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Abstract

:

To explore the potential of Koenigia mollis as a pioneer plant in acid tin mine wasteland, Koenigia mollis plants and the corresponding rhizosphere soils in different areas in Lianghe County, Yunnan Province were collected, and their chemical properties and heavy metals contents were determined., the adaptability of the plant to the barren tailing environment and its acid resistance and tolerance to heavy metal such as Cu (Cu, CAS. No. 7144-37-8), Cd (Cd, CAS. No. 7440-43-9) and Pb (Pb, CAS. No. 10099-74-8) pollution were analyzed. Results showed that Koenigia mollis growth was normal. The pH value in rhizosphere soils was 3.74–4.30, which was strongly acidic. The organic matter (OM), total nitrogen (TN) (N, CAS. No. 7727-37-9), available potassium (AK) (K, CAS. No. 7440-09-7), and available phosphorus (AP) (P, CAS. No. 7723-14-0) contents in soils of the research area were in low levels. The total contents of Cu, Cd, and Pb in the soil of the research area exceeded the pollution risk screening value for the national risk control standard of soil environmental quality, indicating that Koenigia mollis has a certain resistance to acid and heavy metal pollution. In addition, Koenigia mollis has strong transport and enrichment capacity for Cu, Cd, and Pb and therefore has potential as a pioneer phytoremediation plant for acid tin mine wastelands and a remediated plant for agricultural land around metal mining areas.
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1. Introduction


Sn (Sn, CAS. No.7440-31-5) is an important industrial raw material and plays an important role in economic development. Sn is widely used in metallurgy, electronics, and the chemical industry due to its softness, good ductility, low melting point, easy smelting, and non-toxic and stable chemical properties. Moreover, with the rapid development of technology and the economy, the application and demand for Sn will continue to expand. While the exploitation and utilization of tin resources offer economic benefits, a large number of tailings can pile up as a result of extensive mining [1,2]. Because tailings are the remaining part of the ore after it has been crushed and concentrated, it is not soil in the true sense of the word and has a series of problems such as low nutrient content, severe heavy metal contamination, extremely low pH, and no soil agglomerates [3], leading to difficulties in plant survival and low vegetation cover in the area. Open piling of tailings not only causes serious ecological degradation but also causes heavy metal pollution and acidification of tailings wasteland [4]. When encountering stormy weather is very easy to cause the spread of pollutants through subsidence, runoff, seepage, etc., to the surrounding water bodies, agricultural soils, and other hazards. Heavy metals in agricultural soils are not degradable and can pose a risk to human health, either directly or indirectly, through the food chain [5]. Great importance has been attached to the ecological reclamation of mine wastelands at home and abroad [6,7]. At present, the most common methods of tailings treatment include physical remediation, chemical remediation, and phytoremediation. Phytoremediation technology has been widely used in the field of heavy metal pollution remediation due to its advantages, including environmental protection [8].



In recent years, China has made some progress in the ecological restoration of mining wastelands. Juncus ochraceus has been identified as a pioneer plant suitable for the ecological restoration of tin mine wasteland [9]. Pteris vittata and Viola philippica, two potential polymetallic extractants, have been used for the remediation of polymetallic-contaminated soils, such as soils contaminated with Cu, Cd, Pb, and Zn (Zn, CAS. No. 7440-66-6) [10]. Most of the hyperaccumulators that are currently used are wild herbaceous plants with low biomass and have problems, including complex cultivation, strict requirements for growth conditions, and small biomass. Bamboo plants have a wide range of growth, strong environmental adaptability, large biomass, and strong resistance and enrichment capacity to heavy metals [11,12,13].



