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Abstract

:

The thinning vegetation and soil erosion problems left behind by extractive mining have caused serious environmental pollution, and vegetation restoration is one of the effective strategies to counter them. To study the effects of vegetation restoration on plant community species diversity, soil carbon, nitrogen and phosphorus, and the response of their plant community succession, four communities of different ages (1, 7, 10, 40) and one natural forest (>50 years) in the Kunyang phosphate mine were selected, and the analysis was carried out using the methods and protocols for plant community inventory. The species composition was recorded, and soil was collected from 0–60 cm in each community to determine the response of soil nutrients and plant diversity to the restoration process. The results show that the species richness of the community increases with the restoration year, the species composition at 40 years of restoration is similar to that of the natural forest, and the Shannon–Wiener diversity index in the tree layer at 40 years of restoration is greater than in the natural forest. Soil pH showed a decreasing trend with restoration year, and TP and AP increased with increasing time series. And the linear stepwise regression analysis showed that soil pH, soil organic carbon (SOC), total phosphorous (TP), available phosphorous (AP), and restoration year were the main factors of plant diversity. Compared to restoration of 10 years, TP and AP at the restoration of 40 years increased to 11.9–20.0 g∙kg−1 and 33.4–75.5 mg∙kg−1. The SOC of the community reached a maximum at 40 years of restoration, 1.5, 2.8, and 2.4 times higher at 0–20 cm, 20–40, and 40–60 cm, respectively, than at 1 year. The organic carbon fraction increased with the restoration year in an ‘N’ pattern, and mineral-associated organic carbon (MOC) and unstable organic carbon fraction decreased at 10 years and 40 years of restoration. The SOC of natural forests decreased, but stable organic carbon increased. The soil pH, SOC, and organic carbon fraction of the communities decreased with increasing soil depth, while TP and AP increased with increasing soil depth at the later period of restoration. In general, with extended restoration years, 40 years plant of restoration in phosphate mines can be expected to allow for plant community succession to climax community, and the key influence on plant diversity are the phosphorus and stable carbon fractions. These results are expected to facilitate the future basis for vegetation succession and restore systems during mining area restoration.
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1. Introduction


Humans have a long history of exploitation and use of mineral resources, and the rapid economic development of some regions is inextricably linked to the exploitation and use of mineral resources, but large-scale mining has led to a decline in soil fertility, a sharp decline in plant diversity, and serious environmental damage [1], while the ecological stability of mining areas is further threatened by the violent disturbance of “stratification, stripping, handling and disposal”. As sustainable development progresses, researchers have also taken a number of steps to restore the services of the mining ecosystem [2,3]. Phytoremediation is considered to be an effective way to restore land productivity and ecological stability in mining areas [4]. The natural vegetation restoration process is prolonged, and it usually takes 50–100 years for a good vegetation cover to develop due to the lack of soil and water conditions and nutrient supply in the mining area [5]. Therefore, vegetation succession in mining areas is often supplemented by artificial methods, and appropriate artificial adjustment and vegetation community construction can accelerate the rate of vegetation succession and promote the vegetation restoration process [6,7]. Plant community composition and diversity are major determinants of plant community structure and type and are often used as indicators to describe the direction, rate, and stability of community succession. Vegetation succession and biodiversity have been a hot topic of research in vegetation restoration, and with increasing successional chronology, higher plant diversity has been shown to increase ecosystem function and stability [8].



Soil provides the material basis for plant growth, and soil factors directly or indirectly influence vegetation growth and plant diversity. Soils are severely damaged after mining, with high pH and low total soil carbon, total nitrogen (TN), total phosphorus (TP), and available phosphorous (AP), while in the revegetated areas, pH decreases significantly, and fast-acting potassium increases [9]. Plant–soil relationships are a key factor in vegetation restoration and management strategies [10]. Soil quality determines the nature of vegetation succession and the effectiveness of ecological restoration [11], and soil development is influenced by plant communities through changes in abiotic soil conditions such as chemosensory substances, nutrient effectiveness, and soil structure [12]. At the same time, the soil being altered can also alter the growth of that plant, creating positive or negative feedbacks that influence the composition of the plant community and soil interactions [12,13,14]. Soil nutrients are generally positively correlated with plant diversity [15], but it has also been shown that the diversity of plants in the herbaceous layer is reduced in areas with high soil nutrients [16]. It is important not to overlook the changes in the time series during the vegetation restoration process, with soil nutrients being affected to different degrees by different successional stages. Generally, vegetation restoration has focused on re-establishing historical abiotic conditions, and once the historical physical environment has been re-established, the vegetation will, as time passes, reach a state similar to that of the surrounding natural forest ecosystems [17,18]. Some studies have shown that as restoration time increases, vegetation diversity decreases and the entire ecosystem may be transformed into a climax community, with huge tree biomass providing stability in the ecosystem [19]. In addition, during the restoration process, plant species are fewer, such as monocultures or economic crops as the main purpose of restoration, and the direction and rate of community succession in later stages may be influenced by the selection of early species [20].



