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Abstract


Mangroves have a high ecological service value and play an important role in achieving carbon neutrality. However, mangrove wetland soil quality is constantly being affected, and the ecological services provided are gradually declining due to the threat of various pollutants, especially heavy metal pollution. Exploring the sources and ecological risks of heavy metals in mangrove sediments will be helpful in improving mangrove protection. In 2020, sediments were collected from terrestrial and aquatic areas of Dongzhai Harbor mangrove wetland in Hainan, China, and were analyzed for the concentrations of nine heavy metals (As, Cd, Cr, Cu, Hg, Pb, Ni, Zn, Co). The results showed that there were obvious spatial distributions of heavy metals in sediments. The high concentrations of heavy metals occurred largely in terrestrial areas and in 0–20 cm of the sediment surface layer. Correlation analysis and cluster analysis indicated that As mainly originated from ships and aquaculture in the harbor waters, Cd and Hg from agriculture, Cr, Cu, Ni, Zn and Co from the weathering of parent rocks, and Pb from soot emitted from metal smelters and automobile exhaust. The individual potential ecological risk index (Eir) indicated that contaminating elements were mainly Cd and Hg. The potential ecological risk index (RI) and multiple probable effect concentrations quality (mPECQs) indicated that the areas with high heavy metal concentration and the 0–20 cm range of sediment surface layer were more susceptible to heavy metal contamination. Although there were no obvious ecological risks in the area, these results could facilitate the understanding of the distribution of heavy metal pollution in mangroves and provide information to achieve sustainable development of mangroves.
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1. Introduction


Mangrove forests usually grow in intertidal areas of warm temperate, subtropical and tropical coastlines [1,2]. Mangrove ecosystems are of great importance in coastal protection [3], biological survival [4] and socio-economic development. Because of the combined effect of marine and terrestrial ecosystems, mangrove forests contribute significantly to carbon sequestration and emission reduction as well as promoting the accumulation of various substances, including heavy metals. Thus, mangrove wetland has also become important as a long-term carbon sink [5]. However, in the past few decades, mangrove wetlands have received a large number of different pollutants from human activities. Although forest systems are able to receive a lot of pollutants carried by tides, rivers and surface runoff, they also have become an important contamination source [6]. Among all the types of pollutants, heavy metals are extremely difficult to be biodegraded [7]. Although many metals are biologically essential elements, they also have a potential toxicity to biota if their concentrations surpass certain thresholds [8]. For example, Cd pollution causes retarded growth or even death of plants [9]; excessive Mn causes damage to plant chloroplasts [10]. In addition, heavy metal pollution is characterized as a long-term and insidious problem [11]. Consequently, heavy metals are considered the most toxic pollutants in the ecosystem, which have attracted widespread attention worldwide and are also listed as priority pollutants for monitoring and control [12,13].



Hainan Island is located in the southernmost part of China, with a tropical maritime monsoon climate. The wetlands in Hainan not only have the richest and most diverse mangrove forests and hundreds of rare animal species [14], but also play an important role in shoreline stability, biodiversity conservation, sediment preservation, and storm protection [15]. Over the past half-century, the coastal areas of Hainan have experienced tremendous population growth, and the economic industries such as agriculture, aquaculture, and tourism have flourished, greatly contributing to Hainan’s economy [16]. However, the consequent pollution has also posed a huge health threat to Hainan’s environment, especially to the unique mangrove ecosystem. Studies have shown that changes in land use patterns were significantly and positively correlated with the distribution of heavy metal deposition in mangrove wetlands [17]. Li et al. [18] also concluded that transformations of land use in mangrove forests on Hainan Island have altered the accumulation capacity of sediments for heavy metals and brought different degrees of heavy metal pollution to wetlands. In recent years, studies on heavy metals in Hainan sediments have mostly focused on cities, rivers, farmlands and other areas, but few were conducted on mangrove wetlands [19,20,21]. Additionally, most studies on heavy metals focus on the surface layer of sediments, while studies on the distribution and ecological risks of heavy metals in sediment profiles are not common [22,23,24]. Thus, it is of great importance to pay attention to the spatial distribution of heavy metals in sediments, to explore the impact of heavy metals in sediments on the environment, and to investigate the main sources of heavy metals in sediments for the protection of wetland ecology and the sustainable development of coastal areas.



