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Abstract

:

In a complete organic ecosystem restoration in mining areas, soil and vegetation complement and influence each other. It is of great significance to evaluate the ecological restoration effect on and ecosystem stability of the mining area, with the coupling and coordinating relationship between herb community and soil physicochemical properties after land reclamation. Therefore, this study takes Juxinlong Coal Mine in Dongsheng District of Ordos City, Inner Mongolia Autonomous Region as the study area. The understory herbaceous plant community and soil factors with restoration time of 3 to 7 years were selected as the research objects. In addition, artificial grassland and natural restoration grassland were used as controls to investigate the species composition of herbaceous communities and soil physicochemical properties in different sites. The grey relational coupling model was adopted not only to study the relationship between herb community and soil factors but also to explore the coupling mechanism between herb community and soils’ physicochemical properties. The results included: (1) 51 herbaceous plants were investigated in the study area, among which Gramineae, Compositae, Leguminosae, and Chenopodiaceae were the primary ones, accounting for 70% of the total. (2) With the increase of restoration years, the diversity indices of understory herbaceous plants generally showed an increasing trend, but the diversity indices of understory herbaceous plants with different restoration years was smaller than that of artificial grassland. (3) The results of grey correlation analysis showed that the diversity of herbaceous plant community in the study area was closely related to soils’ available nitrogen and water content. (4) The degree of coupling and coordinating between the diversity of herbaceous plants and soils in the study area presented a trend of first increasing then decreasing during the accumulating restoration years. Among them, the degree of coupling between the diversity of understory herbaceous plants and soil system in the 5-year restoration’s sample plot (0.73) was found to be the highest, which was classified as medium coordination. The lowest coupling degree of herb diversity and soils was identified in the artificial grassland (0.51), which was light incoordination. Therefore, it is suggested that the control of water and nitrogen resources should be strengthened, the herbaceous vegetation should be reasonably selected, and the artificial tending should be carried out in the later stage of understory herbaceous vegetation construction in the study area to better promote the vegetation construction in the mining area.
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1. Introduction


Coal resources are one of the leading energy sources for industrial consumption in China and play an essential role in China’s economic development [1]. Uncalculated coal-mining activities have caused severe environmental pollution and ecological damage, changes in soil structures and functions [2,3], soil quality decline, biodiversity losses, and vegetation reductions, which have become problems that need to be solved for the sustainable development of these mining areas [4,5]. Existing studies have already shown that vegetation restoration was the most direct and effective way to improve the ecological environment of mining areas [6,7,8]. Vegetation restoration has been widely used to address the ecological environmental problems in mining areas and to promote their developments with the advantages of low cost, strong applicability and sustainability [9,10]. Land reclamation is an effective way to solve the conflict between coal mining and land resources mitigation, and alleviate the contradiction between people and land in mining areas. The restoration of soil fertility is the focus of land reclamation and ecological restoration in abandoned mining areas [11]. In the ecosystem of a mining area, soil and vegetation are two interdependent factors. Vegetation succession affects soil development, and soil nutrients restrict plant growth; thus, soil and vegetation complement and influence each other [12,13]. Scientific and reasonable vegetation restoration can effectively solve soil and water loss, biodiversity loss, and other ecological environmental problems, and can improve soil fertility, and form a positive interaction with the soil ecosystem. At present, many scholars often use a coupling coordination model to quantitatively evaluate the relationship between soil and vegetation [14], and the strength and synergistic effect of soil-vegetation interaction are reflected by two indicators: coupling degree and coupling coordination degree [15,16,17]. Luo et al. [18] found that the coupling degree and coupling coordination degree of the vegetation-soil system in different periods of vegetation restoration of artificial Haloxylon ammodendron were not in one-to-one correspondence. Peng et al. [19] also found that the coupling degree and coupling coordination degree of different returning farmland to forests and grasslands in karst peaks and depressions are not in one-to-one correspondence, and the positions of the comprehensive indices of vegetation and soil in the overall model are not completely consistent. Therefore, studying the coupling relationship between vegetation and soil poses significantly theoretical and practical significances for revealing the directions of vegetation community’s succession and vegetation construction in mining ecosystems.



