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Abstract

:

Plant diversity in relatively harsh environments, such as metal-polluted areas tends to be relatively low. Invasive plants may invade harsh environments more easily than native plants. However, studies often find fewer invasive species in stressful edaphic habitats (such as serpentine soils). Those examples may represent relatively extreme conditions. Moderately stressful habitats may be more invaded given the advantages of invasive plants. We surveyed the plant diversity in four site pairs across three seasons. Sites consist of abandoned mines and reference sites. The mine sites have calcareous soils with relatively high iron, basic pH, and lower nutrients than reference sites. Results: There were 153 plant species among the four site pairs. Around 80 and 66% of species in calcareous and reference sites were introduced species respectively. Diversity varied across seasons but tended to be lower in the mine sites. One of the mines was significantly more invaded. Across sites, the number of invasive species and their abundances was not different from that of native species. Invasive plants are as capable of invading moderately stressful calcareous sites as native species, with some sites tending to be even more invaded.
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1. Introduction


For over a century, biological invasion is an important part of global environmental change, with increasing research interest worldwide [1]. Many alien species are widely distributed in non-native areas, affecting ecosystems, livelihoods, and having significant economic consequences [2]. Invasive plants are usually widely distributed and have a strong ability to adapt to different environments. These invasive plants can displace native plant species and alter the structure and function of native plant communities [3], with the effect of reducing local or regional biodiversity [4]. Invasive plant species tend to have advantages over native species in disturbed or resource-rich conditions. Even under low resource availability, invasive plants may have higher resource utilization efficiency than native plants [5,6,7,8]. Anthropogenic activities such as mining change the structure and function of plant communities, while the species diversity in mining areas could be high, disturbance from mining activities may promote the invasion of alien plants. Studies found that many invasive plants have the ability to settle in sites polluted by heavy metals [9,10,11]. Some alien invasive plants have a high tolerance to pollutants, such as heavy metals [12,13,14]. Therefore, it is very necessary to study these questions.



Past studies have found that invasive plants can invade metal-contaminated areas [15]. Toxicity from metal pollution can seriously interfere with the growth and photosynthesis of plants [16,17]. Moreover, adaptive changes to detoxify metals and other stressors present in metal-polluted sites (such as low soil moisture or low nutrients) can reduce the performance of plants inhabiting such sites. Although the toxic effects of heavy metals can hinder the growth and fecundity of most plants, tolerant plants can proliferate in metal-polluted habitats [18,19]. Hyperaccumulator and metallophyte species are commonly found in metal-contaminated environments such as mine sites. Hyperaccumulators are species that can accumulate high concentrations of metals in their tissues without detriment to their growth [20]. Metallophytes are plant species that are able to grow and form sustained populations in polluted soils, with obligatory metallophytes being found only in metal-contaminated sites, and facultative metallophytes found in both non-contaminated and contaminated sites [21]. In their introduced ranges, invasive plants found in mine sites can be assumed to be facultative metallophytes (as they are highly abundant at the regional level and not restricted to mine sites). Studies have confirmed that many invasive plants have a strong tolerance to metals, with some able to hyperaccumulate metals in tissues [22,23,24,25]. Moreover, many invasive plants have inherent advantages in growth, fecundity, and other physiological characteristics (such as high phenotypic plasticity and allelopathy). Under competition, invasive plants usually perform better than or even inhibit native plant species [26,27]. Although competition may not be as important as tolerance to stress in stressful sites, few habitats are truly non-competitive.



Mine sites represent relatively new, highly disturbed habitats appearing relatively suddenly in time. Several invasion hypotheses suggest that the richness of invasive plants’ metal-polluted sites should be higher compared to normal sites. The ideal weed hypothesis (IWH) posits that successfully established introduced plants have relatively high growth rates, germination rates, and competitive ability [28], and are likely to colonize new areas through long-distance dispersal [29]. Similarly, the empty niche hypothesis (ENH) predicts that ecosystems with low species diversity and more empty niches are more vulnerable to invasion [30,31]. The invasion meltdown hypothesis (IMH) holds that the positive interaction between invasive species will lead to positive group-level feedback, which will intensify the impact of invaders and promote additional invasion by other alien species [32]. Similarly, invasive plants can competitively exclude native plants (e.g., in calcareous grasslands [33]).



