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Abstract

:

The diffusion of trace elements in mining wastelands has attracted widespread attention in recent years. Vegetation restoration is an effective measure for controlling the surface migration of trace elements. However, there is no field evidence of the effective riparian zone width in mining wastelands. Three widths (5 m, 7.5 m, and 10 m) of Rhododendron simsii/Lolium perenne L. riparian zones were constructed in lead–zinc mining wastelands to investigate the loss of soil, cadmium (Cd), copper (Cu), arsenic (As), lead (Pb), and zinc (Zn). Asbestos tiles were used to cut off connections between adjacent plots to avoid hydrological interference. Plastic pipes and containers were used to collect runoff water. Results showed that more than 90% of trace elements were lost in sediment during low coverage and heavy rainfall periods. Compared with the 5 m riparian zone, the total trace element loss was reduced by 69–85% during the whole observation period in the 10 m riparian zone and by 86–99% during heavy rain periods in the 10 m riparian zone, which was due to reduction in runoff and concentrations of sediment and trace elements in the 10 m riparian zone. Indirect negative effects of riparian zone width on trace element loss through runoff and sediment concentration were found. These results indicated that the wide riparian zone promoted water infiltration, filtered soil particles, and reduced soil erosion and trace element loss. Riparian zones can be used as environmental management measures after mining areas are closed to reduce the spread of environmental risks in mining wastelands, although the long-term effects remain to be determined.
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1. Introduction


Trace elements are released into the soil, water, and atmosphere during mineral mining and smelting, disrupting the biogeochemical cycle of these elements. Heavy metals and metalloids such as Cr, Ni, Cu, Zn, Cd, Pb, Hg, and As pose a significant risk to the environment. Over time, the pollution levels and associated risks of these elements in the environment accumulate [1]. The accumulation of trace elements in the soil in mining areas is influenced by altitude, slope, landscape, wind, rainfall, and water flow. Water flow transports large quantities of trace elements, while wind transports trace elements over long distances. The spread of trace element pollution causes soil degradation and landscape degradation [2,3]. Following mine closures, trace elements are redistributed in the form of sediments over short periods of time, increasing the geo-accumulation index of potentially toxic trace elements in farmland and rivers and increasing the risk of human exposure [4]. Riparian zone vegetation restoration would change the distribution of trace elements in low-altitude areas, which is important for reducing downstream environmental risks [5].



The riparian zone is an important riverside landscape corridor with the characteristics of high productivity and high biodiversity. A long and narrow vegetation belt connects the river and the embankment, providing space for the migration and distribution of water, sediment, nutrients, animals, and plants on the riverbank [6]. The vegetation barrier in the riparian zone effectively controls non-point source pollution by intercepting runoff and filtering suspended solids. The plants in the riparian zone play a crucial role in adsorbing, absorbing, and transforming pollutants, as well as reducing erosion [7,8,9]. However, the plant community species diversity and vegetation coverage in the natural restoration area in mining wastelands are lower than those in artificial restoration sites [10]. Complex spatial structures and species configurations of the vegetation within the riparian zone have proven to be effective at intercepting pollutants [11,12]. Additionally, vegetation coverage significantly reduces the erosion intensity and volume in riparian zones [13]. However, the water and soil conservation functions of the riparian zone are severely degraded in many managed areas, particularly in areas exposed to seasonal water erosion following mine closure.



