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Abstract: Phytoremediation using woody plants can effectively reduce heavy metal (HM) 

concentrations in soils. However, the remediation capacity of woody plants depends greatly on 

plant species and soil environmental conditions. In order to evaluate the HM remediation potential 

of woody plants from different tailing areas, the HM accumulation characteristics of roots, shoots, 

and leaves of 12 dominant native woody plants growing in iron and lead-zinc tailing areas were 

analyzed. The results showed that the concentrations of Cd, As, Ni, Mn, and Cr in most plants in 

the two tailing areas exceeded the level of normal plants. The distribution of different elements in 

plants was generally as follows: root > leaf > shoot for Pb and As; root > shoot > leaf for Cr; and leaf 

> shoot > root for Zn, Ni, and Mn. The distribution of Cu and Cd in plants varied with the type of 

HM pollution in the two tailing areas. There were significant (p < 0.05) negative correlations between 

available phosphorus in the soil and Pb, Cd, and Zn in the plant roots when the soil was heavily 

polluted with Pb, Cd, and As; similarly, there were significant (p < 0.01) negative correlations 

between readily available potassium in the soil and Pb, Zn, and Ni in plant roots. Based on the 

higher than average concentration of HMs in plants, and higher bioconcentration factors and 

translocation factors, some plants were considered woody plant species with phytoremediation. 

Slash pine (Pinus elliottii) and indian azalea (Rhododendron simsii) had strong enrichment and 

translocation abilities for Cd, oriental white oak (Quercus glauca) and beautiful sweetgum 

(Liquidambar formosana) for Mn and paulownia (Paulownia fortunei) for Zn. The plants listed above 

can be used as potential species for phytoremediation in iron and lead-zinc tailing areas. 

Keywords: woody plants; phytoremediation; bioconcentration; enrichment coefficients; heavy 

metal pollution; abandoned mines; metal accumulation 

 

1. Introduction 

China is rich in mineral resources, which plays an important role in the development 

of the national economy. However, mineral mining is considered to be the main source of 

toxic contaminants in soil [1–5]. According to the latest national soil pollution survey 

bulletin, 33.4% of the survey sites in mining areas exceed the national standard, and the 

soil around non-ferrous metal mining areas is more seriously polluted by cadmium, 

arsenic, and lead [6]. Toxic heavy metals (HMs) in waste rocks, tailings, and smelleding 
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slags generated by the mining process are transferred to the soil and groundwater in 

mining areas through oxidation and the impact of the natural environment [1, 7]. The 

accumulation of toxic HMs in soils reduces soil quality and contaminates crops and 

groundwater, which affects ecosystems and human health [8, 9]. Soil HM pollution has 

raised global concern due to its crypticity, persistence, and high toxicity [10, 11]. 

The remediation methods for soil HM pollution mainly include physical 

remediation, chemical remediation, and biological remediation. Phytoremediation is 

defined as a low-cost biological remediation technique that uses plants and associated soil 

microorganisms to reduce the concentration of HMs in the soil [12]. The plants transfer 

HMs from roots to aboveground parts through transpiration and achieve the purpose of 

removing HMs from the soil by harvesting the plants [13]. Some exudates produced by 

plant roots can cause precipitation of metals and reduce the mobility and biotoxicity of 

HMs in the soil [14]. It has been estimated that phytoremediation is about 60%–80% less 

expensive than conventional physicochemical remediation [15]. In addition, the disposal 

of plants using technologies, such as incineration, pyrolysis, and hydrothermal 

upgrading, can create biomass energy while reducing the risk of secondary pollution of 

HMs from phytoremediation [16]. It has been widely used as a sustainable remediation 

method to improve soil quality and mitigate metal toxicity due to its advantages of high 

efficiency, economy, and ecological sustainability [13, 17]. Phytoremediation technology 

includes phytostabilization, phytovolatilization, and phytoextraction [18], the core of 

which is the screening of hyperaccumulators, which is defined as plant species that 

accumulate higher concentrations of specific HMs in the aboveground parts. To date, 

more than 500 plant species have been identified as hyperaccumulators, most of which 

belong to the herbaceous families of Asteraceae, Brassicaceae, Caryophyllaceae, Poaceae, 

Violaceae, and Fabaceae [12, 19]. However, herbaceous phytoremediation is limited by 

the low biomass of herbaceous plants, and its remediation efficiency may remain 

unsatisfactory when applied directly to phytoremediation of polluted sites [20]. In 

contrast, woody plants can accumulate more HMs than herbaceous plants due to their 

well-developed root systems, higher above-ground biomass, and the planting of woody 

plants with phytoextraction and/or phytostabilization capabilities can not only reduce the 

mobility of HMs but also effectively prevent the expansion of soil HM pollution caused 

by soil erosion [21, 22]. Phytoremediation using fast-growing and high-biomass tree 

species, such as poplar, willow, eucalyptus, birch, and paulownia, is an effective 

technology to reduce soil HM pollution [23]. It is also an effective plant option to use 

nitrogen-fixing woody plants, such as false indigo (Amorpha fruticosa), to fix nitrogen in 

the air, improve soil nutrients, enhance plant adaptability to HM stress in tailings, and 

revegetate without using chemical fertilizers [24]. However, woody hyperaccumulators 

are regionally dependent, and phytoremediation capacity depends on soil conditions [25, 

26]. Therefore, screening indigenous dominant plants that adapt to local soil conditions 

may have greater remediation potential in future phytoremediation applications [27, 28]. 

Jiangxi province is a typical distribution area of acidic soil in the southeast of China. 

Due to the rich mineral resources, a large number of mines have been exploited, which 

has aggravated soil acidification, soil infertility, and HM pollution. In order to find plants 

with HM remediation potential, we selected the Jiulong iron mine and Yangtiangang lead-

zinc mine in Xinyu City, Jiangxi Province as the study areas, which both have similar 

climatic and soil conditions but belong to different tailing types. In this study, a total of 12 

different species of native dominant woody plants were selected to analyze the 

concentration and accumulation characteristics of HMs in roots, shoots, and leaves. The 

aim of this study is to analyze the HM pollution types in different tailing areas, analyze 

the potential soil factors affecting the uptake of HMs by plants, screen woody plants that 

can enrich or transport HMs, and evaluate their potential for future application as woody 

phytoremediation species. 
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2. Materials and Methods 

2.1. Study Site Description 

The study sites are located in two tailing areas where phytoremediation experiments 

were conducted: Jiulong iron tailing area and Yangtiangang lead-zinc tailing area, Yushui 

District, Xinyu City, Jiangxi Province, China (27°32′–27°51′ N, 114°43′–114°52′ E) (Figure 

1). The climate of the study areas is a mid-subtropical monsoon with an annual average 

temperature of 18.6 °C, an annual average precipitation of 1264.5 mm, and an annual 

sunshine hours of 1753.1 h. The soil type in the two study sites is red soil developed from 

granite, metamorphic rocks, gravels, and carbonate rocks. In the 1950s, large-scale mining 

activities were carried out in the study areas, and the random accumulation of slag waste 

slags during the mining process had a great impact on the local ecological environment. 

The Yangtiangang mine was again mined on a large scale in 2008, causing serious 

pollution of the surrounding water, which drew the attention of the local government and 

was shut down after government intervention. The Jiulong mine is still being mined in a 

relatively less polluted cave mine, but the problems of vegetation destruction and water 

pollution cannot be ignored. Based on this situation, local phytoremediation was started 

in 2013, and more than 30 species of trees, shrubs, and herbs were planted, and the water 

quality of nearby rivers has improved. However, the growth of the tree species used for 

phytoremediation is uneven, and the effect of phytoremediation is still unclear. 

 

Figure 1. Location map and different sampling sites of investigated tailing areas. 

2.2. Sample Collections 

Plant samples were collected in May 2021. Well-grown woody plants growing on the 

southern slope of tailing areas were selected as the dominant plants, as shown in Table 1. 

Three plants with the same tree height, diameter at breast height, and growth vigor were 

randomly selected for one mixed sampling. The plant samples of annual shoots and new 

leaves of the current year were collected from the upper, middle, and lower layers of the 

crown and mixed well. Root samples were fine roots less than 2 mm in diameter, which 

were collected from soil at a depth of 0–20 cm. Meanwhile, the soil attached to the roots 

within 2 cm were also collected as root zone soil, and stones, weeds, and twigs were 

removed. Three duplicated samples of each plant species were obtained. The information 

of the sampling points was recorded by a global positioning system (GPS). All samples 
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were immediately placed in clean polyethylene self-sealing bags and transported back to 

the laboratory for subsequent analysis. 

Table 1. List of dominant plant species growing in the study area. 