Plant community is the product of the interaction between plants and the environment. With the change of species diversity, vegetation community succession from pioneer stage to relatively stable stage. In the process of ecosystem restoration, the dynamic pattern of community succession responds to the changes of community environment and biodiversity [20]. As an essential part of vegetation system in a mining area, the herb layer plays a significant role in water and soil conservation, biodiversity protection, the ecosystem’s function maintenance, succession and development [21]. Herbaceous plants affect the stability of ecosystems by occupying ecological niches in the community, and their biodiversity variations are also critical indicators to measure both the structures and functions of forest communities. Liu et al. [22] found that using shade-tolerant herbaceous plants in the forest-grass composite ecosystem could effectively reduce soil erosion. Thomaes et al. [23] have shown that species-rich understory herbs were more conducive to the restoration of forest systems. Wei et al. [24] discovered that understory plant diversity was positively correlated with soil microenvironment. Species diversity is the foundation of ecological function, and it represents the community structure, organization level, development, stability, and habitat condition [25]. The herb layer species occupy a dominant position in the entire community richness [26], restricts the ecosystem nutrient cycle, habitat heterogeneity, such as ecological process, and also affects the tree seedling survival, development and growth [27]. Therefore, it is of great value to study the composition and diversity of understory herbaceous community in mining area for the regulation and management of an artificial forest ecosystem.



Inner Mongolia Autonomous Region has been an important coal mine region in China. Since the implementation of reclamation policy in its mining areas, the vegetation coverage there has increased significantly. At present, the research on vegetation reclamation in coal mining areas mainly focuses on “soil quality” [28,29,30], “water and soil conservation” [31,32,33] and “biodiversity” [34,35,36], etc. However, there has been little research on the coupling relationship between understory herbaceous community and soils after different restoration years in the mining area. Therefore, in this study, understory herbaceous plant communities and soil factors with restoration of 3–7 years in the reclamation area of Juxinlong Coal Mine were taken as the research objects, while artificially and naturally restored grasslands were taken as the controls to clarify species composition and diversity of understory herbaceous plants with different restoration years. Then, the grey correlation coupling model method was used to analyze the coupling degree of herbaceous plant community and soil factors in the study area, so as to clarify the coupling coordination degree of the understory herbaceous plant community and soil after land reclamation in the mining area, and finally provide scientific basis and data support for vegetation configuration and tree species selection in the ecological restoration and reconstruction of mining areas in the study area and similar areas.




2. Materials and Methods


2.1. Overview of the Study Area


The study area is located at Juxinlong Coal Mine (110°4′2″ E, 39°54′16″ N) in Ordos City, Inner Mongolia Autonomous Region. Its average altitude is about 1360 m, the terrain is flat, the climate type is temperate continental climate, and the frost-free period was about 135 days. Rainfall varies greatly every year, with an average annual volume of about 400 mm, mainly concentrated in July to September. Since 2011, the mining area has undergone land reclamation work in the mining areas. At present, there have already been shrubs like Hippophae rhamnoidoes and Tamarix chinensis, as well as Achnatherum splendens, Leymus chinensis (Trin.) Tzvel., and Calamagrostis epigeios (L.) Roth and other shrub-grass-dominated vegetation communities.




2.2. Plot Setting and Sample Collection


Through on-the-spot investigations and explorations in the study area, the understory herbaceous plants’ communities with different restoration years (3 years, 4 years, 5 years, 6 years and 7 years) were selected as the research object (Figure 1), and the adjacent naturally restored grasslands and artificially restored grasslands were used together as the control group. Three plots of 10 m × 10 m were set up in the distribution area of the under-forest herb community with each restoration period, and five 1 m × 1 m herb samples were set up in each plot by the diagonal method, with each plot being investigated and recorded. Information and indicators included the number of herb species, height, and coverage within the quadrat. In each plot, along the diagonal, we set three soil profiles with a depth of 1 m, used a ring knife to collect soil samples, removed surface litter, and divided them into 5 layers vertically downward from the surface, namely 0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, 80–100 cm. Three ring knives were set up for each layer of the same section to be repeated for later determination and calculation of soil physical properties. Meanwhile, the soil samples collected from each layer of the profile were put into Ziplock bags and brought back to the laboratory for natural air-drying and sieving before their chemical indices determination. Sample plot information is listed in Table 1.




2.3. Determination of Soil Samples’ Properties


The drying method was applied to measure the natural Soil Water Content (SWC). The “ring-cutting and water immersion” method was used to measure and calculate the soil bulk density (BD), total porosity (TCP), saturation moisture content (SMC) and capillary water-holding capacity (CWHC) [37]. Soil particle size was identified by BT-9300 S laser analyzer for particle size distribution (soils’ particle size classification was based on the American soil texture classification standard). The pH value was determined using the PHS-320 high-precision intelligent acidity gauge, at the water-soil ratio of 2.5:1. Soil electric conductivity was measured by DDS-608 multi-functional conductivity meter, and the water-soil ratio was set to 5:1. The potassium dichromate oxidation process combined with the heating method was adopted to measure the Soil Organic Carbon (SOC). Available Nitrogen (AN) was determined via the alkaline hydrolysis—diffusion absorption method, Available Phosphorus (AP) was identified using the molybdenum antimony anti-colorimetric method, and Available potassium (AK) by the flame photometer method. Total Nitrogen (TN) was measured using the kjeldah method. Total Phosphorus (TP) was identified based on the sodium hydroxide melting-molybdenum antimony colorimetric method [38].