Runoff resulting from terrain and rainfall transport trace elements into rivers, which is most serious during the rainy season. Soil and trace elements in sediment loss exhibit a similar spatial trend [14,15,16]. Plants are poisoned by trace elements, leading to reduced vegetation coverage and increased soil erosion. The sediment erosion rate decreases with the restoration of vegetation. Riparian zones with complex spatial structures intercept rainfall, protect soil from splash erosion, increase infiltration, and reduce sediment erosion [17]. Wide riparian zones exhibit extended hydraulic retention times and increased infiltration of runoff. Sediment and trace elements in sediment are intercepted in the grass riparian zone due to its high stem density. As a result, the decrease in runoff rate leads to a reduction in sediment and pollutant loss [18,19]. Increasing the coverage of the riparian zone resulted in a reduction in trace elements in runoff [20]. Research has shown that increasing riparian zone width is important in reducing pollutant concentration [21]. Model calculation results suggested that trace elements in sediment and dissolved pollutants need a riparian zone width of 10 m and 50–70 m, respectively, with an intercept rate of 90% [22]. Although studies have proposed effective ecological restoration measures for different types of mines, the impact of riparian zone widths on trace element loss in mining wasteland riverbanks remains unclear.



The Lanping lead–zinc mining area is situated in southwest China and is one of the largest lead–zinc deposits in Asia. Rainfall is concentrated from May to October each year, with trace elements from abandoned mining wasteland deposited in the ditch sediment. The degree of trace element pollution in these rivers is affected by seasonal rainfall, posing significant ecological risks [4,23]. In Lanping, several models of vegetation restoration and agriculture have been applied. However, there is insufficient evidence to determine the effective width of the riparian zone in mining wastelands for controlling trace element loss. Therefore, three widths (5 m, 7.5 m, and 10 m) of Rhododendron simsii Planch./Lolium perenne L. riparian zones were constructed on the riverbank of the abandoned lead–zinc mine in Lanping. This study examined the characteristics of vegetation restoration and trace element loss in these riparian zones under natural rainfall to study the effects of riparian zone width and vegetation coverage on runoff, sediment, and trace element loss concentration and loss volume and determined the effective width of trace elements reduction in the riparian zone in mining wastelands.




2. Materials and Methods


The experimental field is located 5 km east of Lanping County in Yunnan Province, Southwest China, at 26°46′ N and 99°47′ E and an altitude of 2880 m above sea level. The area is a subtropical alpine forest with a low latitude mountain monsoon climate, an annual average temperature of 10.7 °C, and an annual average rainfall of 1002 mm. The basic chemical properties of the soil are as follows: The soil pH is 7.21; the soil organic matter content is 8.45 g kg−1; the total nitrogen, phosphorus, and potassium contents are 1.58 g kg−1, 9.38 g kg−1, and 1.49 g kg−1, respectively; and the alkali-hydrolysable nitrogen, available phosphorus, and available potassium contents are 20.13 mg kg−1, 9.52 mg kg−1, and 45.38 mg kg−1, respectively. The contents of Cd, Pb, Cu, Zn, and As are 215.37 mg kg−1, 20193 mg kg−1, 167.37 mg kg−1, 34412 mg kg−1, and 446.63 mg kg−1, respectively [24].



The experiment was carried out during the rainy season. Riparian zones were constructed on the banks of the Momian River in April 2021 (Figure 1). The R. simsii/L. perenne intercropping pattern was adopted, with R. simsii planted at spacings of 0.8 × 0.6 m and L. perenne sown at 180 kg ha−1. Each riparian zone with a water catchment area of 25 m2 was constructed along the slope, and the widths of the buffer zone were 5 m, 7.5 m, and 10 m (the corresponding horizontal lengths were 5 m, 3.3 m, and 2.5 m). Three replicates were set for each width treatment. Nine plots were randomly arranged at a slope of 15%. Asbestos tiles (0.3 m underground and 0.7 m above ground) were used to separate the small areas to cut off connections between adjacent plots and avoid hydrological interference. A 100 L plastic collection container was placed in each plot and connected to the plot through plastic pipes to collect surface runoff. Urea (total nitrogen ≥ 46%), potassium sulfate ≥ 52%), organic fertilizer (organic matter content ≥ 50%), and phosphate fertilizer (superphosphate ≥ 16%) were applied before sowing.



