2 | Vegetation Characteristics of alpine grassland under different restoration degrees. (A), Height; (B), Density; (C), Frequency; (D), Coverage; (E), Aboveground biomass. VLRD, very low recovered degree; LRD, low recovered degree; MRD, middle recovered degree; HRD, high recovered degree; NGL, CK natural grassland. Different letters above error bars between treatments indicate significant differences at the 0.05 level.
3.2 Plant family, genus, and species structure of alpine grassland community with different restoration degrees
Sequences in plant family, genus, and species structure in different restoration degrees of alpine grassland are shown in Table 2. It showed that the order of species composition with different degradation degrees of alpine grassland communities was HRD > MRD > LRD > VLRD. The sum of the individual numbers of different communities was consistent with the composition of species. According to the statistical sample survey data, there were 17 species of herbaceous plant in our study plot, which belonged to 11 families and 18 genera; of them, Asteraceae had the most species (5 genera and 5 species), followed by 2 genera and 2 species of Leguminae and Sedges, and 1 genus and 1 species of Poaceae, Yak seedlings, Ranunculaceae, Lessons, Rosaceae, Plantainae, Apiaceae, and Chenopodaceae. The community structure was simple, and the family composition was relatively scattered. In all samples, there were five species of Carex spp, Chenopodium glaucum, Cyperus rotundus L., Oxytropis ochrocephala, and Potentilla chinensis, and four plant species with different degrees of recovery belonged to the Legume, Asteraceae, Grasses, Rosaceae, and Sedges families were high; of them, five major families accounted for 90% of the total plant species of this community in the HRD, 80% of the MRD, 73% of the LRD, and 64% of the VLRD, mainly because Legumes, Poaceae, and other plants were adaptable to low temperature and arid environment; further, compared with other plants, these five major families of plants were adaptable to growth in alpine grassland mining areas. Among them, the number of species composition of grassland communities with high coverage was 3.50 times that of natural grassland in mining areas.
TABLE 2 | Composition of main plant families, genera and species at different degrees of recovery.
[image: Table 2]3.3 Life-form structure characteristics of plant communities of alpine grassland communities with different restoration degrees
Characteristics in the life-form structure of plant communities in different restoration degrees of alpine grassland are shown in Table 3. According to the Whittaker growth type system, the life form is distinguished by the degree of lignification of plant stems in the community (Yang et al., 2016). The herbaceous plants in the study community were divided into perennial and annual herbs. In terms of life forms, perennial herbaceous species were the most dominant, with 15 species belonging to 10 families and 15 genera, and annual herbaceous species were the least dominant, with 2 species belonging to 2 families and 2 genera, accounting for 88.20% and 11.80% of the total species, respectively (Table 3). The number of perennial and annual herbaceous species was large in the grassland communities of alpine mining areas with different degrees of recovery. The number of perennial herbaceous species were relatively abundant and numerous.
TABLE 3 | Composition and quantitative characteristics of community in different recovered degrees.
[image: Table 3]In contrast, the annual herbs were relatively single and small in number; among them, perennial herbs accounted for the largest proportion of HRD, reaching 97%. On the contrary, the proportion of perennial herbs in MRD, LRD, VLRD, and NGL was large, reaching 75%, 86%, 90%, and 86%. respectively. The proportion of annual herbs with medium coverage was the largest, reaching 25%. The community structure of HRD grassland was slightly higher than that of NGL. The perennial herbaceous layer determined the community structure, system function, and stability. Hence, the community structure of HRD grassland was the most stable, followed by MRD, LRD, and VLRD grasslands.
3.4 Community value of alpine grassland community with different restoration degrees
The values of plant communities in different restoration degrees of alpine grassland are shown in Table 4. Perennial herbaceous plants have dominant positions in different communities and play an important role in community structure, ecosystem function, and stability. The dominant species of HRD and MRD of Carex spp were 29.43 and 29.11, respectively, and the sub-dominant species were Cyperus rotundus L. and Elymus nutans; the important values of HRD grassland were 25.86 and 10.67, while the important values of MRD were 19.70 and 13.38, respectively. The main associated species of HRD grassland were Chenopodium glaucum and Sonchus oleraceus, with important values of 7.46 and 6.14; the dominant species of Carex spp and Cyperus rotundus L. were the dominant species in the VLRD grassland, with important values of 39.96 and 30.86. The important values of other associated species were not much different, below 10. Comparative analysis of the herbaceous communities of alpine grassland in the four recovery degree mining areas showed that the critical value of perennial herbs in the community was ∼70. Hence, it occupied an important position in the recovery community of the alpine grassland mining area. However, the dominant position of species in each community was unclear, and the recovery grassland with an HRD was the best, close to NGL.