2.4. Calculation of Herb Diversity


α-diversity indices mainly focus on the number of species in local uniform habitats, so they are also known as the diversity of native habitats. They are widely used in plant community research. Margalef index, Simpson dominance index, Shannon-Wiener diversity index and Pielou evenness index are calculated to characterize the richness, dominance, diversity, and evenness index of species community composition. Therefore, in this study, Margalef index, Pielou index, Simpson index, and Shannon-Wiener index were used to calculate the diversity of herbaceous communities after different restoration years in the study area.



Important value (   P i   ):    P i   = ( Relative   density + Relative   height + Relative   coverage ) / 3   



Margalef index (D′):   D ′ =  (  S − 1  )  / ln N  



Pielou index (E):   E = H ′ / ln S  



Simpson index (D):   D = 1 − ∑  P i    2   



Shannon-Wiener index (H’):   H ′ = − ∑  P i    ln  P i   



Here, S is the number of species growing in the plot, and N is the sum of the numbers of all individual species.




2.5. Grey Correlation Coupling Analysis


The coupling coordination degree model includes two indices: coupling degree and coupling coordination degree, which can directly reflect the interaction degree and synergistic effect between factors. The coupling analysis of plant diversity and soil factors is carried out by using the grey correlation degree method, and the coupling degree between plants and soil is explored by establishing the grey correlation degree model, system coupling coordination degree evaluation criteria are shown in Table 2. Four plant diversity indices and 15 soil factors were used in this study. Firstly, dimensionless standardization is used to process the data of indicators involved in the measurement, and then the correlation coefficient is calculated according to the following formula [39]:



(1) Data standardization:


   x i ,   ( k )  =    x i   ( k )  − m i n  x i   ( k )    m a x  x i   ( k )  − m i n  x i   ( k )       











(2) Incidence coefficient:


  γ  (   x 0 ,   ( k )  ,  x i ,   ( k )   )  =   Δ  x  m i n   + ε Δ  x  m a x     Δ  x  0 i    ( k )  + ε Δ  x  m a x        










  Δ  x  m i n   =   m i n   ∀ j ϵ i     m i n   ∀ k    |   x 0 ,   ( k )  −  x j ,   ( k )   |     










  Δ  x  m a x   =   m a x   ∀ j ϵ i     m a x   ∀ k    |   x 0 ,   ( k )  −  x j ,   ( k )   |     










  Δ  x  0 i    ( k )  =  |   x 0 ,   ( k )  −  x i ,   ( k )   |   











 ε  is the resolution coefficient, its range is generally 0 <  ε  < 1, and the general value is  ε  = 0.5.



(3) Calculation of grey correlation degree by equal weight method:


   Γ   (  i j  )    =  1 n    ∑   k = 1  n  γ  (   x 0 ,   ( k )  ,  x i ,   ( k )   )     











When 0 <    Γ   (  i j  )      ≤ 0.35, the correlation degree is weak; when 0.35 <    Γ   (  i j  )      ≤ 0.65, the correlation degree is medium; when 0.65 <    Γ   (  i j  )      ≤ 0.85, the correlation degree is strong; when 0.85 <    Γ   (  i j  )      ≤ 1.0, the correlation degree is significantly strong.



(4) Establishment of coupling model:


   {       d i  =  1 l     ∑   j = 1  l   Γ  (  i j  )       (  i = 1 , 2 , 3 , … l ; j = 1 , 2 , 3 , … m  )         d j  =  1 m     ∑   i = 1  m   Γ  (  i j  )       (  i = 1 , 2 , 3 , … l ; j = 1 , 2 , 3 , … m  )           











(5) Coupling analysis:


  C  ( k )  =  1  m × l     ∑   i = 1  m    ∑   j = 1  l  γ  (   x 0 ,   ( k )  ,  x i ,   ( k )   )   











Here, m is the number of soil indicators, and l is the quantity of diversity indicators.