Some studies have found that plant communities in abiotically stressful or ‘harsh’ environments are less often invaded by alien plant species than those in milder environments. A review by Zefferman [34] found that invasive plants do not often invade harsh environments such as those with high soil salinity (e.g., salt marshes) or sodic and/or alkaline soils, which have been observed to be less invaded [28]. The proportion of invasive species may be higher in less stressful sites such as mine sites under restoration (e.g., Bauman et al. [35]) and calcareous sites because stressors are less extreme. For example, some studies have shown that there is a unimodal relationship between the fine-scale species richness and the main vegetation gradient in the dry calcareous grassland in the Baltic Sea [36]. Some studies, such as Bauman et al. [35], show that there is no difference in plant diversity due to the increased coverage of invasive and naturalized species in mine areas under reclamation, and plant diversity has decreased in over five years. However, the alkalinity of the unweathered soil in the reclaimed mining areas is significantly higher (>6.5 pH), which may be conducive to the colonization of non-native herbaceous plants that can adapt to this condition [37]. A survey by Aguiar et al. [38] found that alien species are present in 91% of the survey sites, and are more common in sites at two river types (siliceous and calcareous rivers) than in the reference sites, and calcareous sites have higher invasibility, in the non-reference sites of the two river types, alien species have been more common, and the calcareous background is more sensitive to invasion. Globally, calcareous soil accounts for about 30% of the land area, and its characteristics mainly include high calcium carbonate content, low organic matter content, and low plant nutrient elements absorbed and utilized by plants [39]. Calcareous soil mainly exists in areas with higher altitudes, and the pH value is mainly around 7.8. Compared with most soils, calcareous soil is more vulnerable to heavy metal pollution [40]. Restoration work such as the addition of lime, fertilizer, or mulch used to improve the soil in barren sites may ameliorate stressors and promote colonization by adjacent plant species [41]. It is not yet clear if plant communities in certain harsh habitats such as sites with lower metal contamination and calcareous sites would be less invaded. If such sites have lower native plant diversity then invasive plants should be able to invade more easily [42]. Sites vary widely in harshness. Previous studies finding a lower presence of invaders in harsh sites may represent the most extreme conditions, such as heavily polluted sites. Communities with low species diversity and functional diversity in moderately stressful sites should be more seriously invaded than those with high species diversity and functional diversity.



In this study, we tested the plant diversity in an area with multiple mine sites, and test the following hypothesis: (1) the proportion (by the number of individuals and number of species) of invasive plants in the mine sites will be higher than that of native plants compared to adjacent reference sites, (2) the plant diversity in mine sites will be lower than reference sites; and (3) invasive species are abundant in both mine sites and non-mine areas, but native species will be restricted to either site.




2. Materials and Methods


2.1. Study Area


Four mine sites were located on hills around Zhenjiang in Jiangsu Province, China (Figure 1). These are Xianglushan (119°13′41″ E, 32°07′42.9″ N), Goutoushan (119°20′12″ E, 32°03′48″ N), Majishan (119°38′13″ E, 32°06′39″ N, Dantu District), and Longwangshan (119°36′55″ E, 32°08′12″ N). Henceforth, these ‘Locations’ will be referred to as XLS, GTS, MJS, and LWS, respectively. ‘Sites’ refer to the site type (mine site or reference site) within each ‘Location’. The mine site vegetation consisted of low herbs and grasses, with few trees and shrubs. Adjacent woodland and open sites with sparse or no tree cover were chosen for the reference sites paired with the mine sites (1–1.5 km from the respective mine sites). The soil chemical properties of all sites are presented in Table 1. Mine site soils are calcareous and have relatively high levels of iron and calcium, with a basic pH (7.6–8.2) and lower C and N content. The MJS mine site soil is also relatively high in zinc (>500 mg/kg). Mine soils are very rocky with sparser vegetation cover, particularly during spring (Figure 2). Reference sites had neutral to slightly acidic pH and lower levels of iron.



In the early 1960s to 70s, large-scale quarrying occurred in the areas surrounding Zhenjiang. Mining activities ceased around 2001, after which efforts were made to restore some of the sites. A portion of the mine sites at MJS and XLS was planted with the shrubs Lespedeza bicolor and Swida walteri in restoration work, so we avoided sampling those areas of the mines. The soil type in the area is highly ferric yellow-brown soil, and occasionally brownish-red soft plastic loam. The rock stratum is mostly covered with 2–3 m of residual soil, and the lithology mainly includes quartz sandstone, basalt, limestone, dolomite, etc. The climate is highly seasonal and is within the subtropical monsoon climate zone, with an annual average temperature of 16 °C. The dominant wind direction is southwest in summer and northwest in winter. The annual average precipitation is 989 mm, and the annual average relative humidity is 76%.