TABLE 4 | The important value of dominant and sub-dominant species under different recovered stages.
[image: Table 4]3.5 Characteristics of community life structure with different restoration degrees
Compared with the two life forms, the trend of all types of restored grassland was the same: perennial herbaceous plants were markedly dominant, and the sum of important value was more significant than 86.40%, followed by annual herbs, accounting for a smaller proportion (Table 5). The important values of different life forms of the same restoration grassland were generally manifested as perennial herbs > annual herbs, among which, the important values of perennial herbs in alpine grasslands with HRD and MRD were relatively large. In contrast, the important values of annual herbs with MRD and HRD and alpine grassland with MRD were similar. The important values of annual herbs in alpine grassland with VLRD were more significant than those of the other four restoration grasslands. Among the alpine grassland type communities with different degrees of recovery, most of the species were perennial herbs, and only a small number of species were annual herbs; perennial herbaceous plants mainly include Poaceae, Asteraceae, Legumes, Rosaceae, and Sedges, and annual herbs were primarily limited to the two species of Sonchus oleraceus and Chenopodium glaucum. Compared with alpine grasslands with different recovery levels, alpine grassland with HRD had the most species, mostly perennial herbaceous plants, and the number of annual herbaceous plant species in MRD and LRD were roughly the same. Among the degraded grassland communities, perennial herbaceous plants mainly included Melissitus ruthenica, Oxytropis ochrocephala, Carex spp, Geranium pratense, and Cyperus rotundus L.; annual herbaceous plants mainly included Sonchus oleraceus and Chenopodium glaucum.
TABLE 5 | Important values of the life forms of communities in different recovered degree grassland/%.
[image: Table 5]3.6 Changes in grassland species diversity of alpine grassland community with different restoration degrees
Variations of species diversity in different restoration degrees of alpine grassland are shown in Figure 3. The analysis of species diversity with different restoration degrees revealed that the species richness of HRD grassland was significantly higher than that of MRD, LRD, and VLRD grasslands (p < 0.05); among them, HRD grassland was the most abundant with 13 species, followed by MRD with 12 species, LRD with 11 species, and at least 10 species in VLRD grassland. The Simpson index showed that the differences between HRD grassland and MRD grassland were higher than that of VLRD grassland. However, the differences in the Simpson index were not significant, with values of 0.81 and 0.83, respectively. The Shannon–Wiener index of HRD and MRD grasslands were higher than that of VLRD grassland; however, the differences in the Shannon-Wiener index were not significant, with values of 1.93 and 1.99, respectively. The VLRD grassland diversity index was the lowest, indicating that the community’s species composition was simple. The dominance index of alpine grassland types with different restoration degrees differed significantly (p < 0.05). The dominance index of VLRD grassland was significantly higher than that of other grasslands with a degree of restoration, at 0.32. The uniformity indices of HRD and MRD grasslands were higher than those of VLRD grassland. The differences were not significant, and the values were 0.84 and 0.86, respectively.
[image: Figure 3]FIGURE 3 | Plant diversity variation of the alpine meadow under different restoration degrees. (A), Simpson and Shannon–Wiener; (B), Dominance, Margalef and Evenness. VLRD, very low recovered degree; LRD, low recovered degree; MRD, middle recovered degree; HRD, high recovered degree; NGL, CK natural grassland. Different letters above error bars between treatments indicate significant differences at the 0.05 level.
3.7 Soil physical properties
The soil physical properties varied significantly among different recovered grassland (Figure 4). Specifically, soil pH, EC, and SMC in the 20–40 cm soil depths were considerably higher than in 10–20 cm soil depths (p < 0.05); soil pH and EC changed at different restoration levels, gradually decreasing with increasing restoration levels (Figures 4A,B), while soil SMC increased with increasing restoration levels (Figure 4C). Compared with the different restoration levels, the VLRD and LRD sample sites exhibited 40% and 18.85% higher soil pH at 10–20 cm soil depths than that of the NGL, while the VLRD, LRD, MRD, and HRD sample site exhibited 35.45%, 23.58%, 0.07%, and 0.06% higher soil pH at 20–40 cm soil depths than that of the NGL and the soil EC and SMC results were similar. In addition, the HRD recovery effect was close to that of the NGL, with the best recovery effect.