Yunnan’s central region has the largest phosphate mining area and chemical base in China, where the Kunyang phosphate mine in the south has a unique geological structure and rich phosphorus content in the strata, but the surface soil and vegetation are severely damaged during the mining process. The Kunyang phosphate mine has made efforts to reclaim land and improve the ecological environment in strict accordance with the principle of “treating the mine as it is mined” since 1965 and has carried out timely vegetation reclamation of the mined areas, abandoned drainage sites, and temporarily unused mining sites. The mine has been extensively reported in recent years, and Yuan et al. conducted a study on soil nutrients in artificially restored woodlands in the Kunyang phosphate mine extraction area, which showed that soil organic matter was generally low, nitrogen was generally deficient, phosphorus levels were high, and potassium content was moderate in the vegetated restoration area; in addition, soil phosphorus and total potassium content gradually increased with the extension of the restoration period in the natural state [21]. Indigofera tinctoria L. is a pioneer tree species for slope restoration in phosphate mine drainage sites, where the nutrient content of soil total nitrogen, effective phosphorus, and fast-acting potassium is increased [22]. However, for phosphate mine reclamation sites, the effect of different restoration years on plant community diversity and on soil nutrients in the vertical layer is unclear, and the carbon, nitrogen, and phosphorus content may be changed by different plant diversity, especially in the phosphate mine areas around Dianchi Lake, where the loss of phosphorus and organic carbon is a major factor contributing to surface source pollution. And the conversion and storage of SOC during community succession is influenced by the stability of organic carbon, which has an important role in soil nutrient and quality [23]. Therefore, it is necessary to study the response of soil nutrient characteristics to plant diversity at different successional stages. In order to study the vegetation conditions and changes in soil properties around the phosphate mine area at different restoration years, in this study, plant communities in 1 year, 7 years, 10 years, and 40 years of restoration communities and natural forest communities were selected as experimental sample sites, and the plant species composition and their diversity of different community tree, shrub, and herb layers were compared using community survey methods, combined with different depth. In order to explore the development of vegetation communities around phosphate mines and the main factors limiting the diversity of communities, the plant species composition and diversity in different communities were compared using community survey methods. In conjunction with the characteristics of soil nutrient changes at different depth, the influence of plant communities on soil development was analyzed in hopes of providing a scientific basis for future ecological restoration of mining areas.




2. Materials and Methods


2.1. Study Site Description


The test site is located in the Kunyang phosphate mine, Jinning District, Kunming City, Yunnan Province (E: 102°54′73″–102°55′23″, N: 24°72′23″–24°72′39″), elevation 1950~2400 m above sea level, and belongs to a medium cut hilly landscape (Figure 1). The average annual temperature is 15.7 °C, with a maximum of 33 °C and a minimum of −5.4 °C. The rainy and dry seasons are distinct, with rainfall mostly concentrated between June and October, with an annual rainfall of about 1000 mm.




2.2. Sample Site Survey


In this study, five sample plots were selected within the mine site in June 2022 for a plant community survey based on soil use type and the timing of vegetation restoration. A 10 m × 10 m tree sample plot was randomly set up within the sample plot with relatively uniform community structure and habitat. According to the methods and protocols for plant community inventory [24], the habitat characteristics (elevation, slope, slope direction) and species information (tree name, number of plants, height, diameter at breast height) in the tree layer were recorded. Sample plots with 5 m × 5 m and 1 m × 1 m in the shrub layer and herb layer, respectively, were selected within 10 m × 10 m, and the plant species names, numbers, and height in the sample plots were recorded. The percentage of the vertical projection area of the aboveground part of the plant in the sample area was used as the vegetation coverage survey method. Basic information on the different communities is given in Table 1.