2.2. Plant Diversity Survey and Soil Sample Collection


We surveyed the diversity at three site pairs (mine site, and adjacent reference sites across 3 seasons in April and October (i.e., MJS, GTS, and XLS in spring and autumn 2021, and spring 2022). During the last sampling season (spring 2022), one of the site pairs (GTS) was inaccessible due to covid restrictions therefore a substitute site pair was used instead (LWS). Three 5 × 5 m quadrats were randomly placed at each sub-site, and the total number of plant species and number of individuals for each species in each quadrat were recorded. Individuals were counted non-destructively, but for some sprawling or dense clump-forming species (such as Medicago sp. or some Poaceae), plants were trimmed for better visibility. Soil samples were taken using a soil auger from a depth of 10–30 cm in three replicates, depending on the penetrability of the substrate. For each replicate, soil from three cores taken from within a 2 × 2 m area was pooled. The soil depth sampled depended on the penetrability of the substrate. A total of 2–3 kg of soil was taken at each site. The soil samples were sieved and air-dried for a week, and then sieved through a 40-mesh sieve to facilitate the measurement of the physical and chemical properties of the soil. After the soil was air-dried, samples were sent to Nanjing Convinced-Test Technology Co., Ltd. (Nanjing, China), which conducted the soil analysis. The soil’s total nitrogen content was determined by the Kjeldahl method after digestion with sulfuric acid and an accelerator. Soil pH was measured using the glass electrode method. Soil organic carbon was determined by the potassium dichromate oxidation external heating method. Hydrofluoric acid perchloric acid digestion was used to determine the content of calcium and magnesium by ICP-OES. Cadmium, chromium, lead, zinc, copper, and iron concentrations in soil were determined by four acid digestion inductively coupled plasma spectrometry.




2.3. Statistical Analysis


The proportions of invasive and native species for the number of species and the number of individuals (i.e., abundance) were tested using Chi-square tests. To quantify the species diversity at the sites, we calculated the Shannon-Wiener diversity index (H) and Simpson diversity index (D) of each sampling site. The Simpson evenness index (E) was used to quantify the distribution of invasive and native plants at each sampling site. Species similarity was quantified using the Sørensen similarity index (SI). These are calculated using the following:


  Shannon - Wiener   diversity   index   ( H ) : −  ∑  i = 1  s   p i    lnp  i   
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  Sorensen   similarity   index   ( SI ) :   SI = ( 2   ∗    E C  ) / (  E 1  +  E 2  )  
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where Ni is the number of individuals of the ith species, Pi = Ni/N, is the proportion of the individual number of the ith species, S is the number of plant species in the sample, and N is the total number of individuals. The higher the H and D values, the higher the plant diversity at the site. E represents the species’ evenness in the investigation area. The higher the E-value, the more uniform the plant distribution. The Sorensen Index was used to measure the similarity between two samples of data. EC is the total number of elements in common between the sets, E1 is the number of elements in site 1 and E2 is the number of elements in site 2. Hutcheson’s t-test was used to analyze differences in the Shannon-Weiner index (plant diversity) within mine sites versus reference sites [43]. Linear regression was used to test the relationship between abundance (number of individuals) in the mine sites versus abundance in reference sites for invasive and native species. Shapiro-Wilk and Levene’s tests for checking the normality and homogeneity of variance, the results of the W test show that all p-values were less than 0.05, so the logarithmic transformation was conducted on the data. All analyses were conducted using SPSS statistical software (ver. 26, IBM, Armonk, NY, USA). A p-value < 0.05 is considered statistically significant.





3. Results


There was a total of 153 species belonging to 127 genera and 52 families of plants were recorded (Supplementary materials Table S1). The distribution in the presence of species across sites is summarized in Figure 3.