The experimental observation period was from April to September. Six daily rainfall samples and one 60-min continuous rainfall sample were collected. Rainfall amount and frequency were recorded at the weather station. Runoff volume and coverage for each plot were recorded. One thousand milliliters of mixed runoff water were collected per rainfall. Plants within 1 m2 were collected on September 6. Plant samples were cut into shoot and root parts, washed with deionized water, dried at 105 °C for 30 min, and dried at 80 °C to a constant weight. Plants were ground into powder with a mortar and pestle and sieved through a 1 mm nylon sieve for the determination of trace elements content.



One hundred milliliters of well-mixed runoff sample were suctioned and filtered through a dried 0.45 μm water-based microporous filter membrane and dried at 105 °C to a constant weight. The filtrate was collected and preserved at 4 °C. The sediment content in the runoff was calculated as follows:


   C =    (   w   1   −   w   2   ) ×   10   6    /  V    








where C is the sediment content in the runoff, mg L−1; w1 is the weight of the suspended substance, filter membrane, and weighing bottle, g; w2 is the weight of the filter membrane and weighing bottle, g; V is the volume of the runoff water sample, mL.



Plant samples (0.5 g) were placed in PTFE tubes and soaked with 5 mL of nitric acid for 8 h. Then, two milliliters of hydrogen peroxide were added to the PTFE. The PTFE was sealed and digested at 140 °C for 4 h. Next, the digested solution was filtered and diluted to 50 mL with deionized water. The filtrate and filter membrane with suspended matter were placed in a conical bottle and soaked with 1 mL of nitric acid, 3 mL of hydrochloric acid, and 2 mL of perchloric acid. The mixture was digested on an electric heating plate to obtain a transparent solution. The digested solution was then diluted to 50 mL with deionized water. The contents of Cd, Pb, Cu, and Zn in solution were determined using an atomic absorption spectrometer (ICE 3300, Thermo Fisher, Karlsruhe, Germany). The contents of As in solution were determined using an atomic fluorescence spectrometer (LC-AFS9600, Haiguang, Beijing, China). Cd, Cu, As, Pb, and Zn standard solutions (1000 µg mL−1) were used as reference materials (GSB 04-1721-2004, GSB 04-1725-2004, GSB 04-1714-2004, GSB 04-1742-2004 and GSB 04-1761-2004, General Research Institute for Nonferrous Metals, Beijing, China). Recovered percentages were 93–106% for Cd, Cu, As, Pb, and Zn. A blank test was conducted at the same time.



Soil trace elements were mainly lost in sediment or dissolved form. The percentage of trace elements in sediment (PTRs) was used to represent the ratio of trace elements in sediment to total trace elements. PHMs indicated the output form (sediment or dissolved) of trace elements from the riparian zone.


    P   TRs   =     TRs   sediment    /    TRs   runoff      











PTRs is the ratio of trace elements in sediment to total trace elements; TRssediment is the loss of trace elements in sediment; TRsrunoff is the total amount of trace elements in runoff; HMs include Cd, Cu, As, Pb, and Zn.



Origin 8.0 was used for drawing. The SPSS 20.0 statistical software was used for conducting one-way ANOVA, Duncan test, and two-way ANOVA. To determine the relationship between the loss form of trace elements and environmental factors, the mantel test was implemented in the vegan package in R. Principal component analysis (PCA) was used to transform the data set (Cd, Cu, As, Pb, and Zn) into a set of comprehensive principal components as a comprehensive indicator of trace element loss [25]. Structural equation modeling (SEM) was performed using the lavaan package in R to analyze ways to explain the impact of trace element loss in the riparian zone, to evaluate the direct and indirect factors affecting trace elements output, and to calculate the standardized total effect of each factor (direct effect adds up to indirect effect) [26].




3. Results


3.1. Rainfall and Riparian Zone Characteristics


The total rainfall recorded during the observation period (from April to September) was 405.7 mm. Runoffs were collected and analyzed for trace element loss characteristics. After the rainfall event on July 2, the moisture content of the surface soil approached saturation and the ryegrass seeds germinated. After 65 days, the average coverage of the riparian zone increased from 40% to 95% (Figure S1).