In this paper, the acid tin mine wasteland in the research area has a high heavy metal content. The strong soil acidity, poor soil fertility and structure, and high heavy metal content in the research area are all harmful to plant growth. Under natural conditions, the growth of plants and other biological activities are limited by the prevailing environmental conditions [14]. Some native plants have, however, due to long-term natural selection, adapted to survive in extreme environments, and they grow, settle, and even reproduce offspring normally on mine wastelands; indeed, these plants can play a decisive role in the rehabilitation of the mine wasteland. In this study, it was found that Koenigia mollis, Juncus effusus L., Bambusa multiplex ‘Alphonse-Karr’ R.A. Young, and a small number of other herbaceous plants were growing in the field survey area (Figure 1). Depending on the characteristics of the survey area, adaptability studies of potential tolerant pioneer plants can lay a theoretical foundation for the vegetation restoration of acid tin mine wasteland and remediation of heavy metal-contaminated farmland soils.




2. Materials and Methods


2.1. Overview of the Research Area


The research area is located in the canyon area of the southwest end of the Hengduan Mountains in western Yunnan Province and the canyon zone in terraces between the west slope of Gaoligong Mountain. It is between 98°06′~98°31′ E and 24°31′~24°58′ N and is located at an altitude of 2243~2394 m. The soil type is mainly yellow-brown soil in the alpine mountain area, the natural soil pH value is 5.1, and the climate belongs to the south subtropical monsoon climate, with abundant rainfall, light, and heat energy resources. The research area is rich in tin resources, but tin mining (including the level of mineral processing technology applied and the characteristics of tin resources) have resulted in a high degree of tin metal loss to tailings which has led to land acidification and also destroyed the diversity of the surrounding vegetation. From the field survey, it was found that there were mainly Koenigia mollis, Juncus ochraceus Buchen, and a small number of other herbaceous plants near the tin tailings in the research area. Koenigia mollis had the best growth.




2.2. Research Method


2.2.1. Collection of Plant and Soil Samples


Through field investigation of this tailing’s wasteland, it was found that Koenigia mollis was the best plant for tin mine wastelands. Koenigia mollis was therefore collected for analysis, and according to the tailings pond and plant growth status screening, the tailings pond was divided into upstream (2389 ± 5 m), midstream (2318 ± 7 m), and downstream (2246 ± 3 m) three representative areas. The specific sampling site is shown in Figure 2. In the representative area, natural growths of Koenigia mollis were randomly selected, and the complete plants were collected and marked. A total of 30 groups of Koenigia mollis samples were collected. Five groups of Koenigia mollis which were growing on soil with similar surroundings but less affected by the mine wasteland, were selected as the control group.



The soil samples consisted of 0–20 cm soil attached to the rhizosphere of plants. Soil samples were taken on-site using the shaking method and were sealed in a self-sealing bag after mixing evenly [15].




2.2.2. Sample Determination and Analysis Method


The plant samples collected during the research were washed with tap water to remove the soil and dirt and then rinsed with deionized water. After drying the deionized water, it was put into the oven, killed out at 105 °C for 30 min, then the temperature was adjusted to 50 °C, and the dry weight was measured. The dried plant samples were divided into shoot and root parts. Plant samples were crushed with a crusher, sieved with a 100-mesh sieve, loaded into a numbered self-sealing bag,, and then reserved. After the soil samples were returned to the laboratory, they were spread into thin layers, and the stones and plant roots were picked out. The soil samples were dried naturally in the room; then they were ground and screened using 2, 1, and 0.149 mm sieves, respectively. The samples were packaged, stored, and numbered.