3.1. Abundance and Species Richness of Invasive Plants across Site Pairs


The average abundance of most species across sites at all locations (i.e., XLS, MJS, LWS, and GTS) was not high (Figure 4). Fewer species were present in both mine and reference sites than those present at either of the site types (Figure 3). By focusing on site pairs, the mine sites can be considered to be a filter of the existing species pool in the local area (Figure 5). Interestingly, there was overall little difference between the proportion of invasive plants and the number of native plants at each site, paired by the number of individuals (Table 2) or by the number of species (Table 3). From the average abundance distribution of plant species in mine sites and reference sites in spring 2022 (Figure S1), it can be seen that more scattered points deviate from the coordinate axis. As in the spring of 2021, although most plants seem to prefer one site type over the other (Table 4), there are still more plant species that are present in both site types than in autumn. The difference among mine sites and reference sites in the proportions of invasive plants and native plants among site pairs at each location was not as obvious in spring 2021 and 2022 as in autumn 2021. Basically, there is little difference in the number of plant individuals among site types, but, on the whole, there are more invasive plants (particularly at the MJS site pair). Spring had a significantly higher proportion of invasive species than in autumn in the number of individuals only, but did not differ significantly in the number of species (Table 5).



There was a significant positive relationship between abundance in the mine site and abundance in reference sites for both native and invasive plants, where species that are relatively abundant are also abundant across sites (Figure 6). The total plant number and the plant species richness among the mine sites and reference sites were similar (Figure 3; Table 4). Overall, calcareous mine sites did not differ significantly in the proportion of individuals that are invasive compared to reference sites (Table 2a, p > 0.05). However, when the site pairs are considered together, we can find that the difference between the individual numbers of invasive plants and native plants in each sampling area is quite significant, and invasive plants have a higher abundance (Table 2b). The results from the chi-square tests showed that: in general, the abundance of invasive plants is slightly higher than that of native plants, but compared with calcareous areas and reference areas there was no obvious difference between the number of invasive plants and native plant species (Figure 3 and Figure 4; Table 4). Looking at each sampling site separately, we found that, generally, the number of invasive plant species in all mine sites was higher than that of native plants, but in reference sites of GTS and XLS, the number of native plant species is slightly higher than that of invasive plants. Among the four sampling sites, only the number distribution of invasive plants and native plant species in GTS is different, while the number of invasive plants and native plant species in other sampling sites is not significantly different (Table 3).




3.2. Diversity in Mine Sites Versus Reference Sites


The plant species highly abundant in the reference sites include herbs of Asteraceae, Leguminosae, Rubiaceae, and Geraniaceae, such as Solidago canadensis, Galium spurium, Vicia sativa, Geranium wilfordii, etc. Among them, S. canadensis accounts for nearly 10% of the total number of individuals. Only a few shrub and tree species were present at both sites (less than 1%), such as Rubus hirsutus, Paederia cruddasiana, Ginkgo biloba, and Celtis sinensis. Herbs are abundant in reference sites, accounting for 79% of the plant species (mainly Poaceae and Asteraceae). Interestingly, mine sites had relatively low evenness compared to reference sites at GTS and MJS, but only during autumn. There are 62 species of plants present in both mine sites and reference sites, including 38 invasive plants and 24 native species. Plants species were mainly herbs accounting for > 80% (especially Asteraceae and Poaceae which account for 19% and 31%, respectively). In the mine sites, this is similar where Poaceae accounted for 17% and Asteraceae accounted for 27%, including S. canadensis, Setaria viridis, Erigeron annuus, and Elymus dahuricus. There were only a few shrub species, such as Rubus hirsutus, Duchesnea indica, and Rosa multiflora. Tree species were common, including 15 species in 12 families, such as Ginkgo biloba, Populus tomentosa, Pterocarya stenoptera, Celtis sinensis, and Broussonetia papyrifera, all of which are drought-resistant and barren tree species [44]. Patterns in plant diversity varied across seasons. Mine sites tended to have lower diversity than reference sites (i.e., MJS during spring 2021 and 2022, LS during spring 2021, and GTS during autumn 2021), except for the MJS mine site during autumn, which had higher diversity than the reference site (Table 6). The other indices of diversity are presented in Table S2.