In this study, major heavy metal pollutants (As, Cd, Cr, Cu, Hg, Pb, Ni, Zn and Co) in the mangrove sediments of Dongzhai Harbor, Hainan Province, are analyzed. The main purposes are to determine the spatial distribution, main sources, and ecological risks of heavy metals in mangrove wetland sediments in Dongzhai Harbor, Hainan, with a view to providing a scientific basis for heavy metal pollution control and ecosystem protection in mangroves.




2. Materials and Methods


2.1. Study Area


Dongzhai Harbor mangrove wetland is located in the northeastern area of Hainan Province, the southernmost part of China (Figure 1). The area has a tropical maritime monsoon climate with an average annual temperature of 17.1 °C, an average annual temperature of the seawater surface layer of 24.5 °C, an average annual precipitation of 1676 mm, irregular all-day tides, and an average tidal difference of about 1 m. The wetland is low-lying, and the river brings sediments into the harbor from the east, west, and south directions. The mudflats formed by the sediments provide habitats for the ecosystem and also provide conditions for the enrichment of heavy metals [25]. The topography along the coast of the harbor is flat, and the lithology is mainly granitic [19,26]. The area is mainly distributed with loose quaternary sediments, which are the main source of sediments in the harbor [26]. The total area within the wetland is about 360 km2, and the main land use types are: cropland field, dry land, orchard, forest land, construction land, mudflat river. The land use in the wetland has the largest proportion of agricultural lands and forest areas, the second largest area of rivers and mudflats, and the smallest proportion of construction lands.




2.2. Sample Collection and Analysis


Field surveys were conducted, and 27 sampling sites (ZK1-ZK27) were set up in 2020. Sampling positions covered marine areas and wetland areas (Figure 1). A stainless steel static gravity corer with polyvinyl chloride (PVC) pipe (8 cm I. D.) was employed to collect samples at 10 cm intervals within a depth of 100 cm at each sampling site. A total of 270 sediment samples were collected. Samples were sealed in bags and transported cold to the laboratory for analysis.



The analytical tests included the grain size of sediment, Corg (organic carbon), pH, and presence of As, Cd, Cr, Cu, Pb, Hg, Ni, Zn, Co, Al2O3, N, P. The air-dried sediment samples were passed through a 2 mm screen to remove larger particles. Organic carbon and pH were determined for each soil and sediment sample. The concentration of organic carbon in the sediment sample was measured on an elemental analyzer (VarioMacro-CHNS, Hanau, Germany) with a precision of 0.5%. The pH was determined with a Delta 320 pH meter (Mettler Toledo Delta 320, Mettler-Toledo Inc., Greifensee, Switzerland). For elements determined by an inductively coupled plasma mass spectrometer (ICP-MS), the sample was decomposed using a mixture of HF, HNO3, HClO4 and aqua regia. The heavy metal content was determined using Thermo Fisher iCAP RQ ICP-MS. X-ray fluorescence spectrometry (XRF) was used for the determination of Al2O3, N, and P. The analyzed data was assessed for accuracy and precision using quality assurance and quality control (QA/QC) measures, which included reagent blanks, duplicate samples and certified reference materials. The detailed analytical procedures are introduced by Li et al. [27].




2.3. Statistical Analysis


To test the data suitability for principal components, the Kaiser-Meyer-Olkin (KMO) test was performed. The KMO test calculates sampling adequacy, which is the proportion of variance among the variables under investigation that may be a normal variance. The pattern of toxic metals in sediments was assessed by cluster analysis from the Euclidean distance matrix, and this pattern was dispatched by a heat map. Arcgis 10.7 was used to determine the spatial concentration distribution of heavy metals. The distribution patterns of heavy metals in sediments were evaluated by Origin Pro 2021.