The basic physical and chemical properties of the test soil were determined using analytical methods from soil agricultural chemistry [16]. The pH was measured using the 1:2.5 soil-water ratio method (Acidimeter, Starter-3 C, OHAUS Instruments Ltd., Parsippany, NJ, USA). Organic matter was determined using the potassium dichromate (Cr2K2O7, CAS. No. 7778-50-9)-external heating method. The soil samples were treated using the digestion method, the total N content of soil samples was determined using the Kjeldahl nitrogen method, the total P content of soil samples was determined using the molybdenum antimony colorimetric method, and the total K content of soil samples was determined using flame photometry. Soil alkali-hydrolyzable nitrogen and available P and K were determined using the alkaline diffusion method, 0.5 mol·L−1 NaHCO3 (NaHCO3, CAS. No. 144-55-8) extraction method, and 0.1 mol·L−1 CH3COONH4 (CH3COONH4, CAS. No. 631-61-8)-flame photometric method, respectively. The total Cu, Cd, and Pb concentrations in plants were digested using the microwave accelerated reaction system (MARS5, CEM Microwave Technology Ltd., Matthews, NC, USA). The total content of Cu, Cd, and Pb in basic soil was determined using the wet ashing method. The Foss digestion furnace (2040 Digestion System of FOSS TECATOR) was used for soil digestion. The digested samples were determined using an inductively coupled plasma mass spectrometer (ICAPRQ and ACJ36) for Cu, Cd, and Pb. Additionally, the standard materials provided by the national bureau of standards (shrub branches and leaves, GBW07603, GSV-2) were added to ensure the accuracy of the digestion and analysis process. The Recovery rate of Cu, Cd, and Pb are 97.5~103.2%, 87.4~107.0%, and 92.6~105.2%, respectively.





2.3. Data Processing


Data processing and analysis were performed using Excel 2010 (Redmond, WA, USA) and SPSS 19.0 softwaree (Chicago, IL, USA). The drawing was undertaken using Origin 2019 (Northampton, NC, USA).



BCF = Cplant/Csoil [17].



TF = Cshoot/Croot [18].



Retention rate = (Croot − Cshoot)/Croot × 100% [19].



Single factor pollution index = Ci/Cn.



Note: Cplant is the concentration of the heavy metal in the plant, mg·kg−1, Croot is the concentration of the heavy metal in the root, mg·kg−1, Csoil is the concentration of the same heavy metal in the soil, mg·kg−1, Cshoot is the concentration of the heavy metal in the aboveground part of plants, Ci is the measured content of heavy metal element i, mg·kg−1, Cn is the pollution risk screening value of heavy metal element i, mg·kg−1.





3. Results and Analysis


3.1. Rhizosphere Soil Fertility of Koenigia mollis in Acid Tin Mine Wasteland


The pH of the tested soil in the research area was between 3.74 and 4.30, which was at a strong level of acidity. The results showed that the contents of organic matter, total nitrogen, and available K and P in rhizosphere soils in the investigation areas were 5.57~6.48 g·kg−1, 0.47~0.73 g·kg−1, 55.67~69.93 mg·kg−1 and 4.34~5.09 mg·kg−1, respectively (Table 1). According to the classification standard of the soil fertility index, these areas had 4–5 grade soil fertility and lacked nutrients. The contents of total P and K and alkali-hydrolyzable nitrogen were 0.68~0.82 g·kg−1, 11.33~16.86 g·kg−1, and 42.93~106.71 mg·kg−1, respectively, which were at the upper and middle levels, respectively. The contents of organic matter, total nitrogen, and alkali-hydrolyzable nitrogen in the control group soils were significantly higher than those in the other three research areas, and there was no significant difference for other fertility measures.




3.2. Morphological Characteristics of Koenigia mollis in Acid Tin Mine Wasteland


The average plant biomass of Polygonum molle in the research area was 37.98 g in the control group, 34.24 g in the upstream, 33.21 g in the midstream, and 32.25 g in the downstream. The height of Koenigia mollis plants in the tin mine wasteland research area was 50.34~78.96 cm, and in the control group area, it was 68.71~90.38 cm. The results showed that the plant height of Koenigia mollis in the control group area was higher than in the research area. The results of Pearson correlation analysis between different rhizosphere soil fertility indicators and growth characteristics of Koenigia mollis are shown in Figure 3. The results (Figure 3) show a significant correlation between plant height and organic matter (r = 0.58, p < 0.001).