2.3. Soil Collection and Determination Indicators


Three soil sections were randomly set up in the 10 m × 10 m sample plots as sampling points, and 45 soil samples were taken from the 0–20 cm, 20–40 cm, and 40–60 cm layers using the five points method and mixed uniformly. The soil samples were taken back to the laboratory and divided into two parts. After removing visible impurities and plant roots, one part of the fresh soil sample was used for the determination of dissolved organic carbon (DOC) and the other part was naturally air-dried and passed through a 2 mm nylon sieve for TN, TP, available nitrogen (AN), AP, soil organic carbon (SOC), readily oxidizable carbon (ROC), light organic carbon (LOC), light fraction organic carbon (LFOC), particulate organic carbon (POC), and mineral-associated organic carbon (MOC) content.




2.4. Soil determination Methods


In the laboratory, chosen physicochemical analyses were performed including the following: pH at 1:2.5 (m/v) soil/water mixture was shaken for 30 min at room temperature (26 °C) and left for 5 h before determination with digital pH meter (ATARTER 3100); TN was determined using automatic nitrogen determination after the soil was decocted with H2SO4 acid; AN was determined using the NaOH diffusion method; TP was determined using Mo-Sb Anti-spectrophotometer method (700 nm) after melting with NaOH; AP was determined with spectrophotometric (700 nm) using 0.5 mol/L NaHCO3; SOC was determined using potassium dichromate volumetric method [25]; fresh soil samples were mixed at a ratio of 1:5 (m/v) soil/water, shaken, centrifuged, and filtered; DOC was determined using potassium dichromate method; ROC was determined using potassium permanganate oxidation method; LPOC was determined using 1.70 g/cm3 NaI density method, and after separation, it was determined using the potassium dichromate method; and POC and MOC were separated with (NaPO3)6 and then determined using the potassium dichromate method [26].




2.5. Statistical Analysis


The data were collected, and the standard curves for available phosphorus, total phosphorus, total nitrogen, and available nitrogen were analyzed using Microsoft Excel 2010 (Redmond, WA, USA). One-way analysis of variance (one-way ANOVA), a significance test (Duncan’s method, p = 0.05) correlation analysis, and linear stepwise regression analysis were carried out using IBM SPSS Statistics 23.0 (Chicago, IL, USA). The data obtained were expressed as mean ± standard deviation (n = 3); figures were drawn using Origin 2022. The international standard ecological software Canoco 5.0 was used to perform the RDA data operations, and the relationships between plant community characteristics and soil factors were expressed using RDA two-dimensional ordination plots.



Species diversity was determined using the Shannon diversity index (H′), the species richness index (R), the Pielou’s evenness index (J), and the Simpson diversity index (D) for description. The formulas were calculated as follows:
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where “S” is the number of species in the sample; “N” is the total number of individuals of each species; and “Pi” is the multiplicity ratio of the i-th species in the ground.





3. Results


3.1. Plant Community Composition


A plant community survey of five sample sites around the phosphate mine area (Table 2) identified a total of 34 plant species, including trees, shrubs, and herbs, belonging to 24 families and 32 genera. As shown in Figure 1, the three communities were restored for 10 years, 40 years, and natural forest trees, including Eucalyptus pellita F. Muell., Cupressus duclouxiana Hickel, hemp oak Quercus acutissima Carruth., Quercus aliena Bl., Pinus armandii Franch., and Alnus cremastogyne Burk.. In the shrub layer, which was present in all four communities except for the 40 years of restoration community, the most shrub plants occurred in the 10 years community, including Cotoneaster pannosus Franch., Osyris wightiana Wall. Ex Wight var. stipitate, Lespedeza bicolor Turcz., and Myrsine africana L., and the 7-year and 1-year communities were dominated by Indigofera tinctoria L. and Buddleja asiatica L., which accounted for 85% and 100% of the total number of individuals of shrub layer species in this community, respectively. In the natural and 40 years of restoration communities, the herb layer was richer in species, with the natural forest dominated by Eupatorium coelestinum L. and Pteris ensiformis, accounting for 41% and 38% of the total number of individuals in the herb layer in this community, respectively. The 40 years of restoration community was dominated by Paeonia suffruticosa Andr., accounting for 92%. In the 10-year community, E. coelestinum and Lophatherum gracile Brongn. each accounted for 40%, while in the natural forest community, L gracile accounted for only 5%. The restored 7-year and 1-year herb layers included Artemisia argyi Lévl. et Van. and Medicago sativa L.