2.4. Risk Assessment Methods


The individual potential ecological risk index (Eir), the potential ecological risk index (RI), and the multiple probable effect concentrations quality (mPECQs) were used to evaluate the ecological risk. The methods are detailed in Table 1.





3. Results


3.1. Spatial Distribution of Physico-Chemical Properties


The pH in sediments ranged from 4.84 to 8.32, with a mean value of 6.95 and was weakly alkaline overall. The coefficient of variation for pH was 15.86%, with little spatial differentiation terrestrially (Table 2). The pH was higher in sea areas and lower in terrestrial areas (Figure 2).



The overall distribution of organic carbon (Corg), N, and P content (concentration range, mean) in the sediments was 0.29% to 2.6%, 1.06%; 253.5 to 1282.90 mg/kg, 548.22 mg/kg; 115.61 to 842.35 mg/kg, 377 mg/kg, respectively. The coefficient of variation of the nutrients was 63.63%, 61.02%, 47.92%, respectively, with all three types of nutrients in strong variations, indicating that they were greatly influenced by the environment [31] (Table 2). It was shown by the spatial distribution that nutrients were enriched mainly in the vicinity of forests and the wetland park (Figure 2).



The clay mineral Al2O3 is not only an important component of fine-grained clay in sediments, with percentage content representing the relative content of clay grain classes, but also a product of physical weathering of continental rocks, which can be used as a source indicator [32]. The overall distribution of Al2O3 content in the sediments ranged from 5.99 to 17.12%, with a mean value of 11.72%. The coefficient of variation of Al2O3 was 25.35% (Table 2). Spatially, the content of Al2O3 was higher in the forests and the wetland park than in agricultural lands and waters, and the maximum difference could be nearly 11% (Figure 2).



The content of sand, silt, and clay ranged from 10.21% to 90.20%, 7.21% to 74.50%, and 2.60% to 20.30%, respectively; the mean ranking was silt (55.96%) > sand (32.56%) > clay (11.48%). The wetland sediments were mainly composed of silt and sand (Table 2, Figure 3).




3.2. Spatial Distributions of Heavy Metals


In the horizontal dimension (Table 2, Figure 2), the concentrations (mg/kg) of As, Cd, Cr, Cu, Hg, Pb, Ni, Zn, and Co in the sediments (concentration range, mean) were 2.85–7.49, 5.29; 0.03–0.14, 0.06; 28.34–171.16, 70.03; 7.14–49.07, 17.45; 0.01–0.11, 0.03; 12.53–31.41, 20.58; 7.47–75.82, 29.08; 24.11–122.23, 64.42; 2.43–33.55, 12.82, respectively, with the ranking from largest to smallest being Cr > Zn > Ni > Pb > Cu > Co > As > Cd > Hg. The coefficient of variation (CV) of the nine heavy metals (%) was 26.54, 46.35, 46.52, 60.60, 71.55, 22.58, 55.23, 36.00 and 51.90, respectively, indicating that all the heavy metals were subject to different degrees of external environmental influences (Table 2) [31]. The spatial distribution of heavy metals showed higher concentrations of Cd, Cr, Cu, Hg, Pb, Ni, Zn, and Co in terrestrial areas than in the water. They were mainly distributed in forests and near the wetland park, with a similar spatial distribution of Corg, N, P and Al2O3. The spatial distribution of As content differed from the other eight heavy metals and was mainly distributed near the sea and coast (Figure 2).