3.2. Runoff, Sediment, and Trace Element Loss


Runoff was neutral and slightly alkaline (Figure S2). Runoff and sediment yield accounted for 11–16% and 39–76% of the total during periods of low vegetation coverage and 14–23% and 10–49% during heavy rainfall periods (Figure 2), respectively. Compared with the 5 m riparian zone, runoff yield in the 7.5 m and 10 m riparian zones reduced by 40% and 47%, respectively, while sediment yield reduced by 61% and 71%, respectively. Total runoff and sediment yield decreased with the extension of the riparian zone width in this experimental plot.



Trace elements in the experimental area were mainly exported during low vegetation coverage and heavy rainfall periods (Figure 2). Trace elements in sediment accounted for 94–99% of the total loss. The loss of trace elements at 5 m, 7.5 m, and 10 m accounted for 26–50%, 23–74%, and 43–84%, respectively, of the total loss during low vegetation coverage periods, and 44–69%, 13–54%, and 4–30%, respectively, during heavy rainfall periods. Trace elements were mainly lost during heavy rainfall periods after coverage increased. Trace element loss significantly decreased with the extension of riparian zone width during heavy rainfall periods in this experimental plot. The two-way ANOVA showed that runoff, sediment, and trace element loss were affected by the interaction between rainfall and riparian zone width.




3.3. Sediment and Trace Element Concentrations in Runoff


Sediment concentration and trace element loss exhibited a decreasing stage, an increasing stage, and a decreasing stage (Figure 3). Compared to the background value, the concentrations of sediment and trace elements decreased by 94–98% and 98–99%. Sediment concentration and trace element concentrations increased in all widths of the riparian zone during heavy rainfall periods. Under heavy rainfall, sediment concentration in the 10 m riparian zone reduced by 80% compared with the 5 m riparian zone, while trace element concentrations reduced by 53–98%. The impact of non-heavy rainfall periods on sediment and trace element loss decreased with the increase in vegetation coverage in the riparian zone. The two-way ANOVA showed that sediment and trace element concentrations were affected by the interaction between rainfall and riparian zone width.



The PHMs of Cd, Cu, Zn, and As exhibited a decreasing stage, an increasing stage, and a decreasing stage (Figure 4). At the end of the observation, the PHMs of Cd, Cu, As, and Zn had decreased by 13–30% compared with the initial observation. The percentage of Pb in the sediment was stable. The average PHMs increased during the heavy rainfall periods, exceeding 90%. The differences in the PHMs of Cd, As, and Zn between the three widths of riparian zones reduced during the heavy rainfall periods. The two-way ANOVA showed that PHMs was affected by the interaction between rainfall and riparian zone width.




3.4. Dynamic Variation Trends in Runoff, Sediment, and Trace Elements in the Riparian Zone


The process of soil erosion and trace elements export in the riparian zone under a natural rainfall intensity of 5.5 mm h−1 was observed. Results showed that the runoff generation time was consistent. Compared with the runoff rate at 0–10 min, the runoff rate at 10–60 min significantly decreased (p < 0.05) (Figure 5). The concentrations of sediment, Cd, Cu, and As in sediment significantly decreased at 30–60 min (p < 0.05). The concentrations of dissolved Pb, Pb, and Zn in sediment significantly decreased during the observation period (p < 0.05). The concentration of dissolved Zn increased in 30–60 min (p < 0.05). Compared with the 5 m riparian zone, the concentrations of Cu, As, Pb, and Zn in sediment and the concentration of dissolved Cd significantly decreased in the 10 m riparian zone (p < 0.05), while the concentration of dissolved As significantly increased in the 10 m riparian zone (p < 0.05).




3.5. The Phytostabilization of Plants for Trace Elements


Phytoextraction is an important remediation measure for soils contaminated with trace elements. The riparian zone width had no effect on plant biomass or trace element accumulation (p > 0.05). Compared to R. simsii, L. perenne had 329% higher biomass (p < 0.05) and 172–821% higher trace elements accumulation (p < 0.05) in the shoot (Table 1). The amount of Cd, As, Pb, and Zn accumulated in plants was significantly lower than the loss in the 5 m riparian zone (Figure 3) and significantly higher than the loss in the 7.5 m and 10 m riparian zones (p < 0.05).