Sample Sites Family Species Life Form 

Jiulong 

1 Anacardiaceae Rhus chinensis Mill. Deciduous tree 

2 Taxodiaceae Cunninghamia lanceolata (Lamb.) Hook. Evergreen tree 

3 Pinaceae Pinus massoniana Lamb. Evergreen tree 

4 Betulaceae Alnus cremastogyne Burk. Deciduous tree 

5 Pinaceae Pinus elliottii Engelmann Evergreen tree 

6 Leguminosae Spatholobus suberectus Dunn Evergreen vine 

7 Fagaceae Quercus glauca Thunb. Evergreen tree 

Yangtiangang 

8 Pinaceae Pinus massoniana Lamb. Evergreen tree 

9 Fagaceae Castanopsis sclerophylla (Lindl. et Paxton) Schottky Evergreen tree 

10 Anacardiaceae Rhus chinensis Mill. Deciduous tree 

11 Ericaceae Rhododendron simsii Planch. Deciduous shrub 

12 Hamamelidaceae Liquidambar formosana Hance Deciduous tree 

13 Rosaceae Photinia × fraseri Dress. Evergreen shrub 

14 Scrophulariaceae Paulownia fortunei (Seem.) Hemsl. Deciduous tree 

2.3. Sample Analysis 

Soil samples were air-dried, ground, and sieved through 2 mm for soil pH, available 

phosphorus (AP), and readily available potassium (AK) assays and 0.149 mm for HMs 

assays. Each soil sample (0.1 g) was digested with 8 mL aqua regia (HNO3: HCl = 1:3) [29]. 

For the purpose of removing surface dirt of plant samples, root, shoot, and leaf samples 

were rinsed with running water for 24–36 h and then repeatedly washed several times 

with deionized water. The plant samples were dried at 85 ℃ for 30 min, then dried at 65 

℃ to a constant weight. The dried plant samples were crushed to a size < 2 mm using a 

grinder. Each plant sample (0.2 g) was digested with 8 mL of 65% HNO3 [30]. Each 

digested sample was filtered through 0.45 μm aqueous filter membrane and diluted to 25 

mL volume with deionized water. Soil AP and AK were extracted from soil (5 g) using 50 

mL solution of a mixture of 0.03 mol·L−1 NH4F and 0.025 mol L−1 HCL and 50 mL solution 

of 1 mol L−1 NH4Ac (pH = 7.0), respectively. The concentrations of Pb, Cd, Cu, Zn, Cr, Ni, 

Mn, AP, and AK were measured by inductively coupled plasma mass spectrometry (ICP-

MS, Thermo ICAP-RQ, USA). The concentrations of As were measured by atomic 

fluorescence spectrometry (AFS, Persee PF32, China). The recoveries of each element by 

standard addition were within 95.45%–104.55% for Pb, 94.29%–105.71% for Cd, 95.76%–

104.24% for Cu, 93.94%–106.06% for Cr, 96.97%–103.03% for Zn, 96.68%–103.32% for Mn, 

96.67%–103.33% for Ni, and 92.98%–107.02% for As. Soil pH (soil: water = 1:2.5) was 

measured with a conventional pH meter (Mettler Toledo FE20, China). 

2.4. Assessment of Plant HM Enrichment and Transport Capacity  

To assess phytoextraction or phytostabilization and to screen plant species with 

phytoremediation capabilities [31], the bioconcentration factor (BCF) reflecting the HM 

enrichment capacity and translocation factor (TF) indicating the ability of plants to 

transfer HMs from the belowground (root) to the aboveground (shoot and leaf) were 

calculated as [13]: 

BCFleaf/shoot/root=
Cleaf/shoot/root
Csoil

 

TFleaf/shoot/root=
Cleaf/shoot
Croot

 

where C is the concentration of each heavy metal in each plant organ or soil. 
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2.5. Risk Assessment of Soil HM Pollution 

The risks of soil HM pollution in tailing areas were assessed using the single-factor 

pollution index (Pi) and the geoaccumulation index (Igeo). The Pi is the most widely used 

method for assessing soil HMs and is calculated as follows: 

Pi=
Ci
Si

 

where Ci is the concentration of each HM element in the soil; Si is the risk threshold values; 

Pb, Cd, Cu, Zn, As, Cr, and Ni refer to the risk screening value of pH ≤ 5.5 in the Chinese 

standard for soil pollution risk control of agricultural land [32]; and Mn refers to the 

standard in the reference of Li et al. [33]. Based on the Pi values, the risk level of soil HM 

pollution was classified as: Pi ≤ 0.7, clean; 0.7 < Pi ≤ 1.0, low pollution; 1.0 < Pi ≤ 2.0, mild 

pollution; 2.0 < Pi ≤ 3.0, moderate pollution; Pi > 3.0, heavy pollution [34]. 

Igeo takes into account the influence of anthropogenic pollution, environmental 

geochemistry, and natural rock formations on the background value and is a more 

scientific and objective method for evaluating HM pollution in soil, which is calculated 

as: 

Igeo = log2[
Cn
1.5��

] 

where Cn is the concentration of each HM element in the soil; Bn is the local background 

value of the HMs element; and 1.5 was the correction index. Based on the Igeo values, the 

risk level of soil HMs pollution was classified as: Igeo ≤ 0, clean; 0 < Igeo ≤ 1.0, mild to 

moderate pollution; 1.0 < Igeo ≤ 2.0, moderate pollution; 2.0 < Igeo ≤ 3.0, moderate to heavy 

pollution, 3.0 < Igeo ≤ 4.0, heavy pollution; 4.0 < Igeo ≤ 5.0, heavy to extreme pollution; Igeo 

> 5, extreme pollution [35]. 

2.6. Statistical Analysis 

The experimental data were processed using Microsoft Excel (Version 2019) and IBM 

SPSS (Version 26.0). Figures were drawn with ArcGIS (Version 10.2) and GraphPad Prism 

(Version 9.0). One-way analysis of variance (ANOVA) was conducted to determine the 

differences in HM concentrations in plants between different tree species, with p < 0.05 

considered significant for Duncan’s test. Pearson correlation analysis and principal 

components analysis were used to identify the potential relationship between heavy metal 

concentrations in plants and soil properties.  

3. Results  

3.1. Soil Characteristics and Pollution Assessment 

The soil characteristics in the study area are shown in Table 2. The soil was acidic 

(pH 2.95–5.92), and the average concentrations of AP and AK in the soil was < 10 mg kg−1 

and 100 mg kg−1, respectively, indicating that the soil was nutrient-poor and not conducive 

to plant growth. The concentrations of all HMs in the Jiulong and Yangtiangang tailing 

areas were above the background values. The concentrations of Cd, Cu, and Mn in the 

Jiulong tailing area exceeded the threshold values by 1.03, 1.07, and 1.89 times. The 

concentrations of Pb, Cd, Cu, Zn, and As in the Yangtiangang tailing area exceeded the 

threshold values by 18.32, 3.20, 1.20, 1.70, and 55.16 times. The soils of the two tailing sites 

were complexly polluted with multiple HM elements. The Igeo and Pi values of the eight 

HM elements (Figure 2) showed that there was mild Cd and Cu pollution and moderate 

Mn pollution in the Jiulong tailing area and mild Cu pollution, moderate Zn pollution and 

heavy Pb, Cd, and As pollution in the Yangtiangang tailing area. Furthermore, the 

coefficients of variation of Cd, Cu, and Mn in Jiulong and Pb, Cd, Zn, and As in 

Yangtiangang were all greater than 0.4, indicating that there was a large spatial variability 

of HM pollution in the tailing waste sites. 
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Table 2. Soil characteristics and reference values in the Jiulong iron tailing area and Yangtiangang 

lead–zinc tailing area. 

Sample 

Sites 

Jiulong Yangtiangang Reference Value 

Range a Mean CV Range Mean CV Background b Threshold c 

pH 4.49–5.92 4.83 0.10 2.95–4.41 3.70 0.11 – – 

AP 1.24–3.02 2.15 0.25 1.13–15.87 8.72 0.51 – – 

AK 38.89–158.01 86.16 0.52 61.7–140.75 95.17 0.27 – – 

Pb 27.08–47.66 35.24  0.17  67.86–5944.23 1282.57  1.58  32.1 70 

Cd 0.12–0.72 0.31  0.57  0.10–2.95 0.96  1.09 0.1 0.3 

Cu 17.93–102.94 53.53  0.65  33.41–84.78 59.87  0.27  20.8 50 

Zn 61.19–96.42 81.86  0.15  117.25–820.47 339.08  0.75  69.0 200 

As 3.36–30.61 15.53 0.64 150.45–4454.35 2206.37  0.65  10.4 40 

Cr 31.33–82.73 64.57  0.24 51.75–77.48 64.89  0.15  48.0 150 

Ni 29.40–53.51 40.41  0.19  16.06–55.39 34.82  0.30  19.0 60 

Mn 470.83–3612.76 2267.58  0.46  678.92–1045.57 856.82  0.15  258.0 1200 
a, Element concentration unit: mg kg−1. b, Background values of the soil environment in Jiangxi 

Province in 2006. c, The threshold values of Pb, Cd, Cu, Zn, As, Cr, and Ni refer to the risk screening 

value of pH ≤ 5.5 in the Chinese standard for soil pollution risk control of agricultural land [32], and 

Mn refer to the standard in the reference of Li et al. [33]. 