Koenigia mollis was able to grow normally on the acid tin mine wasteland with low soil fertility, indicating that Koenigia mollis has strong adaptability for the research area and therefore has the potential to be a pioneer plant for the ecological restoration of acid tin mine wasteland. There was a significant correlation between plant height and organic matter, indicating that the lack of soil organic matter may be the main stress factor for the growth of Koenigia mollis in the research area.




3.3. Acid Tolerance of Koenigia mollis in Acid Tin Min Wasteland


Pearson correlation analysis showed no significant positive correlation between rhizosphere soil pH and plant height (r = 0.04, p = 0.81 > 0.05). The results (Table 2) showed that rhizosphere soil pH in the upstream areas was significantly higher than in other areas but significantly lower than the soil background value. Koenigia mollis could grow in the research area, indicating that Koenigia mollis had strong acidic resistance. The findings show that Koenigia mollis has the potential as a pioneer plant for vegetation restoration of tin tailings.




3.4. Distribution Characteristics and Single Factor Pollution Index of Heavy Metals in Different Parts and Rhizosphere Soils of Koenigia mollis


As shown in Table 3 and Table 4, the total contents of Cu, Cd, and Pb in the soil of the research area exceeded the pollution risk screening value for the national risk control standard of soil environmental quality (GB 15618-2018). The Cd total content in the downstream soil was close to three times of pollution risk screening value. Additionally, Pb was the main heavy metal pollution stress factor of the rhizosphere soil in the research area, with the bioavailability of Pb in rhizosphere soil in the research area being 40.8% (CK), 39.7% (upstream), 43.2% (midstream) and 41.3% (downstream), respectively.



As shown in Table 3 and Figure 4, the concentrations of Cu, Cd, and Pd in Koenigia mollis in different growth areas differed. The heavy metal concentrations of Cu and Cd in the root were higher than those in the shoot. The heavy metal concentrations of Pb in the root were lower than those in the shoot. The Pb concentration in the shoot of Koenigia mollis growing in the midstream was the highest, at 16.76 mg·kg−1; the Cu concentration in the root of Koenigia mollis growing in the midstream was the highest, at 46.62 mg·kg−1; and the Pb concentrations in the root of Koenigia mollis growing in the downstream was the highest, at 0.70 mg·kg−1. Pearson correlation analysis was used to analyze the relations for total Cu, Cd, and Pb in rhizosphere soils and Koenigia mollis. The results showed significant positive correlations between the Cu, Cd, and Pb contents in rhizosphere soils and the Cu, Cd, and Pb concentrations in Koenigia mollis, respectively (r (Cu) = 0.922; r (Cd) = 0.889; r (Pb) = 0.534). In the research area, with the increase of Cu, Cd, and Pb content in soils, the accumulations of Cu, Cd, and Pb in Koenigia mollis also increased significantly. This shows that the absorption of heavy metals by Koenigia mollis was not only limited by the physiological conditions of the plants but was also affected by heavy metal stress in soils.



As shown in Table 4, the pollution index of Cu, Cd, and Pb in the control group was less than 1, respectively, indicating no pollution. The pollution index of Cu and Pb in the research area ranged from 1 to 2, indicating light pollution. Cd was in light pollution in the upstream, light-moderate pollution in the midstream, and moderate pollution in the downstream.