3.3. Distribution and Abundance of Native and Invasive Species among Sites


Most species are found only at one of the site types, especially at the MJS site pair (mine and reference sites) in autumn (Figure S1). S. canadensis and Setaria viridis were the most abundant species across the site pairs at XLS and GTS (Figure S1). In autumn (Figure 5), there were large differences in abundance among site pairs in each sampling location (e.g., GTS mine site S. canadensis individuals and GTS reference site Eleusine indica individuals; Figure S1). In mine sites, abundance was significantly higher than that of reference sites in spring than in autumn, and most of them are introduced or invasive plants (particularly at the MJS site pair). However, the number of species was similar between autumn and spring (χ2 = 0.04, p = 0.83), but invasive species had higher abundance (χ2 = 473, p < 0.001). The plant species diversity in spring 2022 was similar to that of spring in the preceding year (Table 3a). Mine sites had similar diversity to reference sites (Table S2).





4. Discussion


Our results suggest that invasions are commonplace in moderately stressful habitats such as calcareous mine sites, and certain stressful sites may be significantly more invaded than others. In the study region, alien and invasive plants account for the majority (>50%) of all species. Invasive plant abundance in the mine sites was generally higher than that of native plants. Invasive plants still dominate in most cases in reference sites.



Our hypotheses were: (1) the proportion of invasive plants in the mine sites will be higher than that of native plants. On the whole, invasive plants are very prevalent across sites but did not differ significantly between mine sites and reference areas with the exception of the GTS mine site, which had a significantly higher proportion of invasive plant species relative to natives compared to the proportions in the adjacent reference site. The results for the proportion of invasive species by the total number of individuals were not consistent, with some mine sites having a significantly greater proportion of invasive plants compared to that of the adjacent sites (GTS and LWS) and others had an increased proportion of native species in the mine site than in the adjacent sites (XLS and MJS). Overall, the first prediction has only limited support; (2) the plant diversity in mine sites will be lower than in reference sites. Conversely, we found that species diversity, evenness, and richness were similar across sites and seasons. Evenness was relatively low at the GTS and MJS mine sites only during the autumn sampling. The patterns in plant diversity within site pairs varied across seasons. There were no significant differences among sites in some seasons, but mine sites tend to have lower diversity than adjacent sites (except for MJS during autumn 2021). The species similarity tended to be lower in the mine sites. Thus, there was overall slight support for the second prediction; (3) Invasive species are abundant in both mine sites and reference areas, but native species will be restricted to either site. We found that native and invasive species both vary widely in which sites they inhabit and in similar proportions, and that the common species present at both sites tend to be also common in both sites. Therefore, we found no support for the third prediction.



The high presence of invasive species at the calcareous mine sites was not too unexpected. The overall result was similar to findings from other types of calcareous environments. For instance, in a calcareous grassland ecological restoration project [45], the reconstruction of local calcareous grassland plant communities was affected by the high coverage of invasive plants in the calcareous areas. They similarly observed relatively low evenness in the old restoration site compared to reference sites. This may be due to the dominance of invasive grass in these areas. Bart et al. (2011) studied the plant communities in calcareous marshes and found that those environments were mainly composed of woody invasive and weedy native species. Compared with flat land, the area in the marshland that has been plowed or disturbed there were more pioneer native and invasive herbaceous species. Weeds, herbs, and rhizomes are particularly abundant and frequent in these areas. Despite the existence of these invasive weeds and invasive species, the local pioneer species of marsh continue to live in the wing marsh, and the central community is the remains of the local herbaceous calcareous marsh vegetation [46]. There were few invasive species in the center of the calcareous marsh, but more invasive species on the disturbed edges. Thus, the relatively high number of invasive species at some mine sites (e.g., GTS) might be associated with disturbance. The presence of relatively high soil iron or heavy metals (such as high zinc in the MJS mine) did not seem to impact the overall level of plant diversity.