In the vertical profile (Table 3, Figure 4), the concentrations (mg/kg) of As, Cd, Cr, Cu, Hg, Pb, Ni, Zn, and Co ranged from 4.73–5.98, 0.05–0.08, 68.87–72.27, 16.22–19.04, 0.03–0.04, 19.33–21.52, 28.49–29.71, 62.36–68.30 and 12.42–13.11, respectively. The distributions of heavy metals were relatively flat, but the concentrations of heavy metals were high within 0–20 cm. The coefficients of variation (CV) (%) for the heavy metals were 9.36, 14.11, 1.45, 5.08, 9.32, 3.46, 1.42, 2.72 and 1.88, respectively, and each element was less influenced by the environment.





4. Discussion


4.1. Source Apportionment of Metals in Sediment


Correlation analysis and cluster heat map analysis can delineate the sources more carefully and infer the main influential factors by characterizing the correlation between each element. According to Pearson correlation analysis (Figure 5), there was no significant correlation between As and the other macronutrients and heavy elements in the wetland, indicating that it had independent sources or deposition patterns. The correlation coefficients between Cd, Cr, Cu, Hg, Pb, Ni, Zn, and Co were above 0.7, indicating a similarity in sources or deposition patterns. Al2O3 is not only a major component of sediments but also an important indicator of physical origin [32]. Our results showed a significant relationship between Al2O3 and heavy metal elements (Cd, Cr, Cu, Hg, Pb, Ni, Zn and Co) in sediments, with correlation coefficients above 0.7, indicating that the sediment source was one of the main factors controlling the heavy metal contents in sediments [33]. The low correlation between Al2O3 and As suggested that the distribution of As is influenced by other factors. Previous studies have identified that mangroves are efficient carbon sinks in the tropics. The abundance of organic matter will help to retain and deposit heavy metals from various sources, thus reducing ecological threats to adjacent estuarine and marine systems [34]. The strong correlation between Cd, Cr, Cu, Hg, Pb, Ni, Zn, Co, and Corg in sediments indicated that Corg plays a significant role in controlling the distribution of heavy metals. Zeng et al. [35] and Liu et al. [36] concluded that nutrient salts have a great influence on the migration and transformation of heavy metals. In the wetland, there was also a strong correlation between N, P and heavy metals (Cd, Cr, Cu, Hg, Pb, Ni, Zn and Co), with correlation coefficients greater than 0.7, which pointed to the fact that nutrients and heavy metals should have a strong similarity in terms of sources and deposition. There was no significant correlation between the nine heavy metals and sand, silt and clay, with correlation coefficients less than 0.5. This result was similar to the results of Qiu et al. [8] and Pumijumnong et al. [37]. The reason for this result might be related to the percentage of sediment particle size content or might be caused by different sources of pollution at the sampling sites. The exact cause needs to be continued to be investigated in the future. Combined with the above characterization, it could be found that the enrichment of heavy metals in the study area should be related to factors such as nutrients and clay minerals. McBride et al. [38], Sparrow et al. [39], Aknaf et al. [40], and Chen et al. [41] also revealed in their studies that external factors, such as nutrients and clay minerals, had a great influence on the enrichment and transport capacity of heavy metals in sediments, which could reduce the ecological threat to adjacent estuarine and marine systems.



Cluster heat map analysis (Figure 6) enables us to simplify and visualize the complex relationships between elemental concentrations. The tree diagram in the cluster heat map subdivided the elements into four main groups (group I: As; group II: Cd, P; group III: Cr, Ni, Co, Cu, Zn, Al2O3, Hg, Corg, N, Pb). Group III can be subdivided into Cr, Ni, Co, Cu, Zn and Al2O3 as subgroup 1; Hg, Corg, N as subgroup 2; Pb as subgroup 3.