 

Figure 2. The single–factor pollution index and the geoaccumulation index of eight HM elements in 

two tailing areas. 

3.2. HM Concentrations in Dominant Plants  

The HM concentrations determined in woody plants in the study area are depicted 

in Figure 3. The range of various HMs in plants was: 0.404–476 mg kg−1 for Pb, 0.025–1.47 

mg kg−1 for Cd, 2.76–48.8 mg kg−1 for Cu, 8.19–200 mg kg−1 for Zn, 0–713 mg kg−1 for As, 

2.11–24.4 mg kg−1 for Cr, 1.52–36.1 mg kg−1 for Ni, and 29.1–2898 mg kg−1 for Mn. In the 

Yangtiangang tailing area, where Pb, Cd, Zn, and As pollution is more severe, the 

corresponding element concentrations in plants were higher. The concentrations of HMs 

in different organs of the plant varied, which were generally as follows: root > leaf > shoot 

for Pb and As; root > shoot > leaf for Cr; and leaf > shoot > root for Zn, Ni, and Mn. The 

distribution of Cu and Cd in plants in the two tailing areas was different, with shoot > leaf 

> root for Cu and shoot > root > leaf for Cd in the Jiulong tailing area; and root > shoot > 

leaf for Cu and shoot > leaf > root for Cd in the Yangtiangang tailing area. The 

concentrations of HMs also varied greatly among the sampled plant species. The highest 

Cd and Cu concentrations were found in R. simsii; the highest Cr and Pb concentrations 

were found in R. chinensis; the highest Mn concentrations were found in Q. glauca; the 

highest Ni concentrations were found in P. massoniana; the highest Cu and Zn 

concentrations in the shoots and leaves were found in P. fortunei, while the highest Cu and 

Zn concentrations in the roots were found in R. simsii and R. chinensis, respectively.  
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Figure 3. Heavy metals in the roots, shoots, and leaves of each woody plant in the Jiulong iron tailing 

area (a) and Yangtiangang lead−zinc tailing area (b). 

3.3. Correlation Analysis and Principal Components Analysis between the Concentrations of 

HMs in Plant Roots and the Concentrations of HMs, AP, and AK in Soil 

The correlation analysis between HM concentrations in plant roots and AP, AK, and 

HM concentrations in soil are shown in Figure 4. The Pb and As concentrations in roots 

positively correlated with Pb and As concentrations in soils (p < 0.01), respectively, while 

the Zn concentrations in roots negatively correlated with Cr concentrations in soils (p < 
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0.01), in both study areas. It is noteworthy that there was a significant (p < 0.05) correlation 

between AP and AK concentrations in soils and some HM concentrations in plant roots in 

both study areas. Significant positive correlations were found between AP concentrations 

and plant root Pb and Cd concentrations, and between AK and plant root Pb, Cr, and Ni 

concentrations in the Jiulong iron tailing area. However, such correlations were 

completely reversed in the Yangtiangang lead-zinc tailing area.  

Two principal components (PC 1 and PC 2) were extracted through principal 

components analysis of each sample analyzed. As shown in Figure 5, the determination 

of the relevance among HMs in plant roots and HMs, AP, and AK in soil were grouped 

into two classes of components. The concentration of As in soils was close to that of As in 

plant roots in both study areas. In addition, the closest relevance was shown between AK, 

AP, Pb, Cu, Mn, and Ni in soil and Pb, Ni, Cd, and Cr in plant roots in Jiulong. In 

Yangtiangang, Pb, Cd, and Zn in plant roots and Pb, Cd, and Zn in soil were close to each 

other. AP and AK in the two tailing areas had higher loadings in component 1. In Jiulong, 

soil AP had significant positive correlations with Pb and Cd in plant roots, and soil AK 

had significant positive correlations with Pb and Ni in plant roots, while in Yangtiangang, 

all of these relationships showed negative correlations. 

 

Figure 4. The Pearson correlation coefficients between plant root HM concentrations and soil HM, 

AP, and AK concentrations in the Jiulong iron tailing area (a) and Yangtiangang lead-zinc tailing 

area (b). The ‘s’ and ‘r’ in the subscript denote soil and root, respectively. Bold numbers indicate the 

statistically significant ones, and correlation is significant at the 0.05 level (2−tailed). 

 

Figure 5. The loading plot from principal component analysis in selected samples from the Jiulong 

iron tailing area (a) and Yangtiangang lead−zinc tailing area (b). 

3.4. Evaluation of HM Accumulation and Translocation Potential 

The BCFs and TFs of woody plants in the study areas are depicted in Figures 6 and 

7. There were differences in the capacity of plants to accumulate and transport various 
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HMs. The BCFs of plant roots, shoots, and leaves to the six HMs with pollution risk in soil 

all showed Cd > Mn > Zn > Cu > Pb > As. The TFs of plant shoots and leaves to the six 

HMs all showed Mn > Zn > Cd ≈ Cu > Pb > As. The BCFs of most plants for Pb, Cu, Zn, 

and As were <1, and the TFs of all plants for As were <1, which indicated that these 

elements were not easily accumulated and translocated to these organs. The enrichment 

and transport capacities of most woody plants were more pronounced for Cd, and most 

of the BCFs and TFs > 1. Among the plant samples collected, R. simsii showed the best 

enrichment and transport capacity for Cd. BCFleaf, BCFshoot, and BCFroot of R. simsii were 

8.41, 7.48, and 2.61, respectively, and the TFshoot and TFleaf were 2.87 and 3.23, respectively, 

which far exceeded 1. The BCFshoot, BCFleaf, Tfshoot, and TFleaf for Mn of Q. glauca and L. 

formosana were greater than 1, and the BCFshoot, BCFleaf, Tfshoot, and TFleaf for Zn of P. fortunei 

were greater than 1. 

 

Figure 6. The BCFs of heavy metals in the roots, shoots, and leaves of each woody plant in the 

Jiulong iron tailing area (a) and Yangtiangang lead−zinc tailing area (b). 
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Figure 7. The TFs of heavy metals in the shoots and leaves of each woody plant in the Jiulong iron 

tailing area (a) and Yangtiangang lead-zinc tailing area (b). 

4. Discussion 

4.1. Concentrations of HMs in Woody Plants and Potential Influencing Factors 

In general, the normal range of HM concentrations in plants is 0.1–41.7 mg kg−1 for 

Pb, 0.2–0.8 mg kg−1 for Cd, 0.4–45.8 mg kg−1 for Cu, 1–160 mg kg−1 for Zn, 0–1 mg kg−1 for 

As, 0.2–8.4 mg kg−1 for Cr, 0.1–10 mg kg−1 for Ni, and 1–700 mg kg−1 for Mn [36–39]. The 

HM concentrations of plants in the study area far exceeded general plants. Some of the 

plant roots have good adsorption capacity for Pb, As, and Cr in the soil, and the 

concentrations of these elements accumulated in roots are higher than those in 

aboveground shoots and leaves. It has been demonstrated that the concentrations of HMs 

in plants increase with increasing concentrations of HMs in the environment, but the rate 

of HM transport from plant roots to shoots decreases, which indicates high plant 

availability of the metals, as well as its limited mobility once inside the plant [40, 41]. As 

a result, the uptake of Pb, As, and Cr by woody plants in this study is mainly confined to 

the roots [42, 43]. 

The concentrations of As, Zn, Mn, and Ni in the leaves were higher than those in the 

shoots, which could be attributed to the role of the shoots as a transferring tissue for these 

elements [44]. In this study, the concentrations of Mn, Zn, Cu, and Ni in most plants were 

higher than those of plant Pb, Cd, Cr, and As, which was related to the specific roles 

played by these elements in plants. Mn, Zn, Cu, and Ni are essential trace elements for 

plant growth and development and are involved in processes such as enzyme and protein 

synthesis and photosynthesis in plants [45]. The content of these elements in plants 

exceeding the normal value might cause cell damage and leaf yellowing [46–48]. Cd, Pb, 

Cr, and As are not essential for plant growth and are strongly biotoxic to plants [49]. The 

presence of As and Cr in plants will induce free radical production and cause oxidative 

stress, which in turn leads to reduced plant biomass, leaf yellowing, and necrosis [50, 51], 

while Pb and Cd inhibit seed germination, nutrient synthesis, and uptake and damage 

[52–54].  