2.6. Data Processing and Analysis Softwares


Excel 2016 was employed to calculate the species diversity indices, grey correlation degree and system coupling/coordination degree, ArcGis 10.3 was used for map of sample area, SPSS for one-way ANOVA and Duncan ‘s method for multiple comparisons and Origin 2018 was used to draw figures.





3. Results


3.1. Difference Characteristics of Soil Properties


Table 3 exhibits that the soil in the study area was alkaline, and the soil indices showed significant indigenous differences in different places (p < 0.05). Soil clay, silt, electrical conductivity, soil organic carbon and available phosphorus content were the highest in the 7-year restoration plots. Soil total porosity, capillary capacity, available nitrogen and total phosphorus content were the highest in the 6-year restoration plots. The contents of soil sand and soil organic carbon were high in the 5-year and 4-year restoration plots, and the soil water content, pH, electrical conductivity, and available potassium were high in the 3-year restoration plots. The soil water content, electrical conductivity and the soil water content in natural restoration grassland were relatively high, the contents of soil sand and soil organic carbon in artificial grassland were high.




3.2. Composition of Understory Herb Community after Different Restoration Years


Table 4 lists 51 species of understory herbaceous plants in the study area, mainly Compositae (32%), Gramineae (20%), Leguminosae (12%) and Chenopodiaceae (6%). The proportion of caryophyllaceae and Labiatae together was 4%. The families of Valerianaceae, Apocynaceae, Amaranthaceae, Brassicaceae, Crassulaceae, Bignoniaceae, Violaceae, Thymelaeaceae, Geraniaceae, Polygonaceae and Chicoryaceae were all single families and single genera, jointly accounting for 2%. With the increase of restoration years, the number of understory herbaceous plants in the study area did not change significantly, while the number of species in various plots was lower than those in naturally and artificially restored grasslands.




3.3. Diversity Characteristics of Herbaceous Plant Communities after Different Restoration Years


Figure 2 exhibits that with the increase of restoration years, the Margalef index, Simpson index and Shannon-Wiener index of herbaceous plant communities in the study area fluctuated up and down, basically showing a trend of increasing first then decreasing, which were less than those in artificial and natural restoration grasslands. The Pielou index of understory herbs with different restoration years showed a relatively gentle change, and there was no obvious trend change. Among them, the Pielou index of understory herbaceous plants in the 7-year restoration sample site (0.927) was the largest, while the Pielou index of natural restoration grassland (0.474) was the smallest, and their difference was large.




3.4. Analysis of Grey Correlation between Plant Community Diversity and Soil Factors


Figure 3 shows that the degrees of correlations between herb community diversity indices and soil factors were around 0.50–0.91, with an average value of 0.66, while the general correlation degree was medium or above. Among them, the degree of correlation between Margalef index and available nitrogen (0.91) was the maximum (strong correlation), while that between Margalef index and available potassium (0.56) was the minimum (medium correlation). Pielou index exhibited the highest correlation (strong) with available nitrogen (0.78), and the lowest correlation (medium) with available phosphorus (0.50); Simpson index presented the highest correlation with soil moisture (0.77) (strong), and the lowest correlation with total phosphorus (0.58) (medium). Shannon-Wiener index showed the highest correlation with available nitrogen (0.83) (strong), and the lowest correlation with total phosphorus (0.54) (medium).




3.5. Analysis of Coupling/Coordinating between Plant Community Diversity and Soil Factors


It can be seen from Table 5 that the degree of coupling/coordinating between herb community and soil system in each sample plot of the study area ranged from 0.51 to 0.73. The coupling degree between herb community diversity and soil system in the sample plots of 5 and 6 years of restoration was the maximum (0.73), which was a medium coordination. The herb community diversity and soil system in the sample plots of natural restoration grassland after restoration of 3, 4 and 7 years were in a state of light coordination. The coupling degree between plant community diversity and soil system in artificial grassland was the minimum (0.51), which was a light incoordination. With the accumulating restoration years, the coupling degree between herbaceous plant diversity and soil system first increased then decreased.