[image: Figure 4]FIGURE 4 | Soil physical properties of alpine meadow, pH (A), EC (B), and SMC (C), under different restoration degrees. VLRD, very low recovered degree; LRD, low recovered degree; MRD, middle recovered degree; HRD, high recovered degree; NGL, CK natural grassland. Different letters above error bars between treatments indicate significant differences at the 0.05 level.
3.8 Soil chemical properties
Differences in soil chemical properties at 0–40 cm depths under different restoration degrees grassland are shown in Figure 5. Soil SOC, TN, NO3-N, NH4-N, AN, TP, and AP at 0–20 cm soil depths were significantly higher than those at 20–40 cm soil depths (p < 0.05); the contents of SOC, TN, NO3-N, NH4-N, AN, TP, and AP were significantly higher in HRD grassland than those in VLRD (p < 0.05). The changes at different restoration levels gradually increased with increasing restoration levels at 10–20 cm and 20–40 cm soil depths. In different recovered grassland, the HRD recovery effect was close to that of the NGL, with the best recovery effect.
[image: Figure 5]FIGURE 5 | Soil chemical properties of alpine meadow, SOC (A), TN (B), NO3-N (C), NH4-N (D), AN (E), TP (F), and AP (G), under different restoration degrees. VLRD, very low recovered degree; LRD, low recovered degree; MRD, middle recovered degree; HRD, high recovered degree; NGL, CK natural grassland. Different letters above error bars between treatments indicate significant differences at the 0.05 level.
3.9 Potential driving factors of plant community diversity and soil physiochemical properties
Pearson correlation analysis of plant community biomass and soil physicochemical properties (Figure 6) revealed that soil SMC, AN, TP, NH4-N, TN, AP, SOC, and NO3-N contents at 0–20 cm soil depths were significantly and positively correlated with plant frequency, coverage, and biomass (p < 0.01), and soil pH and EC were significantly negatively correlated with plant frequency, coverage, and biomass (p > 0.05); further, soil TN was significantly and positively correlated with plant height (R = 0.67, p < 0.01) (Figure 6A). At 20–40 cm soil depths, SMC, AN, TP, NH4-N, TN, AP, SOC, and NO3-N contents were significantly and positively correlated with plant frequency, coverage, and biomass (p < 0.01), while soil pH and EC were significantly negatively correlated with plant frequency, coverage, and biomass (p > 0.05). Soil TP was significantly and positively correlated with plant height (R = 0.71, p < 0.01) (Figure 6B).
[image: Figure 6]FIGURE 6 | Correlations between plant community diversity and soil physiochemical properties in alpine recovered grassland at 0–20 cm soil depths (A) and 20–40 cm soil depths (B). pH, soil pH; SMC, soil moisture content; EC, soil electric conductivity; SOC, soil organic carbon; AP, soil available phosphorus; TP, soil total phosphorus; TN, soil total nitrogen; NO3-N, soil nitrate nitrogen; NH4-N, soil ammonium nitrogen; AN, soil alkaline nitrogen.
Principal component analysis was used to determine the correlation between soil physicochemical properties and the degree of soil recovery. The principal component analysis of soil biological factors at 0–20 cm soil depths of the recovered area of the Qianmalong coal mine revealed the first axis explained 92.67%, with the corresponding second axis explaining 2.54%, and the cumulative of the first two axes explaining 95.20% (Figure 7A). Soil physicochemical properties at 0–20 cm soil depths from HRD and NGL were positively correlated with SMC, AN, TP, NH4-N, TN, AP, SOC, and NO3-N, while the HRD was negatively correlated with pH at 0–20 cm soil depths. The first axis explained 93.63% of the 20–40 cm soil depths, with the corresponding second axis explaining 2.17% and the cumulative of the first two axes explaining 95.80% (Figure 7B). Soil physicochemical properties at 20–40 cm soil depths from HRD and NGL were positively correlated with SMC, AN, TP, NH4-N, TN, AP, SOC, and NO3-N, while the HRD was negatively correlated with pH at 20–40 cm soil depths.