3.5. Enrichment, Transport Factors, and Retention Rate of Major Metals in Koenigia mollis


The enrichment coefficient is an important index that indicates the accumulation ability and remediation potential of heavy metals in plants. The greater the enrichment coefficient, the stronger the ability of plants to enrich the heavy metal. The coefficient can not only be used to reflect the absorption capacity of plants to major metal elements in the soil but can also be used to reflect the absorption potential of plants to heavy metals. The coefficient can also be used to infer the ability of plants to repair themselves [20]. As shown in Table 5, Koenigia mollis grows in the four areas and has the strongest Cd enrichment ability, with the largest Cd enrichment coefficient, reaching 1.71. The transport coefficient is commonly used to measure the ability of plants to transfer heavy metals [21]. The transport capacity of Koenigia mollis grown in the four areas for heavy metals was Pb > Cu > Cd. Retention rate can reflect the tolerance of plants to heavy metals, and it is also a protective response of plant roots to heavy metal pollution [22]. The retention rate of Koenigia mollis grown in the four areas was Cd > Cu > Pb, which was opposite to the change in transport capacity. The retention effect of Cd was relatively large, reaching 55.72%. It was concluded that Koenigia mollis grown in different areas has a certain enrichment ability for Cu and Cd and has a good transport ability for Pb. At the same time, the Cu, Cd, and Pb concentrations in plants did not cause significant stress for plant growth. Koenigia mollis has the potential to be a pioneer plant for vegetation restoration of acid tin mine wastelands.





4. Discussion


The strong acidity, poor soil fertility and structure, and high heavy metal contents in the acid tin mine wasteland are harmful to plant growth [23]. Koenigia mollis can survive in acid tin mine wastelands and can occupy a dominant position in natural communities, probably because the plants have a tolerance to acid stress and heavy metal pollution, as shown by the action of natural selection in this research area [3].



The pH of rhizosphere soil in the research area was strongly acidic, and the soil contained heavy metals such as Cu, Cd, and Pb. The contents of Cu, Cd, and Pb in the soil of the research area were higher than the pollution risk screening value for the national risk control standard of soil environmental quality, and the multiples were 1.11–1.52, 1.67–3.33 and 1.17–1.55, respectively. Soil acidification and accumulation of heavy metals in the soils are harmful to the soil environment and to plant growth by inhibiting soil microbial biomass and enzyme activity [24,25], thereby affecting soil fertility. Soil acidification caused the loss of, and also reduced the effectiveness of, nutrients in the soil [26]. Additionally, soil acidification increased the solubility and effectiveness of heavy metals [27]. The plant height of Koenigia mollis was consistent with the plant height of the sample recorded in Flora of China [28], and there was no significant correlation between the plant height of Koenigia mollis and the pH value of rhizosphere soils, which indicated that Koenigia mollis has good acid tolerance. The results showed that Koenigia mollis had a certain enrichment capacity for Cu, Cd, and Pb, with the enrichment capacity for Cd being the strongest, which had a better transport capacity compared with Pb. The contents of the heavy metals Cu, Cd, and Pb in rhizosphere soils were significantly correlated with the Cu, Cd, and Pb concentrations in Koenigia mollis. However, the heavy metals in rhizosphere soils had not caused significant stress on plant growth, which indicated that Koenigia mollis have the ability to survive in environments with heavy metal pollution.



Guo et al. [29] found that Miscanthus sacchariflorus had resistance to low acid and heavy metal toxicity, but Miscanthus sacchariflorus likes warm, moist, and semi-shady environments. Zhang et al. [30] pointed out that Taraxacum koksaghyz had good tolerance to Pb and Cd stress, but its biomass was small. Taraxacum koksaghyz generally grew in alkaline environments. Koenigia mollis has good acid resistance and tolerance to heavy metals stress, meaning that it can grow, settle and reproduce easily in acid tin mine wasteland. It also has high plant biomass and so has the potential to be a pioneer plant in acid tin mine wastelands and a remediated plant for heavy metal-contaminated farmland soils.




5. Conclusions


	(1)

	
The results from the research showed that the rhizosphere soil of Koenigia mollis in the tailings wasteland was strongly acidic, and the plant height had no significant positive correlation with the pH value of rhizosphere soil, which indicated that Koenigia mollis had strong acid resistance.




	(2)

	
The contents of organic matter, total nitrogen, and available K and P contents in the rhizosphere soil of Koenigia mollis were at a low level, and there was a compound pollution risk of Cu, Cd, and Pb. Koenigia mollis could grow under these conditions of poor soil fertility and heavy metal pollution, indicating that the plant has strong adaptability to the soil conditions of mining wasteland.