4. Discussion


4.1. Analysis of Community Composition and Diversity of Understory Herbaceous Plants in Coal Mines’ Reclamation Areas


The understory herbaceous communities in the study area were dominated by Compositae, Gramineae, Leguminosae and Chenopodiaceae, jointly accounting for 70% of the herbaceous species in the study area (Table 4), which was similar to the research results of other scholars. Guo et al. [41] in the study of Antaibao open-pit coal mine found that its reclamation area of artificial forest’s herbaceous plant communities were mainly made up of with Gramineae, Compositae and Papillionaceae. Feng et al. [42] also found that Compositae, Leguminosae, Chenopodiaceae, and Gramineae were the dominant groups in the study of compositions of plant community in Ningdong mining area. Wang et al. [43] investigated 44 understory herbaceous plants in the ecological reclamation area of Antaibao opencast coal mine. The dominant families are Gramineae and Compositae. The major reason for this was that these groups of plants possessed a wide niche, drought tolerance, barrenness, strong reproduction and adaptability, with broad universality for dry and windy mining areas [44]. In the meantime, this study also found that understory herbaceous plants were mostly one-year-old ones and few Gramineae/Compositae ones at the early stage of the reclamation. With the accumulating restoration years, perennial herbaceous plants gradually increased, while the proportion of Gramineae and Compositae herbaceous plants occurring together also grew. Gou et al. [45] also found that with the increase of planting years of Caragana korshinskii, the understory herbaceous plants was gradually dominated by perennial herbaceous plants when studying the understory herbaceous plant communities of artificial Caragana korshinskii forests with different planting years in the aeolian sand area of northwestern Shanxi. Hao et al. [46] found that, with the increase of restoration years, the community composition of plants evolved from one-year-old and two-year-old, high density and small individuals to perennial, low density and large individuals. Species diversity is an essential feature of biological communities, and the basis of grassland ecosystem stability [47]. In this study, with the increase of restoration years, the Margalef index, Simpson index and Shannon-Wiener index of herbaceous plant community basically showed a trend of increasing first and then decreasing, which was similar to the results of Zhang et al. [48]. The reason for this may be that, in the early stage of reclamation, the competition of herbaceous plants was less, and the sunshine and nutrients were sufficient, while in the later stage, the community species diversity decreased due to the influence of seabuckthorn forest and herbaceous dominant species. The Pielou index of herbaceous plants under different restoration years showed a relatively gentle change trend, indicating that the community stability was also relatively stable, which was similar to the results of Mao et al. [49]. The Margalef index, Simpson index, and Shannon-Wiener index of understory herbaceous communities after different restoration years were lower than those of artificial grasslands (Figure 1), mainly due to the latter being planted artificially. Accordingly, in vegetation construction, plant species increased, and species distribution uniformity improved.




4.2. Analysis of Coupling between Herb Community and Soil Factors after Different Restoration Years


The correlation between species diversity and soils’ physicochemical factors of understory herbaceous plant communities after different restoration years was above the medium degree. Available nitrogen and soil moisture were found to be the main influencing factors of herbaceous plant communities in the study area (Figure 3). Water was verified as the major limiting factor of vegetation growth in arid system. It was also confirmed as the direct source of moisture for vegetation growth and utilization [50,51]. Wang et al. [52] found that soil water content was positively correlated with species diversity. Cui et al. [53] proved that the herb layer maintained strong function of water conservation. Afforestation activities will cause a decrease of soil water content in a certain period. Under this kind of stress, drought-resistant herbaceous plants would occupy numerous niches, consequently inhibiting the seed germination and growth before changing the diversity of understory plant communities [54,55]. Wang et al. [56] found that soil water content had the greatest relative influence on the diversity of herbaceous plants, and showed a negative correlation. The reason for this may be that the local perennial herbaceous plants have drought resistance, and higher water content may cause stress to most herbaceous plants. Huang [57] showed that the water consumption of legume grassland was higher than that of gramineous grassland. Wang [58] found that the influence of growth environment system indices factors on resilience was in the order of soil water content, soil nutrient content, and soil bulk density.



Nitrogen was demonstrated to have changed the competitiveness of individual plants or functional groups [59,60,61]. Xu et al. [62] found that, in the early stage of ecological restoration, available nitrogen in soil greatly influenced the α diversity indices of understory herbaceous plants. Chen et al. [63] showed that soil available nitrogen content is an important potential factor affecting plant diversity in the herb layer, which is related to the direct use of alkaline hydrolyzed nitrogen by herbs to promote their growth. In addition, some herbaceous plants with higher requirements for water and fertilizer conditions may also be more inclined to distribute in habitats with higher alkaline hydrolysis nitrogen content. Hu et al. [64] discovered that the grass cover under forests was beneficial to increasing the soils’ available nitrogen content, and the artificially grass-planting forest-land raised this specific content faster than the native one. However, some studies showed that the increase of nitrogen content led to the decrease of species diversity [65], which might be due to the rapid expansion of dominant species because of the addition of soil nitrogen content, inhibition of the growth of other species in reproduction, and promotion of the simplification of community structure [66]. Yuan et al. [67] showed that legumes could effectively improve soil moisture and nitrogen nutrition in the abandoned soil field of the Loess Plateau, which was attributed to the nitrogen fixation function of legumes. Therefore, when the artificial vegetation was restored in this mining area, soils’ water and nitrogen contents should both be reasonably regulated to better improve the vegetation community structure in the study area.