A general positive correlation between HM concentrations in plants and soil has been 

reported [55–58]. Similar results were observed in the present study. Both R. chinensis and 

P. massoniana showed stronger enrichment ability for Pb, Cd, As, and Zn in Yangtiangang, 

where the pollution of these four HMs was more serious. In Jiulong, where Mn pollution 

was more pronounced, both R. chinensis and P. massoniana showed a stronger enrichment 

ability for Mn. The correlation analysis also showed that the uptake of Pb and As by plant 

roots mainly depends on the concentrations of the corresponding two elements in the soil, 

with a significant positive correlation, indicating that the bioavailable concentrations of 
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Pb and As in the soil may be related to the total amount of soil Pb and As. It is worth 

noting that the average concentrations of Pb (1282.57 mg kg−1) and As (2206.37 mg kg−1) in 

soil collected from Yangtiangang exceeded the pollution risk screening value by 18.32 

times and 55.16 times; however, some plants, such as R. chinensis and C. sclerophylla, could 

still grow well under such extreme environments. These plants may develop defense 

strategies against high concentrations of HMs under long-term natural selection, such as 

the sequestration of HMs by the root system and the activation of antioxidant enzyme 

systems to reduce the oxidative stress caused by HMs in plants [59, 60].  

Previous research has explained that soil pH plays the most important role in 

determining metal morphology, mineral surface solubility, migration, and final 

bioavailability [61–63]. The soil pH in this study area exhibited strong acidity. Since a 

lower pH generally decreases the sorption of metal ions on soil particles, the competition 

between free metal ions and other cations increases, thus increasing the metal 

concentrations in the soil solution [28, 64]. In other words, the migration and 

bioavailability of HMs will increase as soil pH decreases, which can exacerbate HM 

toxicity to plants and is likely to cause extensive pollution. The exudates produced by 

plant roots, such as amino acids and polysaccharides, can chelate with HM ions such as 

Pb2+, Cu2+, and Cd2+ to form stable metal complexes and fix them in the area outside plant 

roots [53]; thus, selection of appropriate plants for phytoremediation might be important 

not only for reducing HM levels, but also for reducing HM migration and diffusion [65].  

Phosphorus and potassium are essential nutrient elements for plant growth, and the 

reasonable addition of fertilizers containing phosphorus and potassium can effectively 

promote plant growth and produce a biological dilution effect on HMs in plants by 

increasing biomass. In the remediation of soil HMs, phosphate compounds are often used 

to increase the immobilization of metals, thereby reducing their mobility and 

bioeffectiveness in the soil [66–68]. Similarly, potassium can immobilize HMs in the soil, 

reducing the uptake of HMs by plants [69]. It can also suppress the production of reactive 

oxygen species and help plants to antioxidize against HM stress, reducing the toxic effects 

of HMs, such as Pb, Cd, Zn, and As, in plants [70, 71]. Chen et al. [72] found that the 

abilities of wheat to accumulate Zn, Cu, Pb, and Ni from soil were suppressed by 

phosphorus addition, while its accumulation of As was enhanced. Similar results were 

obtained in the Yangtiangang lead-zinc tailing area in this study. The negative correlations 

between AP concentrations in soils and the concentrations of Pb, Cd, and Zn in plant roots 

indicate that AP may be involved in complexation with Pb, Cd, and Zn, reducing the 

concentrations of available HM elements in soils and reducing the uptake of these 

elements by plants. Xing et al. [73] found that the application of higher rates of phosphate 

in soils with higher Cd and Pb concentrations resulted in lower available Pb and Cd in the 

soil, and grain Pb, Cd, and Zn concentrations were negatively affected by the phosphorus 

application. In addition, the negative correlations between AK concentrations in soils and 

the concentrations of Pb, Zn, Cr, and Ni in plant roots indicate that AK may reduce the 

uptake of these elements in plants and reduce the toxic effects of such elements on plants. 

It seems that there were potential effects between soil AP and AK on the uptake of HMs 

by woody plants, and a reasonable addition of phosphorus and potassium to soil may be 

helpful for plants to resist the toxic effects of HMs. Interestingly, similar findings to those 

of previous studies were only found in Yangtiangang, while completely opposite 

conclusions were obtained in Jiulong. In the two study areas, the cumulative contribution 

rate of components 1 and 2 in the principal component analysis was not high, being 

around 70%, indicating that the HMs absorbed by plants and soil physicochemical 

properties may still be affected by many factors, such as difference of plant species, degree 

of soil pollution, and content of soil organic matter and nitrogen [38, 74, 75]. The 

mechanism of soil properties on the uptake of HMs by plants remains to be further 

investigated. 
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4.2. Accumulation and Transport Characteristics of HMs in Woody Plants 

The elements causing HM pollution in the two study areas are complex. There may 

be competition among multiple metals for soil adsorption sites, and one metal tends to be 

mobilized with increasing concentrations of another metal, thereby enhancing its 

bioavailability and toxicity [76]. The additive effect of multi-metal complex pollution may 

exacerbate the toxicity of HMs on soil and plants and affect the ability of plants to take up 

HMs [77]. However, some woody plants in this study had a good enrichment capacity for 

a variety of HMs. R. simsii could enrich both Cd and As, and L. formosana could enrich 

both As and Mn, which reflected the potential of these plants in remediating complex HM-

polluted soils. Differences in the uptake and translocation of HMs by different woody 

plants may be related to differences in the type of soil pollution [78, 79]. The 

phytoextractive capacity of plants may be altered by soil complex contaminants, which is 

mainly influenced by a high concentration of a particular metal in the soil. For example, a 

mixed treatment of Cd and Zn significantly reduced the accumulation of Cd and Zn in 

poplar and willow, possibly due to ionic competition between the metals [80, 81]. There 

were large differences in Pb and As pollution between the two tailing areas, which may 

explain the differences in Cu and Cd uptake by plant roots and leaves [82]. 

In general, a BCF > 1 indicates that the tree species has a high enrichment capacity 

for HM and can effectively reduce the concentration of HM in the soil [83]. TF > 1 indicates 

that the tree species can effectively transfer HM from the belowground to the 

aboveground, reduce the toxic effects caused by high concentrations of HM in the plant 

roots, and have the potential for phytoextraction [84, 85]. Wang et al. [86] concluded that 

woody plants with a BCF greater than 0.4 are hyperaccumulators due to their high 

biomass, but there is a lack of experimental corroboration. No matter which of the above 

criteria is used for evaluation, similar to previous studies, plants growing in the two 

tailing areas have a stronger enrichment and transport capacity for Cd, which reflects the 

higher mobility of Cd in plants compared with other HM elements [87, 88]. 

According to Baker and Brooks [89], hyperaccumulators refer to plants whose 

aboveground HM concentration is more than 10 times higher than that of typical plants. 

Through experiments and model validation, van der Ent et al. [20] concluded that the 

criteria for hyperaccumulators of certain metal elements should be set to Cd>100 mg kg−1, 

Cu, Cr > 300 mg kg−1, Pb, Ni, As >1000 mg kg−1, Zn > 3000 mg kg−1, and Mn > 10,000 mg 

kg−1. Although none of the plants were found to be hyperaccumulators in this study, some 

plants with high BCF, high TF or high BCF, and low TF are still found, and such plants 

have the potential to be applied for phytoextraction or phytostabilization in HM-polluted 

areas [90]. In addition, some plants can avoid excessive intake of HM ions and have strong 

stress avoidance and tolerance to environments with extremely high concentrations of soil 

HMs through the tolerance of the protoplasm, despite their low BCF and TF for HMs [91]. 

These plants can be used to re-green the tailing areas, which can help to conserve water 

and soil and reduce the migration of HMs. Based on the following criteria, tree species 

with HM remediation potential were classified. Some plants had HM concentrations in 

organs above the normal range, with BCFs and TFs for HMs of shoots and leaves > 1. Such 

plants are considered to have the potential for phytoextraction. Some plants are 

considered to have an ultra-high tolerance to HMs when they are grown in soils exceeding 

20 times the threshold value for HMs, despite the fact that plant HMs levels are in the 

normal range and BCFs are < 1. The native woody species with potential for remediation 

of polluted soil in tailing areas were screened in this study (Table 3). R. simsii and P. elliottii 

have high BCFs and high TFs for Cd, Q. glauca and L. formosana have high BCFs and high 

TFs for Mn, P. fortunei has high BCFs and TFs for Zn, and these plants are considered to 

have the potential of phytoextraction for Cd, Mn, and Zn, respectively, and could be used 

as woody phytoremediation species for Cd, Mn, and Zn pollution in acidic red soil 

regions. Caparros et al. [92] also found that P. fortunei had a strong ability to accumulate 

Zn, and its annual increment of biomass is very high, up to 150 t ha−1, and can be used for 
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phytoremediation to reduce soil HM levels. As shown in Table 3, C. sclerophylla and R. 

chinensis are able to tolerate extreme high concentrations of Pb and As in the soil, and L. 

formosana, P. fortunei, Photinia × fraseri and R. simsii are able to tolerate extreme high 

concentrations of As in the soil. Pb generally exists as precipitates of carbonate, hydroxide, 

and phosphate in soil [93], and As generally exists in sulfide minerals or as precipitates of 

insoluble arsenate in soil [94]. The low availability of Pb and As limits their uptake by 

plants, so there are some limitations to the phytoremediation of Pb and As. Although the 

BCFs and TFs of these plants for Pb and As are far < 1, these plants are still valuable 

resources for the remediation of Pb and As pollution in tailing areas, and the specific 

mechanisms of their tolerance to HMs need further study. 