3.6. Correlation Analysis


Pearson correlation analysis and the mantel test were performed using the PTRs, trace element concentrations, rainfall, riparian zone coverage and width, and sediment and trace element loss (Figure 6). Runoff, sediment, Cd, Cu, As, Pb, and Zn loss were significantly negatively correlated with riparian zone width. Sediment concentration and yield were significantly negatively correlated with riparian zone coverage. There were extremely significant positive correlations between sediment concentration, sediment yield, and Cd, Cu, As, Pb, and Zn loss. Runoff and coverage were correlated with PHMs (Mantel’s r were 0.24 and 0.12, respectively, p < 0.05), indicating that runoff and coverage affect the loss form of trace elements.



The structural equation model (SEM) was used to assess the effects of rainfall, ecological buffer width, and vegetation coverage on trace element loss (Figure 6). Apart from the direct positive effect of rainfall on trace element loss, indirect positive effects of rainfall on trace element loss through runoff and sediment concentration were observed. Unlike the effect of rainfall, the effects of riparian zone width and coverage were indirectly negatively correlated with trace element loss through the runoff and sediment concentration pathways and the sediment concentration pathway, respectively.





4. Discussion


In this study, the loss of sediment and trace elements from riparian zones was observed primarily during low coverage and heavy rainfall periods, which was similar to farmland and meadows [27,28]. Studies focused on riparian zones within 10 m found a loss control effect of 10%–98% for nitrogen, phosphorus, and pesticides. In comparison, a higher efficiency of 41%–99% was observed for trace element removal by runoff in this study [29,30]. The observation periods in this study were brief, so the long-term effectiveness of riparian zones in removing trace elements from runoff remains to be determined.



In mining wastelands, trace elements migrate primarily with sediment due to the erodible soil. The loss of soil and trace elements in the experimental field was comparable to that in the manganese tailings area [31]. The concentrations of trace elements in sediment and dissolved trace elements in runoff were closely correlated with the content and solubility of trace elements in the soil [32]. Organic matter alters the surface properties of soil particles, diminishing the internal repulsive force and enhancing the stability and erosion resistance of soil aggregates [33]. Lack of organic matter and vegetation cover make the experiment field more erodible compared to farmland and riparian areas [34]. The concentrations of trace elements in sediment were found to be correlated with rainfall, coverage, and sediment concentration based on correlation analysis. Trace element concentrations and PHMs increased during periods of heavy rainfall and on bare land. Soil particles enriched with trace elements are transported via splashing and erosion [31,35,36]. In mining wastelands, trace elements are primarily lost in sediments on bare grounds and during periods of heavy rainfall.



Vegetation coverage in the riparian zone reduces soil and trace element loss. In ryegrass-covered soil, sediment yield decreased as vegetation coverage increased, and increased with rainfall intensity [37]. Correlation analysis revealed a significant relationship between coverage and the concentrations of sediment and trace elements. Additionally, SEM analysis demonstrated that coverage had a negative effect on sediment concentration and trace element loss. R. simsii and L. perenne buffered the erosion from rainfall and reduced the splash distance of the soil and the amount of particle stripping [38]. The increase in surface biomass, particularly the rise in plant stem density and roughness, improved filtration and capture effectiveness of soil particulates and decreased sediment and trace element concentrations [39]. The intercropping of R. simsii and L. perenne constructed an intertwined shallow root system in the soil [40], formed biological pores and soil cracks, reduced soil compactness, and improved the permeability and water storage capacity of the soil [41]. Therefore, plant-based soil stabilization and structural improvement are important mechanisms for reducing trace element loss [42].