Ports, wharves, and ship repair yards distributed along the coast of Dongzhai Harbor were one of the sources of heavy metal pollution in marine surface sediments [42]. Based on the distribution of As content above, it could be assumed that heavy metal As might come from ships and aquaculture in the water within the harbor. According to the prior field surveys, the agricultural lands in the wetlands of Dongzhai Harbor account for the largest proportion of land use. A large number of heavy metals were delivered to the wetland during the application of chemical fertilizers and pesticides. For example, phosphate fertilizer is widely used in agricultural production. The main raw material contains naturally associated cadmium, which will cause soil cadmium pollution if there is improper application of phosphate fertilizer [43]. Therefore, it could be inferred from the classification of group II in the cluster analysis that Cd was mainly classified as agricultural source. Al2O3 is mainly a terrigenous detrital weathering product, which is stable and can be used as a terrigenous indicator component [44]. Based on the dendrogram, it could be concluded that the source of heavy metals Cr, Ni, Co, Cu and Zn should partially be parent rock weathering. This result was also similar to the conclusion by Cai et al. [32] and Vane et al. [45]. However, an investigation by Jiang et al. [20] found that heavy metal input fluxes from fertilizer application in northeastern Hainan were dominated by heavy metals such as Zn, Cu and Cr. It was consistent with the exceedance of heavy metal concentrations in the wetland described above. Therefore, Cr, Ni, Co, Cu and Zn may also be associated with fertilizer application. In Hainan Island, domestic and industrial wastewaters were identified as the main sources of irrigation water. Hg in irrigation water is mainly derived from domestic sewage without any sewage treatment [20]. In addition, nutrient enrichment in the wetland provides conditions for Hg deposition [46]. Based on the dendrogram indication, it could be speculated that the main source of Hg should be agricultural. Finally, the source of Pb as a separate subgroup could be speculated to be different from the sources of the heavy metals mentioned above. Jiang et al. [20] found that atmospheric deposition fluxes of Pb in northeastern Hainan were about three to five times higher than in other regions of the study area and more than twice the national average. In general, atmospheric Pb comes mainly from metal smelting and automobile exhausts. Thus, Pb as a separate subgroup could be considered to come mainly from soot deposition from metal smelters and automobile exhaust emissions. In contrast, the heat map treated Cr, Ni, Co, Cu, Zn, Al2O3, Hg, Corg, N and Pb as one large family, probably because of the similarity of their deposition patterns.



The tree diagram also subdivided the sites into four main groups (group I: ZK18; group II: ZK21, ZK15, ZK16, ZK12; group III: ZK25; group IV: ZK19, ZK17, ZK22, ZK9, ZK20, ZK14, ZK13, ZK27, ZK24, ZK11, ZK8, ZK5, ZK6, ZK7, ZK4, ZK3, ZK10, ZK2, ZK23, ZK26, ZK1). Combined with the spatial distribution of heavy metal concentrations and ecological risks at each site, it was observed that group I was close to human activities and surrounded by rich vegetation and water systems. Group II was mostly located in forest areas with developed water systems or areas with frequent human activities and developed water systems. Group III was surrounded by human activities and rivers but was near the sea. Group IV was mostly located far from land areas. The above charts showed that the concentrations of heavy metals and ecological risks were higher in group I compared to other sites, while the concentrations of heavy metals and ecological risks were much lower in group 4. Alongi et al. [47] demonstrated that environmental factors, such as well-developed root systems of mangrove plants and abundant nutrients, can make wetlands more susceptible to enriching heavy metals than the general tidal flats. It could be speculated that the deposition of heavy metals in sediments is not only related to the factors of physicochemical properties such as nutrients and clay minerals, but also controlled by the geographic environment such as surrounding forest lands and water systems. In the future, we should pay more attention to the distribution of heavy metals in mangrove forests in order to reduce the threat of pollution to ecological health.




4.2. Contamination Status and Potential Ecological Risk


The concentrations of heavy metals in the sediments of Dongzhai Harbor wetland in this study were all much lower than those in the wetland sediments of Qi’ ao Island, Futian mangrove, Leizhou Peninsula, Jinjiang Estuary and Jiulong River Estuary in China (Table 4). In addition, the concentrations of heavy metals in Dongzhai Harbor wetland were similarly lower than wetlands such as those in the east and west coasts in India, Sydney estuary in Australia, Mango in New Zealand, and Ho Chi Minh City in Vietnam [3,4,6,13,48,49,50,51,52] (Table 4). In the horizontal direction, the background values of heavy metals in the soils of Hainan Island were used as a criterion to deduce that Cd, Cr, Cu, Ni, Zn and Co were exceeded in the sediments [53]. The sediment quality guideline (SQG) is commonly used to assess the toxicity of metals and the potential hazard of contaminated sediments to aquatic organisms [54]. Comparison with the LEL yielded that there were exceedances of Cr, Cu and Ni in the area. These indicated that heavy metals in the wetland sediments might have adverse impacts on the local ecological environment.