3.2. Species Diversity in Communities


As shown in Figure 2A, tree, shrub, and herb layers were all present in the community after 10 years of restoration, with a higher number of species of 33% in restoration of 40 years, but no shrub layer was present in this community, and the shrub layer had the highest number of species in the 10 years of restoration, accounting for 50% of the whole community. Between the 1-year and 10-year growth series, the number of shrub species gradually increased with restoration years, but the number of species in the herb layer gradually decreased, with the highest number of species in the herb layer at 1-year, accounting for 75% of the entire community, with little difference in the number and percentage of species in the herb layer between the restored for 40 years and natural forest. In the natural forest communities, H′ was greatest in the herbaceous and shrub layers (Figure 2B), and H′ was similar for the 1, 7, and 10-year communities. The species richness of the communities at 50 years of restoration was 3 and 2.4 times higher than that of the 1 and 7-year communities, respectively (Table 3), and the J and D showed similar trends, with a maximum at 10 years.




3.3. Nutrient Characteristics of Soils


From Figure 3A,B, it can be seen that in the 0–20 cm, 20–40 cm, and 40–60 cm soil layers, the TN content of the community in the restored for 1 year and natural forest gradually decreased with soil depth, which is in contrast to the change in TN content in the restored 10 for years community, which gradually increased with soil depth, with the highest TN content of 1.1 in the 40–60 cm soil layer (p < 0.05). The highest total N content in the 40–60 cm soil layer was 1.1 g∙kg−1 (p < 0.05), which was 6.25 times higher than in the natural forest. The TN and AN content of the same soil layer in different communities showed a rising and then declining trend with increasing restoration age. The 10-year community had the highest AN content, with 76.3 mg∙kg−1 in the 0–20 cm soil layer, and there was no significant difference in the AN content of the other communities except for the 7-year community (p > 0.05). The TP and AP content of the same soil layer decreased and then increased with increasing restoration year (Figure 3C,D), with the 50-year community having the highest TP content in the 0–20 cm, 20–40 cm, and 40–60 cm soil layers, at 22.8, 22.2, and 25.7 g∙kg−1, respectively (p > 0.05). The TP content of the restored 40 years and natural forest communities gradually increased with soil depth, while the TP content of the 7 years and 10 years communities did not change with soil depth. Similar to the change in TP, the content of AP in the same soil layer gradually increased with the restoration years, higher in the restored 40 years and natural forest communities, and increased with soil depth in the 1, 7, 10, and 40-year communities, except for the natural forest communities where the content of AP gradually decreased with soil depth.



Soil pH gradually decreases with increasing restoration years (Figure 3E), and the pH is close to neutral at 1 and 7 restoration years and gradually decreases with soil depth at 10 and 40 years of restoration and in natural stands, with an overall acidic pH.



The SOC content of plant communities in the phosphate mine area ranged from 3.1–31.4 g∙kg−1 at different restoration ears (Figure 4A), with the SOC content of annual communities remaining higher with increasing restoration years at soil levels of 0–20 cm, 20–40 cm, and 40–60 cm and 2.7, 2.6, and 1.9 times higher at 40 years of restoration than at 10 years of restoration. The DOC content of all communities, except for the community recovered for 40 years, showed the highest content in the 0–20 cm soil layer (Figure 4B), which gradually decreased with longer restoration years, and the DOC content of each community also gradually decreased with the depth of the soil layer. The DOC content of all communities, except for the community recovered for 40 years, showed the highest content in the 0–20 cm soil layer (Figure 4B), which gradually decreased with longer restoration years, and the DOC content of each community also gradually decreased with the depth of the soil layer. ROC, LPOC, POC, and MOC content showed an overall “N” pattern with increasing restoration years (Figure 4B–F), with the highest ROC, LPOC, and POC in the 0–20 cm soil layer at 10 years of restoration, and the highest MOC in the 0–20 and 20–40 cm soil layers at 7 years of restoration. The highest MOC was reached at 7 years of restoration. The organic carbon fraction of each community showed an overall decreasing trend with increasing soil depth.




3.4. Relation between Plant Diversity to Soil Nutrients and Restoration Years


A correlation analysis between species diversity and soil physicochemical properties in the sample sites around the mine is shown in Table 4. The H′ and D were highly significantly and positively correlated with soil total nitrogen content and highly significantly and negatively correlated with soil organic matter content. In addition, H′ and D were significantly correlated with POC and MOC content, respectively (p < 0.05). The S was highly significantly and positively correlated with soil pH, TP, and AP content (p < 0.01), and the J was significantly and negatively correlated with soil pH (p < 0.01) and SOC (p < 0.05) and positively correlated with AN content and TP content (p < 0.05). The H´ and D were highly significant and positively correlated with the R. Therefore, the J was selected as a species variable. Table 5 shows that soil pH, SOC, TP, AP, and restoration year had highly significant effects on the J (p < 0.001). Soil pH had the greatest effect on the J (26.5%), followed by SOC (6.9%), TP (2.9%), AP (0.8%), and restoration age (7.4%).