Table 3. Woody plants with potential for remediation of heavy metal pollution in study areas. 

Function Heavy Metal  Dominant Plant 

Phytoextraction  

Cd P. elliottii, R. simsii 

Mn Q. glauca, L. formosana  

Zn P. fortunei 

Ultra-high tolerance 

Pb, As C. sclerophylla, R. chinensis 

As 
L. formosana, P. fortunei, 

Photinia × fraseri, R. simsii 

5. Conclusions 

A total of 12 dominant woody plant species in the study areas showed good 

adaptability to HMs. The woody plants tend to have a stronger enrichment and transport 

capacity for Cd, with BCFs > 1 and TFs > 1 in most plants. Although no hyperaccumulators 

were found in this study, some woody plant species with HM remediation ability, such 

as P. elliottii and R. simsii for Cd, Q. glauca and L. formosana for Mn, and P. fortunei for Zn, 

were screened as phytoextraction plants in HM-polluted soils, which provide a reference 

for future species selection for HM soil remediation. The specific tolerance mechanisms of 

C. sclerophylla, R. chinensi, L. formosana, P. fortunei, Photinia × fraseri, and R. simsii to HMs 

need further study, and they may be potential woody plant species for restoration after 

Pb and As pollution in the future. There may be potential effects between soil AP and AK 

on the uptake of HMs by woody plants, and a reasonable addition of phosphorus and 

potassium to the soil may be helpful for plants to resist the toxic effects of HMs. 

Author Contributions: Y.L.: Investigation, Data curation, Formal analysis, Methodology, 

Software, Writing—original draft, Writing—review & editing. C.W.: Validation, Writing—review 

& editing. C.Y.: Investigation, Resources. S.L.: Formal analysis, Resources. X.C.: Investigation, 

Formal analysis. M.Z.: Investigation. Y.D.: Project administration, Funding acquisition, Supervision, 

Writing—review & editing. R.J.: Project administration, Conceptualization, Funding acquisition, 

Supervision, Writing—review & editing. All authors have read and agreed to the published version 

of the manuscript. 

Funding: This research was supported by the horizontal project “Screening and evaluation of highly 

enriched plants for remediation of heavy metal contaminated soil” from Standard Technology 

Engineering (Qingdao) Company Limited.  

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: The authors thank the Qingdao Standard Hengli Environmental Technology 

Research Institute Company Limited for the financial support and the Chinese Academy of Forestry 

for technical support. 

Conflicts of Interest: The authors declare no competing interests. 



Forests 2023, 14, 846 14 of 17 
 

 

References 

1. Salomons, W. Environmental impact of metals derived from mining activities: Processes, predictions, prevention. J. Geochem. 

Explor. 1995, 52, 5–23. doi: 10.1016/0375-6742(94)00039-E. 

2. Yukselen, M.A.; Alpaslan, B. Leaching of metals from soil contaminated by mining activities. J. Hazard. Mater. 2001, 87, 289–300. 

doi: 10.1016/S0304-3894(01)00277-1. 

3. Wei, C.Y.; Wang, C.; Yang, L.S. Characterizing spatial distribution and sources of heavy metals in the soils from mining-smelting 

activities in Shuikoushan, Hunan Province, China. J. Environ. Sci. 2009, 21, 1230–1236. doi: 10.1016/S1001-0742(08)62409-2. 

4. Li, X.; Yang, H.; Zhang, C.; Zeng, G.M.; Liu, Y.G.; Xu, W.H.; Wu, Y.; Lan, S.M. Spatial distribution and transport characteristics 

of heavy metals around an antimony mine area in central China. Chemosphere 2017, 170, 17–24. doi: 

10.1016/j.chemosphere.2016.12.011. 

5. Zhang, H.W.; Zhang, F.; Song, J.; Tan, M.L.; Kung, H.T.; Johnson, V.C. Pollutant source, ecological and human health risks 

assessment of heavy metals in soils from coal mining areas in Xinjiang, China. Environ. Res. 2021, 202, 111702. doi: 

10.1016/j.envres.2021.111702. 

6. Wang, Y.J.; Zhou, D.M.; Chen, H.M. A critical view on the status quo of the farmland soil environmental quality in China: 

Discussion and suggestion of relevant issues on report on the national general survey of soil contamination. J. Agro-Environ. Sci. 

2014, 33, 1465–1473. doi: 10.11654/jaes.2014.08.001. (In Chinese) 

7. Kan, X.Q.; Dong, Y.Q.; Feng, L.; Zhou, M.; Hou, H.B. Contamination and health risk assessment of heavy metals in China’s lead-

zinc mine tailings: A meta-analysis. Chemosphere 2021, 267, 128909. doi: 10.1016/j.chemosphere.2020.128909. 

8. Fu, Z.Y.; Wu, F.C.; Mo, C.L.; Deng, Q.J.; Meng, W.; Giesy, J.P. Comparison of arsenic and antimony biogeochemical behavior in 

water, soil and tailings from Xikuangshan, China. Sci. Total. Environ. 2016, 539, 97–104. doi: 10.1016/j.scitotenv.2015.08.146. 

9. Du, F.; Yang, Z.G.; Liu, P.; Wang, L. Accumulation, translocation, and assessment of heavy metals in the soil-rice systems near 

a mine-impacted region. Environ. Sci. Pollut. Res. 2018, 25, 32221–32223. doi: 10.1007/s11356-018-3184-7. 

10. Ma, L.; Sun, J.; Yang, Z.G.; Wang, L. Heavy metal contamination of agricultural soils affected by mining activities around the 

Ganxi River in Chenzhou, Southern China. Environ. Monit. Assess. 2015, 187, 731. doi: 10.1007/s10661-015-4966-8. 

11. Chen, L.; Zhou, S.L.; Shi, Y.X.; Wang, C.H.; Li, B.J.; Li, Y.; Wu, S.H. Heavy metals in food crops, soil, and water in the Lihe River 

Watershed of the Taihu Region and their potential health risks when ingested. Sci. Total Environ. 2018, 615, 141–149. doi: 
10.1016/j.scitotenv.2017.09.230. 

12. Luo, Z.B.; He, J.L.; Polle, A.; Rennenberg, H. Heavy metal accumulation and signal transduction in herbaceous and woody 

plants: Paving the way for enhancing phytoremediation efficiency. Biotechnol. Adv. 2016, 34, 1131–1148. doi: 
10.1016/j.biotechadv.2016.07.003. 

13. Ali, H.; Khan, E.; Sajad, M.A. Phytoremediation of heavy metals—Concepts and applications. Chemosphere 2013, 91, 869–881. 

doi: 10.1016/j.chemosphere.2013.01.075. 

14. Ashraf, S.; Ali, Q.; Zahir, Z.A.; Ashraf, S.; Asghar, H.N. Phytoremediation: Environmentally sustainable way for reclamation of 

heavy metal polluted soils. Ecotoxicol. Environ. Saf. 2019, 174, 714–727. doi: 10.1016/j.ecoenv.2019.02.068. 

15. Gerhardt, K.E.; Gerwing, P.D.; Greenberg, B.M. Opinion: Taking phytoremediation from proven technology to accepted practice. 

Plant. Sci. 2017, 256, 170–185. doi: 10.1016/j.plantsci.2016.11.016. 

16. Wang, M.J.; Sheng, G.Y.; Wang, R. Progress in disposal technologies for plants polluted with heavy metals after phytoextraction. 

J. Agric. Resour. Environ. 2021, 38, 151–159. doi: 10.13254/j.jare.2020.0756. (In Chinese) 

17. Xin, J.; Ma, S.S.; Li, Y.; Zhao, C.; Tian, R.N. Pontederia cordata, an ornamental aquatic macrophyte with great potential in 

phytoremediation of heavy-metal-contaminated wetlands. Ecotoxicol. Environ. Saf. 2020, 203, 111024. doi: 
10.1016/j.ecoenv.2020.111024. 

18. Sarwar, N.; Imran, M.; Shaheen, M.R.; Ishaque, W.; Kamran, M.A.; Matloob, A.; Rehim, A.; Hussain, S. Phytoremediation 

strategies for soils contaminated with heavy metals: Modifications and future perspectives. Chemosphere 2017, 171, 710–721. doi: 
10.1016/j.chemosphere.2016.12.116. 