Shrubs and herbaceous plants exhibit different abilities in reducing sediment and trace element loss. For instance, the plant canopy of R. simsii intercepts rainfall, resulting in the formation of streamflow and a reduction in effective rainfall [43]. With its high leaf and stem density per unit area, L. perenne increases hydraulic resistance and reduces runoff. As a result, these plant characteristics enhance the critical hydrodynamic force for initiating soil erosion. Intercropping patterns proved effective in controlling soil erosion on slopes [44]. A study showed that the R. simsii / L. perenne community had a more effective stabilizing effect on trace elements than an L. perenne riparian community alone [24].



A wide riparian zone reduced the loss of runoff and trace elements. Compared with the 5 m riparian zone, a double length of the plant filter network and soil porosity along the direction of water flow were constructed in the 10 m riparian zone. R. simsii and L. perenne in the wider riparian zone slowed water flow and enhanced water retention and infiltration in the riparian zone. As a result, less water flowed out of the riparian zone. Studies have shown that riparian zone width and infiltration rate have no influence on sediment concentration, as the sediment remains suspended over a certain width [18,45,46]. Correlation analysis and SEM analysis indicated that the width of the buffer zone was not correlated with sediment and trace element concentrations. The wide riparian zone enhanced the water retention capacity of the soil, reduced runoff, and reduced the loss of sediment and trace elements. However, inconsistent results were observed during heavy rainfall periods.



Vegetation protection of the soil decreased during heavy rainfall periods [38]. Sediment concentration and yield increased with the increase in rainfall kinetic energy, even when the surface coverage reached 80% [39,47]. The loss and concentrations of sediment and trace elements in the 10 m riparian zone were significantly lower than in the 5 m riparian zone. Multivariate analysis indicated that there was an interaction between rainfall intensity and riparian zone width, which affected the loss and concentrations of sediment and trace elements. During heavy rainfall periods, a wide plant filtration network adsorbed soil particulates and promoted sediment and trace element precipitation. Thus, the impact of the mechanism of the riparian zone width on trace element loss existed under various scenarios: The wide riparian zone reduced runoff during normal rainfall periods and reduced trace element concentrations and runoff during heavy rainfall periods.



Buffer zone width affected the loss forms of trace elements. The loss forms of trace elements were found to be correlated with the forms of trace elements in soil, solubility in water, sediment carriers, and rainfall intensity [48,49]. With an increase in riparian zone width, the concentration of trace elements in sediment and dissolved Cd decreased, while the concentration of dissolved As increased. There was a nonlinear relationship between riparian zone width and trace element removal efficiency [50]. Hydraulic retention duration may influence the concentration of dissolved trace elements [51].



Vegetation coverage stabilized trace elements in the riparian zone. R. simsii and L. perenne showed potential in phytoextraction for soils contaminated with trace elements [52,53]. In the intercropping mode, the organic acids secreted by R. simsii roots may increase the bioavailability of trace elements in the soil, enhance the ability of R. simsii and L. perenne to accumulate trace elements, and promote the accumulation of L. perenne biomass [54,55]. This intercropping mode facilitated the transfer of trace elements in the soil to the vegetation, which, in turn, reduced the loss of trace elements from the riparian zone [9].