The different community diversity indicators were set as environmental response variables, and the soil nutrient indicators were used as environmental factors. The results of the RDA ranking of the soil environmental factors in the different communities are shown in Figure 5. Axis 1 and axis 2 explained 65.22% and 31.19%, respectively, and the two axes can better reflect the correlation between plant diversity and soil factors present in each community, with axis 1 mainly related to changes in organic carbon fraction, total, and AN content and axis 2 mainly related to TP content and pH.





4. Discussion


4.1. Species Composition and Diversity in Phosphate Mining Areas at Different Restoration Years


Plant communities undergo forward succession with increasing years of restoration and play an important role in stabilizing ecosystems [27]. During the herb–shrub–tree succession, the number of species in the community gradually increased (Table 2), and the number of species in the community changed as the succession progressed. The Shannon diversity index for the tree layer of the 40-year community was 1.83 times higher than that of the natural forest, indicating that the tree layer of the 40-year community had the highest species diversity but did not reach the climax community, and that in the subsequent succession process, the restored 40-year community evolved towards the climax community, with the dominant species of the community becoming more prominent and species diversity reduced [28]. Furthermore, the diversity of plant species varied at different levels of the community, as the diversity of the herb layer of the natural forest increased compared to that of the 40-year restored community. The herb layer of these two communities had a larger number of species of E. coelestinum, P. ensiformis, P. aspericaulis var. cuspigera, L. gracile and P. suffruticosa, all belonging to perennial herb plants. As for the communities at the shorter restoration time of 1 and 7 years, the number of species in the communities was low and dominated by shrubs and herbs. With the increase in restoration years, shrub species gradually increased, and herb species gradually decreased, and the R and J of the communities showed a gradually increasing trend (Table 3). This is similar to the trend in vegetation succession in mines by Li et al. [27]. For restored areas with a short growth period, the process of changing from a former mining system to a near natural forest-grass ecosystem will release more ecological niches, and some pioneer grass species will rapidly settle and multiply. Relatively vast ecological niches are occupied [29], as in the naturally restored 1-year community in this study. The species that accounted for a relatively large number of species were the annual herb plants, like M. sinensis and R. hastatus; they form a simple structure with prominent dominant species. On the other hand, natural succession eventually leads to a stable species diversity and species richness [30]. There is an increase in the variety of community species composition at 40 and 50 years of restoration, but the decrease in the number of shrub species and the increase in herb plants, a phenomenon that is contrary to the change at shorter restoration years and the gradual dominance of perennial herbaceous plants, are consistent with the results of various studies on the change in vegetation restoration in mining areas with the number of years of restoration [31,32]. In the process of community succession, annual herbs are often succeeded by perennial herbs, which tend to reproduce mainly by seeds, and though the reproductive capacity is relatively weak, they have a strong ability to reproduce through roots and stems and can easily form more stable populations after settlement [33], while communities of seed origin also have a higher diversity [34]. Therefore, perennial herbaceous plants are more likely to form diverse and stable communities during the revegetation of mining areas.




4.2. Soil Nitrogen and Phosphorus Nutrient Characteristics in Different Restoration Years


Plant growth–soil generation is a complementary process, with plant growth taking up a lot of soil resources and nutrients, and as plant diversity is restored, soil resources and turnover rates rise [35]. In this study, the soil TP and AP showed a trend of first decreasing and then increasing with the restoration years. The 1-year restored community had higher TP and AP than both the 7-year and 10-year restored communities, which may be due to the 1-year community growing near the phosphate mine area drainage site, where some phosphate ore was mixed in during the collection of soil and soil drainage after phosphate mining. With the decrease in soil pH (Figure 3C–E), the phosphorus in the phosphate ore gradually weathered and released, and the short-term phosphorus content in the soil was higher. Compared to the 7-year restored community, most of AP was taken up by plants; soil pH increased, and phosphorus sorption decreased, which is consistent with the findings of Nobile et al. [36]. Soil N content in restored 1, 7, and 40-year restored and natural forest does not vary significantly with the number of restoration years. However, TN and AN content increase significantly at 10 years of restoration, and soil N indicators also tend to increase with increasing soil depth, which is not consistent with changes in N during most vegetation succession [37], which may be related to the trees within the community, in which Eucalyptus trees are predominantly planted, and the rapid growth requires a large accumulation of nitrogen [38]. Fertilizer is an essential nurturing measure during E. coelestinum growth, and supplemental nitrogen fertilizer is especially predominant, so this may be the reason for the high N content for 7 years of restoration.