Ecosystem stability can control the species diversity. With the accumulation of restoration years, the coupling degree between understory herbaceous plant diversity and soil system increased first, and then decreased (Table 5). This might be due to the understory herbaceous layer at the beginning of the reclamation stage; the vegetation community inflicted a fierce competition for living spaces, waters, nutrients, and other resources. Moreover, there was a phenomenon of plant eliminations, decays, and deaths [68], which lowered the coupling coordination degrees of plants and soils in this stage. In the later stage of artificial restoration, the vegetation could absorb resources more effectively with the gradual stabilization of the feedback mechanism between niche differentiation and soils, while its anti-interference ability and resilience stability to environmental changes have also been effectively improved. The coupling/coordination degree between vegetation and soil was thus classified into the medium coordination stage. However, this study also showed that, after 7 years of restoration, the coupling/coordination degree between herbaceous plant community and soil in the study area turned into a light coordination stage, while the degree also showed a downward trend. This might be caused by the fact that Hippophae rhamnoides forest did not have flat stubble after 7 years, which led to the decline of the coupling degree between herbaceous plant community and soil under the forest [69,70]. Zhao et al. [71] found that the herbaceous plant community and soil factors had different trends with the increase of restoration years in the process of restoration of degraded land in Horqin Sandy Land. The vegetation community recovered rapidly in the early stage of restoration, but after 12 years of restoration, the vegetation composition changed significantly. The recovery of soil was relatively slow, and it was not until 20 years after recovery that the content of soil nutrients such as carbon and nitrogen increased significantly. In this study, although the number of species and the diversity indices of herbaceous plants in artificially and naturally restored grasslands were both higher, the adaptability of herbaceous plants planted in artificial grasslands was different due to the interference of human activities. Consequently, the diversity of plants and number of species exceeded the carrying capacity of water and soil in the local ecological environment. However, the naturally restored grassland was caused by native recovery, without manual intervention. Moreover, the vegetation’s natural recovery succession process was long, resulting in low coupling between artificially/naturally restored grasslands and soils, which were identified as light incoordination and light coordination. Therefore, in the future, in the ecological restoration process of abandoned mining areas in the study area, appropriate manual interventions should be carried out to control the planting density.





5. Conclusions


This study found 51 species of herbaceous plants in the study area, mainly Compositae, Gramineae, Leguminosae, and Chenopodiaceae. The composition of understory herbaceous communities was similar to that of non-understory herbaceous communities. With the accumulating restoration years, the diversity indices of understory herbaceous plants generally showed an increasing trend, but were less than that in artificial grassland. In this study, the coupling and coordinating degrees between understory herbaceous plant diversity and soils increased first, and then decreased with the accumulating restoration years. The feedback mechanism between herbaceous plant community and soils gradually stabilized, while the light incoordination caused minimal coupling between the vegetation and soils in artificial restoration plots. The correlation between herbaceous plant community’s diversity and soil factors was above medium degree, while available nitrogen and soil water content were the key driving factors of herbaceous plant community changes. Therefore, this study suggests that, for this study area, future restoration of artificial vegetation should consider the carrying capacity of local waters and soils, strengthen the regulation of water and nitrogen resources, and conduct appropriate vegetation tending in order to better promote the recovery of vegetation in abandoned mining areas.
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Figure 1. Sample plot map. Note: In Figure 1, (A) is the overview map of the mine site before restoration measures, (B) indicates the overview map of the mine site after the implementation of vegetation restoration measures, and (C) is the overview map of the sea buckthorn sample plot in mining area. 
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Figure 2. Diversity indices of understory herbaceous plant community in different restoration years. 
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Figure 3. Coupled heat map of herbaceous community diversity and soil. 
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Table 1. Basic information of sample land.
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	Sample Code
	Plot Type
	Restore Year
	Altitude (m)
	Plant Spacing × Row Spacing (m)
	Base Diamete (cm)
	Height

(cm)