[image: Figure 7]FIGURE 7 | Principal component analysis (PCA) of soil physiochemical properties in alpine recovered grassland at 0–20 cm soil depths (A) and 20–40 cm soil depths (B). Arrows indicate the direction and magnitude of the soil physiochemical index associated. The length of the arrows in the PCA plot corresponds to the strength of the correlation variables. Each graph represents the recovered grassland for each sample (three replicates per sample, 1–3). Data are based on three replicates (1–3) per sample. pH, soil pH; SMC, soil moisture content; EC, soil electric conductivity; SOC, soil organic carbon; AP, soil available phosphorus; TP, soil total phosphorus; TN, soil total nitrogen; NO3-N, soil nitrate nitrogen; NH4-N, soil ammonium nitrogen; AN, soil alkaline nitrogen.
4 DISCUSSION
4.1 Changes in plant characteristics, plant family, genus, species structure, community life structure, and community value
The structure of plant community families, genera, and species not only reflects the community characteristics of plants but also reflects the habitat conditions of plant communities (Zhao et al., 2022). The community species with different degrees of recovery in this study were mainly concentrated in five major families: Legumes, Goldenrods, Grasses, Roses, and Sedges; other families had fewer and scattered species. These five major families had strong ecological adaptability and could better adapt to the semi-arid climate and poor soil ecological restoration environment in the Qilian mountain Tianzhu mining area of China, which was the main part of the degradation degree community at each stage (Table 2). The composition of species was manifested in the fact that most species belong to a few families, and minority species belong to most families. As confirmed by our study, the plant community composition and species diversity in Northwest China are consistent with this community structure and party appearance (Huang et al., 2007). With the increase of grassland recovery coverage in the mining area, the biomass and total cover of alpine grassland increased significantly (Figure 2); the changing trend is similar to the result of Tian et al. (2022). In addition, our results confirmed that VLRD and LRD grasslands might be associated with roadside overgrazing due to their short recovery time and lack of stable growth patterns, thus requiring enhanced management of restored areas and prohibition of grazing.
The community life type structure is the main component of the community structure, which is the external expression of the comprehensive reflection of the habitat factors (Yang et al., 2017). The importance value usually indicates ecological adaptability, and its size is the only indicator to determine the dominant and subdominant species (Kaiser et al., 2016). The turnover of dominant species is a sign of community succession with different degrees of recovery (Ahirwal et al., 2018). This study found that the grassland in the alpine mining area at each restoration level mainly consisted of perennial herbs, followed by annual herbs (Table 3), which accounted for a small proportion. The former dominant species of Salicaceae gradually lost their dominance. Annual herbs appeared, eventually forming VLRD and LRD grassland types, with the dominance of Carex spp (Table 4); in this study, the plants exhibited strong adaptability to cold and arid climatic environments (Yang et al., 2016; Li et al., 2021). The HRD grassland was close to the community life type structure of NGL, which indicated that the restoration method was reasonable, with a noticeable restoration effect (Table 5). Due to the restoration of mine land, it was also possible that its species composition was simple and perennial herbs had absolute dominance due to the direct limitation of environmental conditions, resulting in a single population community development (Xue et al., 2006). It was also possible that the influence of precipitation and restoration time made the species composition and structure of perennial herbs more stable (Lehmann et al., 2020), while annual herbs were less stable, which is consistent with observations of Zhang et al. (2016), who conducted a study on vegetation community characteristics of alpine grassland mining areas on the Qinghai-Tibet Plateau, China. Therefore, annual herbaceous plants have short life cycles, most of which are axial-rooted. In contrast, typical alpine grasslands have high-quality forage grasses of the genus Gramineae and Sonchus, which are the most important resources for ecological conservation and belong to dense clumps of fibrous-rooted perennial herbaceous plants; these species will slowly increase with the restoration of the mine grassland environment and recovery time (Kang et al., 2021), effectively playing the role of soil and water conservation and change the ecological damage of the mining environment (Konig et al., 2023).