In the vertical direction, the mean values of heavy metals in each layer of the wetland sediments were compared with the background values of heavy metals in the soils of Hainan Island, and it was found that Cd, Cu, Cr, Ni, Zn and Co exceeded these values [53]. The sediment quality guideline (SQG) was used as a criterion to conclude whether Cr, Cu, and Ni were exceedances [54]. In summary, it could be concluded that the heavy metals Cd, Cr, Cu, Ni, Zn and Co might be at risk of contamination during their migration in sediments. Therefore, it was necessary to conduct ecological risk assessments to determine whether ecological threats exist in the study area.



The single potential ecological risk index (Eir) is an analytical method for ecological risk evaluation of individual heavy metal elements based on the toxicity coefficient Tir [28]. There was no significant ecological risk overall in the study area, except for the high-risk factors of Cd and Hg (Figure 7). In the sediment profiles (Figure 8), nine heavy metals were not significant ecological hazards in 0–100 cm, but the Cd content in 0–10 cm of sediments still needs to be noted.



The potential ecological risk index (RI) is an evaluation method that uses the Eir to calculate and comprehensively assess the regional ecological risk [12]. The background values of heavy metals in the soil at Hainan Island were used as a parameter to conclude that the wetland was at low-risk status. It is noteworthy that the high concentration areas, such as ZK16 and ZK18, which were in forest land and near the wetland park, have reached a medium-risk level (Figure 9a). In the sedimentation profiles, there was no significant contamination in the 0–100 cm, and the contamination index tended to decrease with increasing depth, but the risk index in the surface layer 0–20 cm was higher than the other layers (Figure 9b).



Multiple probable effect concentrations quality (mPECQs) is a pollution evaluation index based on the ratio of probable effect concentrations of individual heavy metals (PECi) to measured heavy metal concentration (Ci). It is a comprehensive analysis to assess the likelihood of ecological pollution occurrence [30]. Figure 9c showed that the mPECQs values from ZK1 to ZK27 were all less than 1, indicating a low incidence of toxicity (<25%). ZK16 and ZK18 had high values of mPECQs, and more attention needed to be paid to their concentration changes. In the sedimentation profiles (Figure 9d), there was no significant possibility of ecological pollution occurring in all the layers from 0–100 cm.



The individual potential ecological risk index (Eir), potential ecological risk index (RI) and multiple probable effect concentrations quality (mPECQs) were all methods to assess the ecological contamination levels of heavy metals in sediments by their toxicity effects. In the study area, stratigraphic lithology was highly variable [55]. Thus, compared with the geoaccumulation Index (Igeo), contamination factor (CF), pollution load index (PLI) and other evaluation methods, these three methods could more objectively evaluate the ecological risks of heavy metals in the study area by avoiding the problem of selecting regional background reference values [19]. Despite the different parameters applied, the above graphs all showed that the contaminating elements in the study area are mainly Cd and Hg. Heavy metal contamination mainly affects the surface sediment within 0–20 cm. Fortunately, there was no obvious ecological risk in the area, both in terms of single-element effects and the overall heavy metal effects. This result was similar to the conclusions of Jiang et al. [20]. This observation was inseparable from the following; the low development of the Dongzhai Harbor wetland and the environmental protection of the wetland [8]. However, the managers still need to pay more attention to the sources of Cd and Hg associated with the further economic development of Hainan provinces.