	(3)

	
Koenigia mollis in different areas of tailings wasteland could grow normally, and the Cu, Cd, and Pb concentrations in different parts of plants for different areas were different, indicating a certain degree of enrichment ability.




	(4)

	
There is no heavy metal pollution in the control group; Cu and Pb were light pollution in the research area, and Cd was in light to moderate pollution in the research area.




	(5)

	
Koenigia mollis had strong acid resistance, could adapt to the barren tailings environment, and showed a certain degree of tolerance to heavy metals. Koenigia mollis, therefore, has great potential as a pioneer plant in acid tin mine wastelands and a remediated plant for agricultural land around metal mining areas.
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Figure 1. Some photos of the plants in the research area. Pictures (A,B) are photos of some plants in the research area. The photo of (C) is the species analyzed herein. 
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Figure 2. The specific sampling site map. 
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Figure 3. Pearson correlation analysis between plants height of Koenigia mollis and rhizosphere soil fertility projects. H means plant height; OM means organic matter; AP and TP refer to available phosphorus and total phosphorus, respectively; AN and TN refer to alkaline-hydrolyzable nitrogen and total nitrogen, respectively; AK and TK refer to available potassium and total potassium, respectively. *, *** Correlation is significant at 0.05 and 0.001, respectively (two-tailed test). 
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Figure 4. Heavy metal contents in rhizosphere soils and concentrations in Koenigia mollis under different areas. The different letters marked in the figure indicate that the same part has significant indigenous differences in all research areas (p < 0.05). 
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Table 1. Fertility status of rhizosphere soil of Koenigia mollis in different sampling areas.
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Fertility Project

	
Number of Samples Collected in Different Sampling Areas




	
CK(5)

	
Upstream (5)

	
Midstream (15)

	
Downstream (10)






	
Organic matter (g·kg−1)

	
13.973 ± 1.428 a

	
6.478 ± 0.885 b

	
5.568 ± 1.284 b

	
6.258 ± 1.459 b




	
Total nitrogen (g·kg−1)

	
1.152 ± 0.371 a

	
0.465 ± 0.112 b

	
0.729 ± 0.290 b

	
0.722 ± 0.418 b




	
Total phosphorus (g·kg−1)

	
0.996 ± 0.270 a

	
0.808 ± 0.143 ab

	
0.676 ± 0.244 b

	
0.824 ± 0.392 ab




	
Total potassium (g·kg−1)

	
17.713 ± 3.971 a

	
16.860 ± 3.634 a

	
11.331 ± 4.605 b

	
16.612 ± 2.931 a




	
Available Nitrogen (g·kg−1)

	
140.93 ± 93.92 a

	
42.93 ± 12.37 b

	
106.71 ± 65.94 a

	
52.50 ± 21.10 b




	
Available Phosphorus (g·kg−1)

	
5.30 ± 2.49 a

	
4.63 ± 1.51 a

	
5.09 ± 0.80 a

	
4.34 ± 0.88 a




	
Available Potassium (g·kg−1)

	
59.95 ± 3.52 ab

	
69.29 ± 5.60 a

	
55.67 ± 14.35 b

	
69.93 ± 12.84 a








Different letters denote a significant difference in the same style in the same line (p = 0.05).
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Table 2. Mean pH and background value of rhizosphere soils for different sampling areas.
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	Sampling Area (Numbers of Sample)
	pH





	CK (5)
	3.85 ± 0.28 b



	Upstream (5)
	4.30 ± 0.23 a



	Midstream (15)
	3.74 ± 0.27 b



	Downstream (10)
	3.88 ± 0.34 b



	Soil background value
	5.10







Different letters denote a significant difference in the same style in the same line (p = 0.05).
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Table 3. Concentrations of heavy metals in Koenigia mollis and contents in rhizosphere soils.
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Heavy Metal