5. Conclusions


Trace element loss in the riparian zone was primarily observed during low coverage and heavy rainfall periods. The construction of the R. simsii/L. perenne riparian zone increased vegetation coverage, promoted water infiltration, and captured and filtered soil particles in runoff. Compared to the 5 m riparian zone, sediment and trace element loss in the 10 m riparian zone decreased during heavy rain periods due to a reduction in runoff yield and a reduction in sediment and trace element concentrations in the runoff. The effects of riparian zone width were directly negatively correlated with runoff and indirectly negatively affected by sediment concentration and trace element loss. Furthermore, trace element loss was sensitive to vegetation coverage during low coverage periods, and sensitive to riparian zone width during high coverage periods. In general, constructing a 10 m riparian zone is an effective measure for controlling the loss of trace elements in mining wastelands, although the long-term effects remain to be determined.
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Figure 1. Experimental site and design of riparian zones. 
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Figure 2. Runoff, sediment, and trace element loss in riparian zones. Note: “*” and “**” mean significant (p < 0.05) and very significant (p < 0.01) differences between different riparian zone widths, respectively. “*” and “**” after width and rainfall mean that there was an interaction between the buffer zone width and rainfall on the sediment and trace element loss, p < 0.05 and p < 0.01. 
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Figure 3. Concentrations of sediment and trace elements in surface runoff. Note: The dotted lines indicate the concentrations of sediment and trace elements in surface runoff samples collected from bare land in the experimental field on 12 August 2020. “*” and “**” above the curve mean significant (p < 0.05) and very significant (p < 0.01) differences in sediment and trace element concentrations between the two periods, respectively. “**” after “width × rainfall” mean that there was an interaction between the buffer zone width and rainfall on the concentrations of sediment and trace elements, p < 0.01. 
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Figure 4. The percentage of trace elements in sediment. Note: “*” and “**” above the curve mean significant (p < 0.05) and very significant (p < 0.01) differences in the percentage of trace elements in sediments between the two periods, respectively. “**” after width and rainfall mean that there was an interaction between the buffer zone width and rainfall on the loss form of trace elements, p < 0.05 and p < 0.01. 
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Figure 5. Erosion characteristics of trace elements during the 60-min observation period. Note: “*” and “**” above the curve mean significant (p < 0.05) and very significant (p < 0.01) differences in the concentrations of trace elements, respectively. 
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Figure 6. Relationships between rainfall, width, runoff, sediment, and trace element loss. Note: (a) The color gradient represents Pearson’s correlation coefficient. Mantel test was used to analyze the correlation between environmental factors and trace element loss characteristics. (b) The effects of rainfall, riparian zone width, and vegetation coverage on trace element loss were assessed using structural equation modeling (SEM). A multivariate indicator of trace element loss was generated using principal component analysis (PCA) (Figure S3), including for Cd, Cu, As, Pb, and Zn. The first principal component (PC1, 92.5%) was used for SEM analysis. The dotted lines indicate non-significant normalized path coefficients (p > 0.05), and the solid red and blue lines indicate significant negative and positive normalized path coefficients, respectively. The percentage close to the variable represents the variance (R2) explained by the model. “*”, “**” and “***” mean p < 0.05, 0.001 < p < 0.01, and p < 0.001, respectively. (c) The standardized total effect of each factor in SEM is displayed in the bar chart. 
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Table 1. Amounts of biomass and trace elements accumulated in plants in the riparian zones.
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Plant

	
Biomass (kg m−2)

	
Cd (mg m−2)

	
Cu (mg m−2)

	
As (mg m−2)

	
Pb (mg m−2)

	
Zn (mg m−2)






	
Lolium perenne L.

	
Shoot

	
0.44 ± 0.15 a

	
1.71 ± 0.83 a

	
2.58 ± 1.27 b

	
0.60 ± 0.40 a

	
37.94 ± 22.71 a

	
198.83 ± 111.04 a




	
Root

	
0.01 ± 0.01 d

	
1.02 ± 0.44 b

	
0.50 ± 0.22 c

	
0.68 ± 0.38 a

	
37.47 ± 25.87 a

	
110.68 ± 74.92 b




	
Rhododendron simsii

	
Shoot

	
0.10 ± 0.01 c

	
0.29 ± 0.04 c

	
0.84 ± 0.18 c

	
0.19 ± 0.05 b

	
13.96 ± 1.84 b

	
21.58 ± 11.15 c




	
Root

	
0.16 ± 0.05 b

	
0.26 ± 0.09 c

	
3.45 ± 0.87 a

	
0.10 ± 0.04 b

	
10.66 ± 2.56 b

	
18.61 ± 6.20 c








Note: The different lowercase letters mean significant differences in biomass and accumulated trace elements between different plant parts at the p < 0.05 level.
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