19. Cui, X.Q.; Zhang, J.W.; Wang, X.T.; Pan, M.H.; Lin, Q.; Khan, K.Y.; Yan, B.B.; Li, T.Q.; He, Z.L.; Yang, X.; et al. A review on the 

thermal treatment of heavy metal hyperaccumulator: Fates of heavy metals and generation of products. J. Hazard. Mater. 2021, 

405, 123832. doi: 10.1016/j.jhazmat.2020.123832. 

20. van der Ent, A.; Baker, A.J.M.; Reeves, R.D.; Pollard, A.J.; Schat, H. Hyperaccumulators of metal and metalloid trace elements: 

Facts and fiction. Plant. Soi. 2012, 362, 319–334. doi: 10.1007/s11104-012-1287-3. 

21. Laureysens, I.; Blust, R.; De Temmerman, L.; Lemmens, C.; Ceulemans, R. Clonal variation in heavy metal accumulation and 

biomass production in a poplar coppice culture: I. Seasonal variation in leaf, wood and bark concentrations. Environ. Pollut. 

2004, 131, 485–494. doi: 10.1016/j.envpol.2004.02.009. 

22. Marmiroli, M.; Pietrini, F.; Maestri, E.; Zacchini, M.; Marmiroli, N.; Massacci, A. Growth, physiological and molecular traits in 

Salicaceae trees investigated for phytoremediation of heavy metals and organics. Tree Physiol. 2011, 31, 1319–1334. doi: 
10.1093/treephys/tpr090. 

23. Pajević, S.; Borišev, M.; Nikolić, N.; Arsenov, D.D.; Orlović, S.; Župunski, M. Phytoextraction of Heavy Metals by Fast-Growing 

Trees: A Review; Springer: Cham, Switzerland, 2016; pp. 29–64. doi: 10.1007/978-3-319-40148-5_2. 

24. Shi, X.; Zhang, X.L.; Chen, G.C.; Chen, Y.T.; Wang, L.; Shan, X.Q. Seedling growth and metal accumulation of selected woody 

species in copper and lead/zinc mine tailings. J. Environ. Sci. 2011, 23, 266–274. doi: 10.1016/S1001-0742(10)60402-0. 



Forests 2023, 14, 846 15 of 17 
 

 

25. Lu, M.; Zhang, Z.Z.; Wang, J.X.; Zhang, M.; Xu, Y.X.; Wu, X.J. Interaction of heavy metals and pyrene on their fates in soil and 

tall fescue (Festuca arundinacea). Environ. Sci. Technol. 2014, 48, 1158–1165. doi: 10.1021/es403337t. 

26. Xiao, R.; Shen, F.; Du, J.; Li, R.H.; Lahori, A.H.; Zhang, Z.Q. Screening of native plants from wasteland surrounding a Zn smelter 

in Feng County China, for phytoremediation. Ecotoxicol. Environ. Saf. 2018, 162, 178–183. doi: 10.1016/j.ecoenv.2018.06.095. 

27. Heckenroth, A.; Rabier, J.; Dutoit, T.; Torre, F.; Prudent, P.; Laffont-Schwob, I. Selection of native plants with phytoremediation 

potential for highly contaminated Mediterranean soil restoration: Tools for a non-destructive and integrative approach. J. 

Environ. Manag. 2016, 183, 850–863. doi: 10.1016/j.jenvman.2016.09.029. 

28. Zhong, X.; Chen, Z.W.; Li, Y.Y.; Ding, K.B.; Liu, W.S.; Liu, Y.; Yuan, Y.Q.; Zhang, M.Y.; Baker, A.J.M.; Yang, W.J.; et al. Factors 

influencing heavy metal availability and risk assessment of soils at typical metal mines in Eastern China. J. Hazard. Mater. 2020, 

400, 123289. doi: 10.1016/j.jhazmat.2020.123289. 

29. 803-2016 HJ; Soil and Sediment-Determination of Aqua Regia Extracts of 12 Metal Elements-Inductively Coupled Plasma Mass 

Spectrometry. Ministry of Environmental Protection of China: Beijing, China, 2016; p. 19. (In Chinese) 

30. 5009.268-2016 GB; Determination of Multielements in Food. The National Health and Family Planning Commission of China, 

and Food and Drug Administration of China: Beijing, China, 2016; p. 14. (In Chinese) 

31. Chojnacka, K.; Chojnacki, A.; Gorecka, H.; Gorecki, H. Bloavailability of heavy metals from polluted soils to plants. Sci. Total. 

Environ. 2005, 337, 175–182. doi: 10.1016/j.scitotenv.2004.06.009. 

32. 15618-2018 GB; Soil Environmental Quality Risk Control Standard for Soil Contamination of Agricultural Land. Ministry of 

Ecology and Environment of China, and State Administration for Market Regulation of China: Beijing, China, 2018; p. 4. (In 

Chinese) 

33. Li, J.K.; Zhang, D.; Zhou, P.; Liu, Q.L. Assessment of heavy metal pollution in soil and its bioaccumulation by dominant plants 

in a lead-zinc mining area, Nanjing. Chin. J. Environ. Sci. 2018, 39, 3845–3854, doi: 10.13227/j.hjkx.201712086. (In Chinese) 

34. Chai, L.; Wang, Y.H.; Wang, X.; Ma, L.; Cheng, Z.X.; Su, L.M. Pollution characteristics, spatial distributions, and source 

apportionment of heavy metals in cultivated soil in Lanzhou, China. Ecol. Indic. 2021, 125, 107507. doi: 
10.1016/j.ecolind.2021.107507. 

35. Kim, B.S.M.; Angeli, J.L.F.; Ferreira, P.A.L.; De Mahiques, M.M.; Figueira, R.C.L. Critical evaluation of different methods to 

calculate the Geoaccumulation Index for environmental studies: A new approach for Baixada Santista—Southeastern Brazil. 

Mar. Pollut. Bull. 2018, 127, 548–522. doi: 10.1016/j.marpolbul.2017.12.049. 

36. Huang, X.J.; Jiang, C.S.; Hao, Q.J. Assessment of heavy metal pollutions in soils and bioaccumulation of heavy metals by plants 

in Rongxi Manganese mineland of Chongqing. Acta Ecol. Sin. 2014, 34, 4201–4211. doi: 10.5846/stxb201212121791. (In Chinese) 

37. Zhu, G.X.; Xiao, H.Y.; Guo, Q.J.; Song, B.; Zheng, G.D.; Zhang, Z.Y.; Zhao, J.J.; Okoli, C.P. Heavy metal contents and enrichment 

characteristics of dominant plants in wasteland of the downstream of a lead-zinc mining area in Guangxi, Southwest China. 

Ecotoxicol. Environ. Saf. 2018, 151, 266–271. doi: 10.1016/j.ecoenv.2018.01.011. 

38. Wu, B.H.; Peng, H.; Sheng, M.P.; Luo, H.Y.; Wang, X.T.; Zhang, R.; Xu, F.; Xu, H. Evaluation of phytoremediation potential of 

native dominant plants and spatial distribution of heavy metals in abandoned mining area in Southwest China. Ecotoxicol. 

Environ. Saf. 2021, 220, 112368. doi: 10.1016/j.ecoenv.2021.112368. 

39. Gou, T.Z.; Song, W.; Yan, H.G. Accumulation of heavy metal in 11 native plants growing in mercury(gold)-mining area of 

Danzhai County. J Biol (Hefei, China) 2021, 38, 72–76. doi: 10.3969/j.issn.2095-1736.2021.01.072. (In Chinese)  

40. Deng, H.; Ye, Z.H.; Wong, M.H. Accumulation of lead, zinc, copper and cadmium by 12 wetland plant species thriving in metal-

contaminated sites in China. Environ. Pollut. 2004, 132, 29–40. doi: 10.1016/j.envpol.2004.03.030. 

41. Yang, G.L.; Zheng, M.M.; Tan, A.J.; Liu, Y.T.; Feng, D.; Lv, S.M. Research on the mechanisms of plant enrichment and 

detoxification of cadmium. Biology 2021, 10, 544. doi: 10.3390/biology10060544. 

42. Punshon, T.; Dickinson, N. Heavy metal resistance and accumulation characteristics in willows. Int. J. Phytoremediation 1999, 1, 

361–385. doi: 10.1080/15226519908500025. 

43. Watson, C.; Pulford, I.D.; Riddell-Black, D. Screening of willow species for resistance to heavy metals: Comparison of 

performance in a hydroponics system and field trials. Int. J. Phytoremediation 2003, 5, 351–365. doi: 10.1080/16226510390268748. 

44. Planquart, P.; Bonin, G.; Prone, A.; Massiani, C. Distribution, movement and plant availability of trace metals in soils amended 

with sewage sludge composts: Application to low metal loadings. Sci. Total Environ. 1999, 241, 161–179. doi: 10.1016/S0048-

9697(99)00338-1. 