5. Conclusions


(1) The overall concentrations of heavy metals in the sediments of Hainan Dongzhai Harbor were ranked from high to low as Cr, Zn, Ni, Cu, Co, Pb, As, Cd and Hg. The heavy metal content was high in the 0–20 cm range of the sediment surface. A comparison with the background values of heavy metals in the soil of Hainan Island found that the content of Cd, Cr, Cu, Ni, Zn and Co in the region was exceeded. Dense vegetation, high clay minerals and nutrient contents were the major reasons for the accumulation of heavy metals in the mangrove areas.



(2) The individual potential ecological risk index (Eir) pointed out that the polluting elements were Cd and Hg. The potential ecological risk index (RI), multiple probable effect concentrations quality (mPECQs) indicated that the areas with high heavy metal concentration and the 0–20 cm range of sediment surface layer were more susceptible to heavy metal contamination.



(3) The possible sources of heavy metals were divided into the following categories: As accumulated from ships and aquaculture in harbor waters, Cd from agricultural fertilizers and Hg from irrigation water, Cr, Cu, Ni, Zn and Co from weathering of parent rocks and fertilizer application, and Pb from soot emissions by metal smelters and automobile exhausts.



Our results suggested that, despite the low ecological risk of the heavy metals pollution in Dongzhai Harbor mangrove wetlands, the local government and regional authorities still need to monitor the sediment quality and develop appropriate management strategies to prevent further contamination of coastal ecosystems and biological communities in the future.
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Figure 1. (a) Geographic location of the study area, and (b) The locations of the sampling sites. 
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Figure 2. The overall spatial distribution of (a,k–n) physico-chemical properties (pH, Al2O3, Corg, N, P) and (b–j) heavy metals (As, Cd, Cr, Cu, Hg, Pb, Ni, Zn, Co) from 0–100 cm in the wetland sediment. 
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Figure 3. Ternary diagram of the wetland sediment particle-size characteristics. 
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Figure 4. (a–i) Heavy metals (As, Cd, Cr, Cu, Hg, Pb, Ni, Ni, Zn, Co) at each layer from 0–100 cm in thewetland sediment. 
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Figure 5. The overall Pearson’s correlation coefficients between heavy metals and physico−chemical properties. 
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Figure 6. The overall heat map of the physico−chemical properties and heavy metals concentrations in the wetland sediment, showing their significant variations and interactions among the variables. Shade represents the mean concentration after normalization. The left tree diagram represents the clustering of points. The upper tree diagram represents the clustering of elements with correlation. 
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Figure 7. The result of the overall individual potential ecological risk index (Eir) of each heavy metal element within 0–100 cm of wetland sediment. 
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Figure 8. The result of the individual potential ecological risk index (Eir) of each heavy metal element at each layer within 0–100 cm in the wetland sediment. 
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Figure 9. Potential ecological risk index (RI). (a) The result of overall comprehensive ecological risk assessment within 0–100 cm of wetland sediment. (b) The result of comprehensive ecological risk assessment at each layer within 0–100 cm in the wetland sediment. Multiple probable effect concentrations quality (mPECQs). (c) The result of overall comprehensive ecological risk assessment within 0–100 cm of wetland sediment. (d) The result of comprehensive ecological risk assessment at each layer within 0–100 cm in the wetland sediment. 
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Table 1. Risk evaluation expression and physical significance.
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	Name
	Expression
	Coefficient of Interpretation
	Classification and Contamination Degree
	Reference





	Individual potential ecological risk index (Eir)
	     E  r i  =   T  r i  ×     C  i      C   ref       
	Tir: Toxicity coefficient, according to previous research results, the toxicity response coefficients of Hg, Cd, As, Cu, Pb, Ni, Cr, Co and Zn are 40, 30, 10, 5, 5, 5, 2, 2, 1, respectively.

Ci: The measured content of element i in sediments (mg/kg).