4.2 Changes in community species diversity
The community’s diversity needs to be comprehensively measured by three aspects of community richness, evenness, and ecological dominance, which can reflect the structural level of community species composition (De et al., 2016). The results of this study showed that with the increasing degree of mine grassland restoration, the diversity of species in mine-restored grassland showed an increasing trend; the HRD grassland community had the highest species richness and diversity index the lowest dominance. The VLRD grassland community had the lowest diversity index and community evenness but the highest dominance; the number of species was significantly lower than in other sample sites. The community stability and community evenness of HRD grassland were higher, indicating that the restoration method by mulching and seeding were suitable for local ecological restoration (Figure 3). The community stability of HRD grassland was similar to that of the undamaged NGL, accompanied by the emergence of ecologically protected plants of the genus Gramineae and Artemisia, which improved the process of mine restoration. This is consistent with the findings of Xu et al. (2005) and Chen et al. (2020) on the succession pattern of restored grasslands and with the study of Gornish et al. (2017) scholars on the negative relationship between the diversity index and ecological dominance. Proper grazing can reduce the competitive ability of dominant community species, increase the diversity level of the community, provide invasion and growth of weaker or new species, and enrich the diversity of community species to some extent (Huang et al., 2007), leading to high evenness, high richness, and low dominance of MRD grassland community.
4.3 Changes in potential driving factors of plant community diversity soil physiochemical properties
The community structure of the soil is sensitive to changes in soil physicochemical properties (Kathryn et al., 2012). Several studies have reported that the soil pH increases with increasing soil depth and decreases with increasing grass restoration (Bates et al., 2011; Lin et al., 2019). This study found a similar result: soil pH was higher at 20–40 cm soil depths. The reason is that the alpine grassland mainly contains herbaceous vegetation, wherein the root system is primarily gathered at 0–20 cm soil depths; therefore, microorganisms are enriched in the inter-root soil. The root system and the inter-root microorganism respiration produce CO2, and the inter-root water combination renders the pH of the surface soil negligible. As confirmed by our study, the trend of SMC, SOC, TN, NO3-N, NH4-N, TP, AN, and AP decreased with increasing soil depth and increased with increasing degradation, mainly because soil nutrient source is primarily concentrated in the upper layer; in addition to the low precipitation of alpine grassland, the root-rich surface soil is rich in bound water, root secretions, and microorganisms, resulting in relatively high nutrient content in the surface layer of soil (Xu et al., 2020). The results of PCA showed that the indices of recovered mine grassland with HRD were positively correlated with that of NGL, mainly because of the high vegetation biomass and cover in HRD, increased uptake of mineralized and animal excretion of fast-acting nutrients by plants, and increased soil nutrient content of HRD at the surface—with the degree of recovery (Liu et al., 2019).
In summary, our results confirmed that the communities of VLRD and LRD grasslands in the mine area of the Tianzhu Qianmalong coal mine were unstable and had less plant forage value. This was accompanied by the appearance of harmful plants, poor recovery, and is prone to degradation into bald spots, which should be improved with later fence protection on both sides of the road, fence closure, and a grazing ban for recreation (Li et al., 2021). Furthermore, secondary seeding maintenance can accelerate the recovery of poorly recovered grassland, and nurturing measures should be carried out (Fieldsjohnson et al., 2012), to improve the overall ecological restoration of the mine site and the ecological restoration of the mining ecosystem.
5 CONCLUSION
Vegetation characteristics, community structure, and species diversity of four different degrees of restoration and natural grassland in the Tianzhu Qianmalong coal mining area grassland were analyzed. We arrived at the following conclusions: the overall plant community showed a decreasing trend with the increase of restoration level of mine grassland, and the difference was significant (p < 0.05), in the order of HRD > NGL > MRD > LRD > VLRD. There were 11 families, 18 genera, and 17 species of plants in the study area; of them, 12% were Legumes with high ecological adaptability of plant communities, 29% were Asteraceae, 5% were Gramineae, 5% were Rosaceae, and 12% were Salicaceae. The four different restoration degrees and natural grassland vegetation types were Carex spp + Cyperus rotundus L., Cyperus rotundus L. + Carex spp, Cyperus rotundus L. + Elymus nutans, Cyperus rotundus L. + Elymus nutans, and Cyperus rotundus L. + Elymus nutans. The ecotype community of restored grassland in the alpine mining area showed the predominance of perennial herbaceous plants, with annual herbaceous plants being the least dominant and no tree or shrub layer. The very low recovered degree species dominance index of grassland communities was the highest in the stage of different degrees of restoration grassland in the alpine mining area. The community species richness and diversity indices were the highest in HRD grasslands. Soil pH and EC showed a decreasing trend, and SMC, SOC, TN, NO3-N, NH4-N, AN, TP, and AP content exhibited an increasing trend with the increase of grassland restoration. The index of mine restored grassland with HRD was closely related to the index of NGL with the best restoration effect.
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