45. Kulbat-Warycha, K.; Georgiadou, E.C.; Mankowska, D.; Smolinska, B.; Fotopoulos, V.; Leszczynska, J. Response to stress and 

allergen production caused by metal ions (Ni, Cu and Zn) in oregano (Origanum vulgare L.) plants. J. Biotechnol. 2020, 324, 171–

182. doi: 10.1016/j.jbiotec.2020.10.025. 

46. Kumar, P.; Tewari, R.K.; Sharma, P.N. Excess nickel-induced changes in antioxidative processes in maize leaves. J. Plant. Nutr. 

Soil Sci. 2007, 170, 796–802. doi: 10.1002/jpln.200625126. 

47. Hassan, Z.; Aarts, M.G.M. Opportunities and feasibilities for biotechnological improvement of Zn, Cd or Ni tolerance and 

accumulation in plants. Environ. Exp. Bot. 2011, 72, 53–63. doi: 10.1016/j.envexpbot.2010.04.003. 

48. Liu, Y.; Xue, Y.B.; Xie, B.X.; Zhu, S.N.; Lu, X.; Liang, C.Y.; Tian, J. Complex gene regulation between young and old soybean 

leaves in responses to manganese toxicity. Plant Physiol. Biochem. 2020, 155, 231–242. doi: 10.1016/j.plaphy.2020.07.002. 

49. Zhang, H.H.; Li, X.; Xu, Z.S.; Wang, Y.; Teng, Z.Y.; An, M.J.; Zhang, Y.H.; Zhu, W.X.; Xu, N.; Sun, G.Y. Toxic effects of heavy 

metals Pb and Cd on mulberry (Morus alba L.) seedling leaves: Photosynthetic function and reactive oxygen species (ROS) 

metabolism responses. Ecotoxicol. Environ. Saf. 2020, 195, 110469. doi: 10.1016/j.ecoenv.2020.110469. 



Forests 2023, 14, 846 16 of 17 
 

 

50. Singh, H.P.; Mahajan, P.; Kaur, S.; Batish, D.R.; Kohli, R.K. Chromium toxicity and tolerance in plants. Environ. Chem. Lett. 2013, 

11, 229–254. doi: 10.1007/s10311-013-0407-5. 

51. Gupta, P.; Kumar, V.; Usmani, Z.; Rani, R.; Chandra, A.; Gupta, V.K. Implications of plant growth promoting Klebsiella sp. 

CPSB4 and Enterobacter sp. CPSB49 in luxuriant growth of tomato plants under chromium stress. Chemosphere 2020, 240, 124944. 

doi: 10.1016/j.chemosphere.2019.124944. 

52. Wagner, G.J. Accumulation of cadmium in crop plants and its consequences to human health. Adv. Agron. 1993, 51, 173–212. 

doi: 10.1016/S0065-2113(08)60593-3. 

53. Hall, J.L. Cellular mechanisms for heavy metal detoxification and tolerance. J. Exp. Bot. 2002, 53, 1–11. doi: 

10.1093/jexbot/53.366.1. 

54. Fahr, M.; Laplaze, L.; Bendaou, N.; Hocher, V.; El Mzibri, M.; Bogusz, D.; Smouni, A. Effect of lead on root growth. Front. Plant 

Sci. 2013, 4, 175. doi: 10.3389/fpls.2013.00175. 

55. He, D.; Qiu, B.; Peng, J.H.; Peng, L.; Hu, L.X.; Hu, Y. Heavy metal contents and enrichment characteristics of dominant plants 

in a lead-zinc tailings in Xiashuiwan of Hunan Province. Chin. J. Environ. Sci. 2013, 34, 3595–3600. doi: 10.13227/j.hjkx.2013.09.004. 

(In Chinese) 

56. Salam, M.M.A.; Kaipiainen, E.; Mohsin, M.; Villa, A.; Kuittinen, S.; Pulkkinen, P.; Pelkonen, P.; Mehtatalo, L.; Pappinen, A. 

Effects of contaminated soil on the growth performance of young Salix (Salix schwerinii E. L. Wolf) and the potential for 

phytoremediation of heavy metals. J. Environ. Manag. 2016, 183, 467–477. doi: 10.1016/j.jenvman.2016.08.082. 

57. Redovnikovic, I.R.; De Marco, A.; Proietti, C.; Hanousek, K.; Sedak, M.; Bilandzic, N.; Jakovljevic, T. Poplar response to 

cadmium and lead soil contamination. Ecotoxicol. Environ. Saf. 2017, 144, 482–489. doi: 10.1016/j.ecoenv.2017.06.011. 

58. Ullah, R.; Muhammad, S. Heavy metals contamination in soils and plants along with the mafic–ultramafic complex (Ophiolites), 

Baluchistan, Pakistan: Evaluation for the risk and phytoremediation potential. Environ. Technol. Innov. 2020, 19, 100931. doi: 

10.1016/j.eti.2020.100931. 

59. Peco, J.D.; Higueras, P.; Campos, J.A.; Olmedilla, A.; Romero-Puertas, M.C.; Sandalio, L.M. Deciphering lead tolerance 

mechanisms in a population of the plant species Biscutella auriculata L. from a mining area: Accumulation strategies and 

antioxidant defenses. Chemosphere 2020, 261, 127721. doi: 10.1016/j.chemosphere.2020.127721. 

60. Song, Y.; Zhang, F.L.; Li, H.P.; Qiu, B.; Gao, Y.; Cui, D.; Yang, Z.G. Antioxidant defense system in lettuces tissues upon various 

As species exposure. J. Hazard. Mater. 2020, 399, 123003. doi: 10.1016/j.jhazmat.2020.123003. 

61. Du Laing, G.; Vanthuyne, D.R.J.; Vandecasteele, B.; Tack, F.M.G.; Verloo, M.G. Influence of hydrological regime on pore water 

metal concentrations in a contaminated sediment-derived soil. Environ. Pollut. 2007, 147, 615–625. doi: 

10.1016/j.envpol.2006.10.004. 

62. Zeng, F.R.; Ali, S.; Zhang, H.T.; Ouyang, Y.B.; Qiu, B.Y.; Wu, F.B.; Zhang, G.P. The influence of pH and organic matter content 

in paddy soil on heavy metal availability and their uptake by rice plants. Environ. Pollut. 2011, 159, 84–91. doi: 

10.1016/j.envpol.2010.09.019. 

63. Zhao, F.J.; Ma, Y.B.; Zhu, Y.G.; Tang, Z.; McGrath, S.P. Soil contamination in China: Current status and mitigation strategies. 

Environ. Sci. Technol. 2015, 49, 750–759. doi: 10.1021/es5047099. 

64. Nahmani, J.; Hodson, M.E.; Black, S. A review of studies performed to assess metal uptake by earthworms. Environ. Pollut. 2007, 

145, 402–424. doi: 10.1016/j.envpol.2006.04.009. 

65. Kim, K.; Yoon, S.; Kwon, H.A.; Choi, Y. Effects of treatment agents during acid washing and pH neutralization on the fertility 

of heavy metal-impacted dredged marine sediment as plant-growing soil. Environ. Pollut. 2020, 267, 115466. doi: 

10.1016/j.envpol.2020.115466. 

66. Netherway, P.; Reichman, S.M.; Laidlaw, M.; Scheckel, K.; Pingitore, N.; Gasco, G.; Mendez, A.; Surapaneni, A.; Paz-Ferreiro, J. 

Phosphorus-rich biochars can transform lead in an urban contaminated soil. J. Environ. Qual. 2019, 48, 1091–1099. doi: 

10.2134/jeq2018.09.0324. 

67. Bolan, N.; Mahimairaja, S.; Kunhikrishnan, A.; Choppala, G. Phosphorus-arsenic interactions in variable-charge soils in relation 

to arsenic mobility and bioavailability. Sci. Total. Environ. 2013, 463, 1154–1162. doi: 10.1016/j.scitotenv.2013.04.016. 

68. Qiu, Q.; Wang, Y.T.; Yang, Z.Y.; Yuan, J.G. Effects of phosphorus supplied in soil on subcellular distribution and chemical forms 

of cadmium in two Chinese flowering cabbage (Brassica parachinensis L.) cultivars differing in cadmium accumulation. Food 

Chem. Toxicol. 2011, 49, 2260–2267. doi: 10.1016/j.fct.2011.06.024. 

69. Ruthrof, K.X.; Fontaine, J.B.; Hopkins, A.J.M.; McHenry, M.P.; O’Hara, G.; McComb, J.; Hardy, G.E.S.J.; Howieson, J. Potassium 

amendment increases biomass and reduces heavy metal concentrations in Lablab purpureus after phosphate mining. Land. 

Degrad. Dev. 2017, 29, 398–407. doi: 10.1002/ldr.2866. 