4.3. Effects of Different Restoration Years on Plant Community Diversity and Soil Organic Carbon


Soil organic carbon affects plant community composition and species diversity and is a key factor in the material cycling process of plant ecosystems [39]. In this study, correlation analysis and linear stepwise regression analysis showed that soil pH, SOC, TP, AP, and years of restoration all explained changes in vegetation diversity in phosphate mining areas better. Soil organic carbon and AP were often considered key indicators of soil restoration, and it was also shown that mixed forests in phosphate mining areas possessed higher soil organic carbon content than single forests after 20 years of restoration [40]. Compared to herb or shrub litter, more advanced tree communities have higher decomposition rates and nutrient return, suggesting that community succession can modify and gradually restore soil organic matter content [41]. RDA analysis showed that with increasing year, pH was no longer the main influencing factor, and its role in self-regulation and vegetation restoration gradually stabilized [42]. SOC, TP, and AP were significantly correlated with community species richness in restored 40 years communities and natural forests, and soil SOC, TP, and AP gradually became limiting factors for plant diversity.



The results show that the organic carbon fractions showed an ‘N’-shaped variation with increasing age (Figure 4) and with the MOC content of 0–20 cm and 20–40 cm soil layers of 10 years of restoration during the decreasing range of the ‘N’-shaped variation, while the content of unstable carbon fractions including ROC, LPOC, and POC in the 0–20 cm layer only showed a significant decreasing trend at 40 years of restoration, indicating that the stable carbon fractions in the 0–40 cm layer are more susceptible to the influence of the vegetation restoration process than the unstable carbon fractions. The persistence of the unstable carbon fraction is mainly influenced by microbial and enzyme inhibition, and the stable carbon fraction is mainly influenced by fraction mineral conjugation [43]. In the first 5 years of vegetation restoration in phosphate mining areas, the mineral composition of the soil, such as calcium (Ca), sulfur (S), and zinc (Zn) elements, is high. As the restoration period is prolonged to 10 years, the MOC may also gradually decrease due to the decrease in the mineral composition of the soil [44]; on the other hand, the stability of SOC is influenced by the vegetation types, litters, root secretions, and root numbers [45]. As the community succession reaches the middle stage, species composition and biodiversity increase. Vegetation types, litters, and root secretions increase, which accelerates the conversion of soil stable carbon fraction to unstable carbon, thus reducing the content of stable carbon fraction and increasing the content of unstable carbon fraction at 10 years of restoration, which is consistent with the results of Xu et al. who found that although the sequestration of soil organic carbon increased during the vegetation restoration process, the stability of soil organic carbon decreased [46]. As the restoration period increases, the SOC content of 0–20 cm, 20–40 cm, and 40–60 cm gradually increases and then slowly decreases, with the highest values occurring in communities that have been restored for 40 years rather than in natural forests that have been growing for 50 years. With the continuous input of C, the SOC pool usually saturates or increases at a decreasing rate with the phenomenon of soil C saturation [47,48]. Natural forests are most affected by C saturation, but the stable organic carbon becomes higher (Figure 4A). In the later stages of vegetation restoration, MOC content gradually decreases with restoration years, but stable organic carbon content is still higher than most unstable organic carbon content at 40 years of restoration, suggesting that during vegetation succession in phosphate mining areas, stable carbon fractions in soils may change towards the carbon sequestration capacity of top communities, increasing soil organic carbon conversion and sequestration in mining areas [44,49]. In summary, the period of restoration affects the variation in soil SOC content, and MOC is the main influence on total SOC in plant communities in phosphate mining areas. An increasing amount of research is now proving that variation depends on the function of the interaction between plant diversity, microbial diversity, and soil function, where microbial accumulation can lead to organic carbon destabilization both through increased respiration and through the accumulation of microbial biomass residues (necromass) [50,51,52]. Hence, there is a need to study the relationship between plant diversity and soil organic carbon and microorganisms during plant community succession to provide a scientific basis for mine site restoration.