	R7
	Macro-fruit seabuckthorn
	7
	1350
	2 m × 3 m
	4.2 ± 0.15
	168 ± 3.84



	R6
	Macro-fruit seabuckthorn
	6
	1320
	2 m × 3 m
	5.2 ± 0.19
	190 ± 3.55



	R5
	Macro-fruit seabuckthorn
	5
	1370
	2 m × 3 m
	3.8 ± 0.29
	167 ± 2.92



	R4
	Macro-fruit seabuckthorn
	4
	1390
	2 m × 3 m
	4.1 ± 0.13
	163 ± 2.18



	R3
	Macro-fruit seabuckthorn
	3
	1390
	2 m × 3 m
	3.0 ± 0.11
	126 ± 2.3



	NG
	Natural restoration grassland
	7
	1390
	/
	/
	/



	AG
	Artificial grassland
	7
	1390
	/
	/
	/
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Table 2. System of ecosystem coupling coordination.






Table 2. System of ecosystem coupling coordination.





	Coupling Degree (C)
	0 ≤ C < 0.4
	0.4 ≤ C < 0.5
	0.5 ≤ C < 0.6
	0.6 ≤ C < 0.7
	0.7 ≤ C < 0.8
	0.8 ≤ C < 0.9
	0.9 ≤ C < 1





	Type of coordination
	Serious incoordination
	Medium incoordination
	Light incoordination
	Light coordination
	Medium coordination
	Favorable coordination
	Superior coordination







Note: Data was cited from OECD [40].
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Table 3. Soil physical and chemical properties.
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	R7
	R6
	R5
	R4
	R3
	NG
	AG





	BD (g/cm3)
	1.21 ± 0.03 bc
	1.14 ± 0.06 c
	1.25 ± 0.02 ab
	1.31 ± 0.02 a
	1.15 ± 0.03 c
	1.19 ± 0.02 bc
	1.28 ± 0.02 a



	TCP (%)
	40.87 ± 2.8 c
	48.24 ± 0.64 a
	43.48 ± 0.62 bc
	45.04 ± 2.24 ab
	43.12 ± 0.84 bc
	44.5 ± 1.45 bc
	43.19 ± 1.31 bc



	SWC (%)
	7.19 ± 0.24 cd
	9.52 ± 0.37 b
	6.34 ± 0.41 d
	8.16 ± 0.37 bc
	12.53 ± 1.42 a
	11.05 ± 0.79 a
	4.43 ± 0.53 e



	SMC (%)
	34.47 ± 2.05 d
	42.59 ± 1.47 a
	35.01 ± 0.18 bcd
	34.92 ± 1.92 bcd
	37.81 ± 0.66 b
	37.53 ± 0.58 bc
	34.75 ± 0.89 cd



	CWHC (%)
	24.63 ± 0.68 c
	34.62 ± 1.34 a
	24.09 ± 0.72 c
	24.65 ± 1.08 c
	30.52 ± 0.09 b
	30.57 ± 0.56 b
	25.21 ± 0.92 c



	Clay (%)
	4.25± 0.32 a
	3.07 ± 0.48 c
	2.31 ± 0.16 d
	2.28 ± 0.14 d
	3.25 ± 0.36 bc
	3.70 ± 0.16 ab
	2.94 ± 0.11 c



	Silt (%)
	68.77± 3.07 a
	59.41 ± 2.81 bc
	52.55 ± 5.89 cd
	48.22 ± 3.64 d
	62.33 ± 2.76 ab
	68.45 ± 0.91 a
	48.02 ± 0.56 d



	Sand (%)
	26.98 ± 3.39 c
	37.51 ± 3.01 b
	45.14 ± 6.05 a
	49.50 ± 3.78 a
	34.41 ± 3.03 bc
	27.85 ± 0.75 c
	48.63 ± 0.7 a



	pH
	7.89 ± 0.03 b
	7.62 ± 0.1 cd
	7.62 ± 0.1 cd
	7.75 ± 0.02 bcd
	8.4 ± 0.05 a
	7.82 ± 0.03 bc
	7.56 ± 0.18 d



	EC (μS/cm)
	142.38 ± 9.66 a
	98.39 ± 4.62 bc
	76.34 ± 9.05 d
	85.41 ± 5.73 cd
	139.34 ± 11.92 a
	143.01 ± 15.9 a
	111.67 ± 1.16 b



	SOC (g/kg)
	7.56 ± 0.59 a
	2.83 ± 0.89 b
	6.98 ± 0.38 a
	6.54 ± 1.2 a
	3.39 ± 0.71 b
	7.17 ± 0.8 a
	6.56 ± 0.09 a



	AN (mg/kg)
	8.33 ± 0.07 b
	9.83 ± 1.08 a
	8.47 ± 0.24 ab
	9.1 ± 1.17 ab
	7.91 ± 0.33 b
	3.08 ± 0.08 c
	3.58 ± 0.27 c