Our investigation into the plant diversity at ferrous calcareous sites found lower similarity among sites within site pairs, particularly between mine sites and adjacent reference sites. This suggests that the stressors present at the mines apply selective pressures on plants. However, these stressors do not limit the number of plant species able to grow in such sites and may promote a different suite of species that are less common outside of the mines. In autumn, the evenness of species in mine sites was much lower than in reference sites, meaning that the plants in reference sites are more evenly distributed in space, but not in the mine sites, where the plants are more clustered. This distribution may be related to the rocky soils found at mine sites. We found that the iron content in the soil of the region is high (i.e., from 45 to 50 g/kg in reference soils, and from 57 to 85 g/kg in mine soils), which may have had an impact on the species diversity of the region. Presently, there is no literature to investigate the impact of iron on plant diversity, Species diversity was much lower in autumn compared to spring (such as at the MJS), but invasive plants are still predominant across the site. This suggests that invasive plants have stronger environmental tolerance than native plants, and have a competitive advantage over plants with poor tolerance in polluted soil [47]. Although invasive plants have a strong tolerance to the environment, there is a sharp contrast between plant species diversity in spring and autumn. It may also be that as resources are reduced during autumn (e.g., lower solar irradiation and reduced rainfall), the growth of many plants becomes slow or stagnant, and invasive plants can make better use of the resources than local plants, which increases the survival probability [6]. However, in general, the richness or number of invasive plants in different seasons and reference sites was not different from that of local plants. In different stages of vegetation restoration, environmental factors have a phased impact on plant diversity. At different stages and locations, they will be more dominant than alien invasive plants, or in most cases, they are equal to invasive plants [48]. On the one hand, local resident plants (both invasive and native plants) may have adapted to this stressful environment for a long time through phenotypic plasticity or ecological differentiation [49,50,51,52,53,54] has made them completely adapt to environmental pressure like invasive plants. On the other hand, the stressors at the mine sites likely produced a filtering effect, where a portion of the surrounding resident species was excluded from the mines, leaving other species able to tolerate the stressors to become (and not necessarily involving adaptation). Whether plants at the mine sites are adapted to stressors may be addressed in future studies.



The overall diversity is similar across sites, which is not unexpected for moderately stressful habitats such as calcareous sites. Interestingly, the number of species that were only found at mine sites was the greatest (Figure 4). Even in GTS reference sites, there is no species advantage compared with local plants (Table 4). At the same time, due to ore mining, the original vegetation community of the mine has been seriously altered. The survey area belongs to the early stage of natural succession with many Poaceae (especially Imperata cylindrica, Digitaria sanguinalis, Setaria viridis) and Asteraceae (especially Erigeron annuus, E. canadensis and S. canadensis), which are commonly found in wastelands and most of them being invasive species. Poaceae and Asteraceae species are dominant plants in the early stages of natural succession in the restoration of vegetation community [55]. These species have a wide range of distribution, strong adaptability, fast growth, large numbers, and form local small communities. Many Asteraceae and Poaceae plants can adapt to environments with high soil Mn, Cr, Cd, and other heavy metals and other stress factors such as exposure to winds and sun, low nutrients, and drought, so they can be considered pioneer plants for ecological restoration [56,57].



This study aims to explore whether invasive plant species can readily colonize moderately stressful habitats, such as calcareous mine sites, and provide information on species suitable for ecological restoration. The mechanisms of plant invasion are complex and diverse, and an understanding of whether those mechanisms are the same when invasive plants colonize stressful habitats is still developing. The results suggest invasive species are not inhibited from colonizing moderately stressful habitats and may have advantages in some stressful sites such as the GTS mine site which was drastically more invaded than the other mine sites (especially by Setaria viridis, Figure S1). The reasons for this are still unknown and warrant further investigation. Environmental protection and ecological restoration of vegetation at abandoned mine sites are important for ecological health. However, the impacts of invasive plant species in polluted sites should also be considered, particularly as they can easily invade many of such sites which can impede ecological restoration. Future work can address the major problems in global ecological protection.
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Figure 1. Map of survey site pairs in the areas around Zhenjiang City on the Yangtze River, Jiangsu Province. Yellow stars indicate mine sites and white crosses indicate reference sites. 
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Figure 2. Photographs detailing the local site conditions: (a) MJS mine site, (b) GTS reference site, (c) MJS mine site vegetation in spring, (d) MJS mine site vegetation in autumn, (e) GTS mine site, and (f) LWS mine site. 
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Figure 3. The total number of invasive and native plant species present across site type combinations. 
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Figure 4. Histogram showing the distribution of plant species across varying levels of abundance at each location: (a) XLS, (b) MJS, (c) LWS, and (d) GTS. The sampling at LWS was conducted only during spring 2022 when the GTS site pair was inaccessible. 
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Figure 5. Comparison of average individual numbers of invasive plants and native plants in each sampling area for: (a) spring 2021 (April), (b) autumn 2021 (October), and (c) spring (April) 2022. 






Figure 5. Comparison of average individual numbers of invasive plants and native plants in each sampling area for: (a) spring 2021 (April), (b) autumn 2021 (October), and (c) spring (April) 2022.