5. Conclusions


In this study, the species composition and diversity in different plant sample plots in the phosphate mine area changed significantly with the restoration years. From 1 to 40 years restoration, the plant species showed a gradual increase in the community, and the number and diversity of species could reach the level of natural forest after 40 years of restoration. The perennial herb plants in the communities of 40 years of restoration and nature forest plots could form a stable community structure. Soil pH, organic carbon content, phosphorus content, and restoration years were the main factors affecting plant diversity. Soil pH, SOC, organic carbon fraction, and TP and AP content of the community in the restored 1–10 years decreased with increasing soil depth, and in the restored period, TP and AP content increased with increasing soil depth as species composition and plant diversity increased. Organic carbon content became a limiting factor for plant diversity in mature forests, with stable organic carbon fractions increasing in the early recovery period, gradually changing to unstable carbon fractions after 10 years restoration and decreasing after 40 years of restoration as the community evolved towards the climax community, with stable carbon fractions increasing in natural forests. In summary, soil phosphorus and organic carbon are the main factors of plant succession in plant restoration of phosphate mines waste land, with the stable organic carbon fraction influencing the sequestration of organic carbon. The results of this study can provide a basis for community succession change and soil management after plant restoration in phosphate mines waste land.
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Figure 1. Location map of the study site (a) Yunnan, (b) Dianchi in Kunming, and (c) phosphate mine areas around Dianchi. Different shapes and colour of marks indicate sample sites with different years of restoration. Red circles indicate sample site for 1 year restoration, yellow pentagrams indicate for 7 years, orange squares indicate for 10 years, green rhombuses indicate for 40 years, and purple cylinders indicate for natural forest. 
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Figure 2. Species number percentage(A) and Shannon diversity index (B) at different restoration years. Note: no shrub layer in the 40 years of restoration community and no tree layer in the 7-year and 1-year communities in (B); no calculation was made for the Shannon diversity index (H′), and H′ was calculated as 0 for one tree in the 10-year community and one shrub in the 1-year community. 
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Figure 3. Influence of different restoration years on the (A) total nitrogen (TN), (B) available nitrogen (AN), (C) total phosphorus (TP), (D) available phosphorus (AP), and (E) pH of different soil layers in the community. Note: Different lowercase letters indicate significant differences in soil nutrients between soil layers of different communities (p < 0.05). 
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Figure 4. Influence of different restoration years on the (A) soil organic carbon (SOC), (B) dissolved organic carbon (DOC), (C) readily oxidizable carbon (ROC), (D) light fraction organic carbon (LFOC), (E) particulate organic carbon (POC), (F) mineral-associated organic carbon (MOC) content of different soil layers in the community. Note: Different lowercase letters indicate significant differences in soil nutrients between soil layers of different communities (p < 0.05). 
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Figure 5. RDA ranking analysis of plant diversity and soil nutrients in the different community. Note: Blue arrows indicate plant diversity indicators, and red arrows indicate soil nutrient indicators. 
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Table 1. Basic information about the community.
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	Restoration Year/a
	Elevation/m
	Slope Gradient/°
	Slope Direction
	Vegetation Coverage/%





	1
	2113–2110
	6
	southwest
	27%



	7
	2057–2060
	6
	west
	80%



	10
	2038–2045
	40
	southeast
	100%



	40
	2218–2240
	3
	southeast
	70%



	natural forest
	2268–2273
	40
	east
	100%
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Table 2. The plants species composition in different communities.
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Number

	
Life Form

	
Species Name

	
Restoration Year/a

	
Natural Forest




	
1

	
7

	
10

	
40






	
1

	
Tree

	
Pinus armandii Franch.

	

	

	

	

	
+




	
2

	
Alnus cremastogyne Burk.

	

	

	

	

	
+




	
3

	
Cupressus duclouxiana Hickel

	

	

	

	
+

	




	
4

	
Quercus acutissima Carruth.

	

	

	

	
+

	




	
5

	
Quercus aliena Bl.

	

	

	

	
+

	




	
6

	
Eucalyptus pellita F.Muell.

	

	

	
+

	

	




	
7

	
Shrub

	
Berberis silva-taroucana Schneid.

	

	

	

	

	
+




	
8

	
Zanthoxylum simulans Hance.

	

	

	

	

	
+




	
9

	
Buddleja officinalis Maxim.

	

	

	

	

	
+




	
10

	
Cotoneaster pannosus Franch.

	

	

	
+

	

	




	
11

	
Osyris wightiana Wall. ex Wight var. stipitata

	

	

	
+

	

	




	
12

	
Lespedeza bicolor Turcz.