	AK (mg/kg)
	85.13 ± 8.88 ab
	56.47 ± 23.24 bcd
	72.73 ± 21.42 abc
	40.83 ± 8.06 cd
	98.07 ± 14.59 a
	39.6 ± 1.19 d
	42.27 ± 1.39 cd



	AP (mg/kg)
	53.35 ± 5.99 a
	19.98 ± 12.99 bc
	9.62 ± 1.49 d
	6.63 ± 0.64 d
	17.39 ± 4.54 bc
	24.46 ± 0.82 b
	10.99 ± 0.38 d



	TP (g/kg)
	0.34 ± 0.01 de
	0.66 ± 0.03 a
	0.54 ± 0.02 b
	0.44 ± 0.02 cd
	0.31 ± 0.07 e
	0.4 ± 0.02 cd
	0.48 ± 0.05 bc







Note: Different lowercase letters indicated that there were significant differences in soil physical and chemical properties between different plots (p < 0.05). BD, bulk density; TCP, total porosity; SWC, soil water content; SMC, saturation moisture content; CWHC, capillary water-holding capacity; EC, electric conductivity; SOC, soil organic carbon; AN, available nitrogen; AK, available potassium; AP, available phosphorus; TP, total phosphorus.
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Table 4. General situation of herbaceous plant communities under forests with different restoration years.
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Restore Year

	
Species Number

	
Top Five Importance Values






	
7

	
9

	
Leymus chinensis (Trin.) Tzvel.

	
Achnatherum splendens (Trin.) Nevski

	
Calamagrostis epigeios (L.) Roth

	
Cirsium arvense var. integrifolium

	
Phragmites australis (Cav.) Trin. ex Steud.




	
0.2109

	
0.1606

	
0.1522

	
0.1253

	
0.1164




	
6

	
12

	
Echinochloa crusgalli (L.) Beauv.

	
Calamagrostis epigeios (L.) Roth

	
Artemisia annua Linn.

	
Dracocephalum moldavica L.

	
Artemisia ordosica Krasch.




	
0.2452

	
0.1750

	
0.1574

	
0.1048

	
0.0625




	
5

	
8

	
Leymus chinensis (Trin.) Tzvel.

	
Achnatherum splendens (Trin.) Nevski

	
Calamagrostis epigeios (L.) Roth

	
Artemisia annua Linn.

	
Artemisia ordosica Krasch.




	
0.2762

	
0.2421

	
0.2048

	
0.1328

	
0.0736




	
4

	
9

	
Lepidium apetalum Willd.

	
Melilotus officinalis (L.) Pall.

	
Echinochloa crusgalli (L.) Beauv.

	
Incarvillea sinensis Lam.

	
Sonchus oleraceus L.




	
0.2979

	
0.1459

	
0.1371

	
0.1156

	
0.0805




	
3

	
7

	
Lepidium apetalum Willd.

	
Melilotus officinalis (L.) Pall.

	
Salsola collina Pall.

	
Oxytropis neimonggolica C. W. Chang et Y. Z. Zhao

	
Setaria viridis (L.) Beauv.




	
0.3493

	
0.2441

	
0.1970

	
0.0718

	
0.0552




	
Natural restoration grassland

	
28

	
Artemisia sieversiana Ehrhart ex Willd.

	
Achnatherum splendens (Trin.) Nevski

	
Artemisia gmelinii

	
Cynanchum chinense R. Br.

	
Artemisia capillaris Thunb.




	
0.1035

	
0.0816

	
0.0787

	
0.0787

	
0.0612




	
Artificial grassland

	
32

	
Achnatherum splendens (Trin.) Nevski

	
Cynanchum chinense R. Br.

	
Phragmites australis (Cav.) Trin. ex Steud.

	
Artemisia sieversiana Ehrhart ex Willd.

	
Miscanthus sinensis cv.




	
0.1107

	
0.0794

	
0.0768

	
0.0729

	
0.0677








Note: Numbers in the table represent important values (Pi).
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Table 5. Coordination evaluation model of plant diversity and soil system coupling in different restoration years.
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	Restore Year
	Coupling
	Coordination Type





	7
	0.67
	Light coordination



	6
	0.70
	Medium coordination



	5
	0.73
	Medium coordination



	4
	0.69
	Light coordination



	3
	0.65
	Light coordination



	Natural restoration grassland
	0.65
	Light coordination



	Artificial grassland
	0.51
	Light incoordination
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