[image: Diversity 14 00986 g005]







[image: Diversity 14 00986 g006 550] 





Figure 6. Linear regressions of plant abundance in mine sites versus reference sites for the site pairs at all locations: (a) log number of individuals for invasive plants (n = 37) and (b) log number of individuals for native plants (n = 23). Each dot point represents an individual species. Values are of the total within each site type, and species absent from either site type were excluded. 
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Table 1. Soil properties from the sampling locations for plant diversity located around Zhenjiang (all values are total content in mg/kg, except for total carbon and nitrogen in g/kg). The soil was sampled at 10–30 cm depth. Metal concentration values are means ± SD (n = 3). Different lowercase letters represent significant differences at the location × site level (p < 0.05).
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	Location
	Zn
	Cr
	Cu
	Cd
	Pb
	Mn
	Ca
	Mg
	Fe
	C (g/kg)
	N (g/kg)
	pH





	Mine sites
	
	
	
	
	
	
	
	
	
	
	
	



	GTS
	215 ± 15 a
	215 ± 26 a
	61 ± 2 a
	1.24 ± 0.87 a
	52 ± 7 a
	1210 ± 253 a
	214,219 ± 7837 a
	19,024 ± 2191 a
	57,294 ± 3398 ab
	8.73
	0.68
	8.13



	LWS
	263 ± 37 a
	129 ± 12 a
	46 ± 2 a
	0.32 ± 0.05 a
	47 ± 10 a
	651 ± 267 a
	89,221 ± 58,662 ab
	80,848 ± 53,213 b
	63,587 ± 2924 ab
	5.94
	0.77
	7.65



	MJS
	544 ± 251 a
	217 ± 100 a
	82 ± 34 a
	0.83 ± 0.31 a
	186 ± 67 b
	1383 ± 663 a
	89,199 ± 80,260 ab
	31,249 ± 14,924 ab
	85,181 ± 28,443 a
	7.84
	0.81
	8.06



	XLS
	334 ± 17 a
	460 ± 253 a
	69 ± 4 a
	1.09 ± 0.21 a
	79 ± 9 a
	1089 ± 140 a
	213,298 ± 57,124 a
	19,206 ± 5678 a
	60,118 ± 9012 ab
	6.67
	0.66
	7.98



	Reference

sites
	
	
	
	
	
	
	
	
	
	
	
	



	LWS
	355 ± 92 a
	314 ± 168 a
	66 ± 8 a
	0.62 ± 0.08 a
	93 ± 24 a
	916 ± 110 a
	37,863 ± 6863 b
	22,634 ± 919 a
	67,201 ± 10,723 ab
	19.22
	1.80
	7.81



	XLS
	239 ± 28 a
	224 ± 67 a
	58 ± 12 a
	0.67 ± 0.30 a
	68 ± 7 a
	759 ± 147 a
	133,782 ± 114,978 ab
	13,859 ± 452 a
	68,089 ± 9087 ab
	11.07
	1.00
	7.56



	GTS
	211 ± 31 a
	113 ± 11 a
	34 ± 3 a
	1.40 ± 0.47 a
	60 ± 5 a
	677 ± 27 a
	15,179 ± 4579 b
	9238 ± 1433 a
	45,059 ± 4892 ab
	20.82
	1.93
	6.72



	MJS
	202 ± 15 a
	157 ± 14 a
	41 ± 15 a
	0.43 ± 0.07 a
	61 ± 3 a
	501 ± 62 a
	6383 ± 1085 b
	8309 ± 884 a
	50,129 ± 3318 ab
	20.83
	1.46
	5.84
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Table 2. Chi-square test results comparing the number of individuals of invasive versus native species: (a) across all sites, (b) among site pairs (mine sites and adjacent reference sites). Bold p-values indicate statistically significant differences.
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	(a)
	
	
	
	





	
	Reference
	Calcareous
	χ2
	p



	Total number of individuals across all sites
	
	
	
	



	Native
	1575 (34%)
	1997 (35%)
	
	



	Invasive
	3005 (66%)
	3667 (65%)
	48.88
	0.36



	(b)
	
	
	
	



	
	Reference
	Mine site
	χ2
	p



	Total number of individuals

GTS
	
	
	
	



	Native
	307 (40%)
	254 (21%)
	
	



	Invasive
	458 (60%)
	946 (79%)
	82.37
	<0.001



	MJS
	
	
	