	

	

	
+

	

	




	
13

	
Myrsine africana L.

	

	

	
+

	

	




	
14

	
Indigofera tinctoria L.

	

	
+

	

	

	




	
15

	
Cinnamomum camphora L.

	
+

	
+

	

	

	




	
16

	
Buddleja asiatica Lour.

	
+

	

	

	

	




	
17

	
Herb

	
Eupatorium coelestinum L.

	

	

	
+

	
+

	
+




	
18

	
Phytolacca americana L.

	

	

	

	

	
+




	
19

	
Rubus ellipticus var. obcordatus (Franch.) Focke

	

	

	

	

	
+




	
20

	
Pteris ensiformis Burm.

	

	

	

	

	
+




	
21

	
Pteris aspericaulis var. cuspigera

	

	

	

	

	
+




	
22

	
Rheum officinale Baill.

	

	

	

	

	
+




	
23

	
Lophatherum gracile Brongn.

	

	

	
+

	

	
+




	
24

	
Paeonia suffruticosa Andr.

	

	

	

	
+

	




	
25

	
Erigeron canadensis L.

	

	

	

	
+

	




	
26

	
Geranium wilfordii Maxim.

	

	

	

	
+

	




	
27

	
Microbiota decussata Kom.

	

	

	

	
+

	




	
28

	
Pinellia ternata (Thunb.) Makino

	

	

	

	
+

	




	
29

	
Lonicera japonica Thunb.

	

	

	
+

	

	




	
30

	
Medicago sativa L.

	

	
+

	

	

	




	
31

	
Artemisia argyi Lévl. et Van.

	

	
+

	

	

	




	
32

	
Imperata cylindrica (L.) Raeusch.

	

	
+

	

	

	




	
33

	
Miscanthus sinensis Anderss.

	
+

	

	

	

	




	
34

	
Rumex hastatus D. Don.

	
+

	

	

	

	








Note: ‘+’ indicate the plant is existent in different communities.
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Table 3. Species composition and plant diversity index in different communities.
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	Restoration Year/a
	S
	J
	D





	1
	4
	1.31
	0.68



	7
	5
	0.98
	0.67



	10
	8
	1.34
	0.83



	40
	9
	0.66
	0.44



	natural forest
	12
	1.02
	0.76







Note: ‘S’ indicates species richness index, ‘J’ is Pielou Evenness index, and ‘D’ is Simpson diversity index, same as follows.
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Table 4. Correlation analysis of plant diversity and soil nutrients.
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	pH
	TN
	AN
	TP
	AP
	SOC
	DOC
	ROC
	LPOC
	POC
	MOC
	H′
	R
	J
	D





	H’
	−0.396
	0.717 **
	0.772 **
	−0.359
	−0.536 *
	−0.913 **
	0.052
	0.236
	0.217
	0.572 *
	0.211
	1
	−0.162
	0.646 **
	0.860 **



	R
	−0.754 **
	−0.066
	0.109
	0.827 **
	0.651 **
	0.253
	−0.088
	0.308
	−0.026
	−0.093
	0.212
	−0.162
	1
	0.640 *
	0.202



	J
	−0.851 **
	0.426
	0.569 *
	0.410
	0.112
	−0.524 *
	−0.005
	0.438
	0.126
	0.089
	0.006
	0.646 **
	0.640 *
	1
	0.830 **



	D
	−0.691 **
	0.560 *
	0.625
	−0.031
	−0.031
	−0.654 **
	−0.307
	0.088
	−0.169
	−0.127
	−0.527 *
	0.860 **
	0.202
	0.830 **
	1







Note: ** Correlation is significant when the confidence (double test) is 0.01; * Correlation is significant when the confidence (double test) is 0.05.
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Table 5. Linear stepwise regression analysis of soil nutrients and restoration years on plant diversity.
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Variable

	
Estimate

(Standard Error)

	
ANOVA

	
Relative

Importance




	
F-Value

	
Pr (>F)






	
pH

	
−0.91

	
13.22

	
***

	
26.5%




	
SOC

	
−0.20

	
14.58

	
***

	
6.9%




	
TP

	
0.96

	
25.96

	
***

	
2.9%




	
AP

	
−0.60

	
24.65

	
***

	
0.8%




	
age

	
−0.41

	
23.85

	
***

	
7.4%








Note: *** Correlation is significant when the confidence (double test) is 0.001.
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