	
Sampling Area

	
Heavy Metal Contents in Rhizosphere Soil

	
Heavy Metal Concentrations in Koenigia mollis




	
Total Content

mg·kg−1

	
Available Content

mg·kg−1

	
Shoot

mg·kg−1

	
Root

mg·kg−1






	
Cu

	
CK

	
21.24 c

	
1.19 c

	
16.43 c

	
19.16 c




	
Upstream

	
55.71 b

	
1.40 c

	
27.79 b

	
35.38 b




	
Midstream

	
76.17 a

	
8.04 a

	
32.41 a

	
46.62 a




	
Downstream

	
57.39 b

	
2.74 b

	
26.36 b

	
35.11 b




	
Cd

	
CK

	
0.28 d

	
0.007 ab

	
0.15 c

	
0.31 c




	
Upstream

	
0.50 c

	
0.013 ab

	
0.22 c

	
0.49 b




	
Midstream

	
0.68 b

	
0.004 b

	
0.32 b

	
0.55 b




	
Downstream

	
1.00 a

	
0.023 a

	
0.49 a

	
0.70 a




	
Pb

	
CK

	
44.55 c

	
18.16 c

	
9.19 c

	
5.58 c




	
Upstream

	
81.83 b

	
32.49 b

	
10.50 b c

	
6.43 c




	
Midstream

	
108.66 a

	
46.91 a

	
16.76 a

	
10.01 a




	
Downstream

	
92.86 b

	
38.33 b

	
11.92 b

	
8.15 b








Different letters denote a significant difference in the same style in the same line (p = 0.05).
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Table 4. Single-factor pollution index for different regions.
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Sampling Area

	
Cu

	
Cd

	
Pb






	
Element content (mg·kg−1)

	
CK

	
21.24 ± 0.86

	
0.28 ± 0.01

	
44.55 ± 1.62




	

	
Upstream

	
55.71 ± 1.70

	
0.50 ± 0.03

	
81.83 ± 2.45




	

	
Midstream

	
76.17 ± 2.63

	
0.68 ± 0.04

	
108.66 ± 4.14




	

	
Downstream

	
57.39 ± 2.76

	
1.00 ± 0.04

	
92.86 ± 3.01




	
Pollution risk screening value of GB 15618-2018 (mg·kg−1)

	
50

	
0.3

	
70




	
Single-factor pollution index

	
CK

	
0.42 ± 0.02

	
0.93 ± 0.04

	
0.64 ± 0.02




	
Upstream

	
1.11 ± 0.03

	
1.67 ± 0.09

	
1.17 ± 0.03




	
Midstream

	
1.52 ± 0.05

	
2.27 ± 0.13

	
1.55 ± 0.06




	
Downstream

	
1.15 ± 0.06

	
3.34 ± 0.13

	
1.33 ± 0.04
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Table 5. Enrichment coefficient, transport coefficient, and retention rate of heavy metals in Koenigia mollis.
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Project

	
Sampling Area

	
Cu

	
Cd

	
Pb






	
Enrichment coefficient

	
CK

	
1.69 a

	
1.64 a b

	
0.34 a




	
Upstream

	
1.14 b

	
1.45 b

	
0.21 c




	
Midstream

	
1.04 b

	
1.29 b

	
0.26 b




	
Downstream

	
1.10 b

	
1.71 a

	
0.22 c




	
Translocation factors

	
CK

	
0.87 a

	
0.49 b

	
1.64 a b




	
Upstream

	
0.78 b

	
0.44 b

	
1.63 a b




	
Midstream

	
0.70 c

	
0.61 a

	
1.69 a




	
Downstream

	
0.76 b

	
0.68 a

	
1.46 b




	
Retention rate

	
CK

	
13.30% c

	
51.40% a

	
−63.95% a b




	
Upstream

	
21.89% b

	
55.72% a

	
−63.40% a b




	
Midstream

	
30.11% a

	
39.18% b

	
−69.19% a




	
Downstream

	
23.78% b

	
32.44% b

	
−45.92% b








Different letters denote a significant difference in the same style in the same line (p = 0.05).
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