70. Umar, S.; Gauba, N.; Anjum, N.A.; Siddiqi, T.O. Arsenic toxicity in garden cress (Lepidium sativum Linn.): Significance of 

potassium nutrition. Environ. Sci. Pollut. Res. 2013, 20, 6039–6049. doi: 10.1007/s11356-013-1624-y. 

71. Song, Z.Z.; Duan, C.L.; Guo, S.L.; Yang, Y.; Feng, Y.F.; Ma, R.J.; Yu, M.L. Potassium contributes to zinc stress tolerance in peach 

(Prunus persica) seedlings by enhancing photosynthesis and the antioxidant defense system. Genet. Mol. Res. 2015, 14, 8338–8351. 

doi: 10.4238/2015.July.27.22. 

72. Chen, X.X.; Liu, Y.M.; Zhao, Q.Y.; Cao, W.Q.; Chen, X.P.; Zou, C.Q. Health risk assessment associated with heavy metal 

accumulation in wheat after long-term phosphorus fertilizer application. Environ. Pollut. 2020, 262, 114348. doi: 

10.1016/j.envpol.2020.114348. 



Forests 2023, 14, 846 17 of 17 
 

 

73. Xing, W.Q.; Cao, E.Z.; Scheckel, K.G.; Bai, X.M.; Li, L.P. Influence of phosphate amendment and zinc foliar application on heavy 

metal accumulation in wheat and on soil extractability impacted by a lead smelter near Jiyuan, China. Environ. Sci. Pollut. Res. 

2018, 25, 31396–31406. doi: 10.1007/s11356-018-3126-4. 

74. Zhou, T.; Li, L.; Zhang, X.; Zheng, J.; Joseph, S.; Pan, G. Changes in organic carbon and nitrogen in soil with metal pollution by 

Cd, Cu, Pb and Zn: A meta-analysis. Eur. J. Soil Sci. 2016, 67, 237–246. doi: 10.1111/ejss.12327. 

75. Li, R.F.; Tan, W.B.; Wang, G.A.; Zhao, X.Y.; Dang, Q.L.; Yu, H.X.; Xi, B.D. Nitrogen addition promotes the transformation of 

heavy metal speciation from bioavailable to organic bound by increasing the turnover time of organic matter: An analysis on 

soil aggregate level. Environ. Pollut. 2019, 255, 113170. doi: 10.1016/j.envpol.2019.113170. 

76. Qiu, H.; Vijver, M.G.; Peijnenburg, W.J.G.M. Interactions of cadmium and zinc impact their toxicity to the earthworm 

Aporrectodea caliginosa. Environ. Toxicol. Chem. 2011, 30, 2084–2093. doi: 10.1002/etc.595. 

77. Gong, B.; He, E.K.; Qiu, H.; Van Gestel, C.A.M.; Romero-Freire, A.; Zhao, L.; Xu, X.Y.; Cao, X.D. Interactions of arsenic, copper, 

and zinc in soil-plant system: Partition, uptake and phytotoxicity. Sci. Total. Environ. 2020, 745, 140926. doi: 

10.1016/j.scitotenv.2020.140926. 

78. Li, S.L.; Yang, B.; Chen, Y.; Luo, J.; Zhang, H.X.; Qiu, Z.; Kong, L.W.; Wang, R.; Ni, W.Z. Study of soil heavy metal pollution and 

screen of heavy metal hyper-accumulation plants in lead-zinc mine areas of Zhejiang Province. Environ. Pollut. Control. 2016, 38, 

48–54. doi: 10.15985/j.cnki.1001-3865.2016.05.010. (In Chinese) 

79. Chen, C.D.; Zhang, A.N.; La, M.; Qi, G.; Zhao, G.Q.; Chu, C.J. Soil heavy metal contamination and enrichment of dominant 

plants in coal waste piles in Pingdingshan area. Ecol. Environ. Sci. 2019, 28, 1216–1223. doi: 10.16258/j.cnki.1674-5906.2019.06.018. 

80. Utmazian, M.N.D.; Wieshammer, G.; Vega, R.; Wenzel, W.W. Hydroponic screening for metal resistance and accumulation of 

cadmium and zinc in twenty clones of willows and poplars. Environ. Pollut. 2007, 148, 155–165. doi: 10.1016/j.envpol.2006.10.045. 

81. Nissim, W.G; Hasbroucq, S.; Kadri, H.; Pitre, F.E.; Labrecque, M. Potential of selected Canadian plant species for phytoextraction 

of trace elements from selenium-rich soil contaminated by industrial activity. Int. J. Phytoremediation 2015, 17, 745–752. doi: 

10.1080/15226514.2014.987370. 

82. Ali, M.H.; Mustafa, A.R.A.; El-Sheikh, A.A. Geochemistry and spatial distribution of selected heavy metals in surface soil of 

Sohag, Egypt: A multivariate statistical and GIS approach. Environ. Earth Sci. 2016, 75, 1257. doi: 10.1007/s12665-016-6047-x. 

83. Midhat, L.; Ouazzani, N.; Hejjaj, A.; Ouhammou, A.; Mandi, L. Accumulation of heavy metals in metallophytes from three 

mining sites (Southern Centre Morocco) and evaluation of their phytoremediation potential. Ecotoxicol. Environ. Saf. 2019, 169, 

150–160. doi: 10.1016/j.ecoenv.2018.11.009. 

84. Rodriguez, J.H.; Wannaz, E.D.; Salazar, M.J.; Pignata, M.L.; Fangmeier, A.; Franzaring, J. Accumulation of polycyclic aromatic 

hydrocarbons and heavy metals in the tree foliage of Eucalyptus rostrata, Pinus radiata and Populus hybridus in the vicinity of a 

large aluminium smelter in Argentina. Atmos. Environ. 2012, 55, 35–42. doi: 10.1016/j.atmosenv.2012.03.026. 

85. Pandey, S.K.; Bhattacharya, T.; Chakraborty, S. Metal phytoremediation potential of naturally growing plants on fly ash 

dumpsite of Patratu thermal power station, Jharkhand, India. Int. J. Phytoremediation 2016, 18, 87–93. doi: 

10.1080/15226514.2015.1064353. 

86. Wang, G.L.; Zhang, J.C.; Zhuang, J.Y.; Su, J.S. Accumulation research of 31 species of ornamental plants on heavy metal. J. West. 

Anhui Univ. 2011, 27, 83–87. (In Chinese) 

87. Baycu, G.; Tolunay, D.; Ozden, H.; Csatari, I.; Karadag, S.; Agba, T.; Rognes, S.E. An abandoned copper mining site in Cyprus 

and assessment of metal concentrations in plants and soil. Int. J. Phytoremediation 2015, 17, 622–631. doi: 

10.1080/15226514.2014.922929. 

88. Guarino, C.; Zuzolo, D.; Marziano, M.; Baiamonte, G.; Morra, L.; Benotti, D.; Gresia, D.; Stacul, E.R.; Cicchella, D.; Sciarrillo, R. 

Identification of native-metal tolerant plant species in situ: Environmental implications and functional traits. Sci. Total Environ. 

2019, 650, 3156–3167. doi: 10.1016/j.scitotenv.2018.09.343. 

89. Baker, A.; Brooks, R.R. Terrestrial higher plants which hyperaccumulate metallic elements. A review of their distribution, 

ecology and phytochemistry. Biorecovery 1989, 1, 81–126. 

90. Yoon, J.; Cao, X.D.; Zhou, Q.X.; Ma, L.Q. Accumulation of Pb, Cu, and Zn in native plants growing on a contaminated Florida 

site. Sci. Total Environ. 2006, 368, 456–464. doi: 10.1016/j.scitotenv.2006.01.016. 

91. Punz, W.F.; Sieghardt, H. The response of roots of herbaceous plant species to heavy metals. Environ. Exp. Bot. 1993, 33, 85–98. 

doi: 10.1016/0098-8472(93)90058-N. 

92. Caparros, S.; Diaz, M.J.; Ariza, J.; Lopez, F.; Jimenez, L. New perspectives for Paulownia fortunei L. valorisation of the 

autohydrolysis and pulping processes. Bioresour. Technol. 2008, 99, 741–749. doi: 10.1016/j.biortech.2007.01.028. 

93. Kumar, G.H.; Kumari, J.P. Heavy metal lead influative toxicity and its assessment in phytoremediating plants—A review. Water 

Air Soil Pollut. 2015, 226, 324. doi: 10.1007/s11270-015-2547-7. 

94. Cheng, H.F.; Hu, Y.N.; Luo, J.; Xu, B.; Zhao, J.F. Geochemical processes controlling fate and transport of arsenic in acid mine 

drainage (AMD) and natural systems. J. Hazard. Mater. 2009, 165, 13–26. doi: 10.1016/j.jhazmat.2008.10.070. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 

to people or property resulting from any ideas, methods, instructions or products referred to in the content. 

 