	



	Native
	421 (30%)
	964 (39%)
	
	



	Invasive
	987 (70%)
	1504 (61%)
	32.76
	<0.001



	XLS
	
	
	
	



	Native
	586 (35%)
	664 (44%)
	
	



	Invasive
	1089 (65%)
	842 (56%)
	27.56
	<0.001



	LWS
	
	
	
	



	Native
	261 (36%)
	115 (23%)
	
	



	Invasive
	471 (64%)
	375 (77%)
	20.46
	<0.001
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Table 3. Chi-square test results comparing the number of species of invasive versus native species: (a) across all sites, (b) among site pairs (mine sites and adjacent reference sites). Bold p-values indicate statistically significant differences.
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	(a)
	
	
	
	





	
	Reference
	Mine site
	χ2
	p



	Total number of species across all sites
	
	
	
	



	Native
	77 (46%)
	64 (38%)
	
	



	Invasive
	88 (54%)
	106 (62%)
	71.14
	<0.001



	(b)
	
	
	
	



	
	Reference
	Mine site
	χ2
	p



	Total number of species

GTS
	
	
	
	



	Native
	24 (52%)
	14 (29%)
	
	



	Invasive
	22 (48%)
	34 (71%)
	5.17
	< 0.05



	MJS
	
	
	
	



	Native
	21 (38%)
	21 (42%)
	
	



	Invasive
	34 (62%)
	29 (58%)
	0.16
	0.69



	XLS
	
	
	
	



	Native
	27 (55%)
	25 (42%)
	
	



	Invasive
	22 (45%)
	34 (58%)
	1.74
	0.19



	LWS
	
	
	
	



	Native
	5 (33%)
	4 (31%)
	
	



	Invasive
	10 (67%)
	9 (69%)
	0.02
	0.88
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Table 4. Species similarity results among site pairs at each location (mine and adjacent reference sites).
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	Location
	Mine Site total
	Reference Total
	Species in Common
	Sørensen Index





	GTS
	48
	46
	16
	0.34



	MJS
	50
	55
	19
	0.36



	XLS
	59
	49
	26
	0.48



	LWS
	13
	15
	10
	0.71
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Table 5. Chi-square test results for the comparison in the proportion of invasive species to native species during spring vs. autumn across all sites. Bold p-values indicate statistically significant differences.
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	Spring
	Autumn
	χ2
	p





	Number of species
	
	
	
	



	Invasive
	54 (54%)
	52 (52%)
	
	



	Native
	46 (46%)
	47 (47%)
	0.04
	0.83



	Number of individuals
	
	
	
	



	Invasive
	15,653 (69%)
	4367 (55%)
	
	



	Native
	7184 (31%)
	3569 (45%)
	473.17
	<0.001
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Table 6. Results from Hutcheson’s t-tests on the differences in plant diversity among mine versus reference sites (Shannon-Weiner index, H).
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Location

	
Site

	
H

	
t

	
df

	
p






	
Spring 2021

	

	

	

	

	




	
GTS

	
Mine

	
1.58

	
0.05

	
5.7

	
0.11




	
Reference

	
1.58

	

	

	




	
MJS

	
Mine

	
1.57

	
0.03

	
5.7

	
<0.05




	
Reference

	
1.58

	

	

	




	
XLS

	
Mine

	
1.55

	
0.02

	
5.7

	
<0.05




	
Reference

	
1.57

	

	

	




	
Autumn 2021

	

	

	

	

	




	
GTS

	
Mine

	
1.55

	
0.02

	
5.9

	
<0.05




	
Reference

	
1.57

	

	

	




	
MJS

	
Mine

	
1.57

	
0.01

	
5.9

	
<0.05




	
Reference

	
1.54

	

	

	




	
XLS

	
Mine site

	
1.58

	
0.18

	
5.9

	
0.36




	
Reference

	
1.58

	

	

	




	
Spring 2022

	

	

	

	

	




	
LWS

	
Mine

	
1.58

	
0.07

	
3.6

	
0.13




	
Reference

	
1.58

	

	

	




	
MJS

	
Mine

	
1.56

	
0.03

	
3.6

	
<0.05




	
Reference

	
1.58

	

	

	




	
XLS

	
Mine

	
1.58

	
0.06

	
3.6

	
0.12




	
Reference

	
1.58
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