Cref: The geochemical background value of element n (mg/kg).
	Eir < 40: Low risk

40 ≤ Eir < 80: Moderate risk

80 ≤ Eir < 160: Heavy risk

160 ≤ Eir < 320: Serious risk

Eir ≥ 320: Extremely serious risk
	[28]



	Potential ecological risk index(RI)
	   R I =   ∑  i = 1  n     E  r i      
	Eir: Individual potential ecological risk index.
	RI < 150: Low risk

150 < RI ≤ 300: Moderate risk

300 < RI ≤ 600: Serious risk

RI > 600: Extremely serious risk
	[29]



	Multiple probable effect concentrations quality (mPECQs)
	   mPECQs =     ∑  i = 1  n       C  i       P E C   i       n    
	Ci: The measured content of element i in sediments (mg/kg).

PECi: The consensus-based probable effect concentration of individual metal. The PEC values of Cr, Ni, Cu, As, Cd, Pb, Zn, and Hg were 111, 48.6, 149, 33, 4.8, 129, 459 and 1.06 mg/kg,

n: The number of heavy metals.
	mPECQs < 1: Non-toxic; the incidence of toxicity is relatively low (<25%)

1 ≤ mPECQs < 5: the incidence of toxicity is 25–75%

mPECQs ≥ 5: Toxic; the incidence of toxicity is more than 75%
	[30]










 





Table 2. A statistical summary of physico-chemical properties and heavy metal concentration of sediments (mg/kg).
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	Horizontal dimension
	pH
	As
	Cd
	Cr
	Cu
	Hg
	Pb
	Ni
	Zn
	Co
	P
	N
	Al2O3 (%)
	Corg (%)
	Sand (%)
	Silt (%)
	Clay (%)





	Min
	4.84
	2.85
	0.03
	28.34
	7.14
	0.01
	12.53
	7.74
	24.11
	2.43
	115.61
	253.50
	5.99
	0.29
	10.2
	40.1
	4.3



	Max
	8.32
	7.49
	0.14
	171.16
	49.07
	0.11
	31.41
	75.82
	122.23
	33.55
	842.35
	1282.90
	17.12
	2.60
	51.2
	74.5
	20.3



	Median
	7.18
	5.14
	0.05
	58.38
	13.18
	0.02
	19.95
	22.14
	56.88
	10.09
	304.79
	429.00
	11.01
	0.90
	32.85
	56
	11.3



	Mean
	6.95
	5.29
	0.06
	70.03
	17.45
	0.03
	20.58
	29.08
	64.42
	12.82
	377
	548.22
	11.72
	1.06
	33.05
	55.50
	11.46



	Standard deviation
	1.10
	1.40
	0.03
	32.57
	10.57
	0.02
	4.65
	16.06
	23.19
	6.65
	180.66
	334.52
	2.97
	0.68
	15.71
	13.21
	4.51



	Coefficient of variation (%)
	15.86
	26.54
	46.35
	46.52
	60.6
	71.55
	22.58
	55.23
	36.00
	51.90
	47.92
	61.02
	25.35
	63.63
	47.53
	23.80
	39.35










 





Table 3. Heavy metal concentration statistics of sediments (mg/kg).
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	Vertical Dimension
	As
	Cd
	Cr
	Cu
	Hg
	Pb
	Ni
	Zn
	Co





	0–10 cm
	5.97
	0.08
	72.27
	19.04
	0.04
	21.52
	28.9
	68.3
	13.06



	10–20 cm
	5.98
	0.07
	70.90
	18.58
	0.04
	21.42
	29.02
	66.39
	12.96



	20–30 cm
	5.83
	0.06
	69.16
	18.16
	0.03
	21.12
	28.62
	65.06
	12.75



	30–40 cm
	5.54
	0.06
	70.58
	17.54
	0.03
	20.83
	28.49
	63.78
	12.49



	40–50 cm
	5.22
	0.06
	68.87
	17.19
	0.03
	20.73
	28.77
	63.16
	12.42



	50–60 cm
	4.99
	0.06
	69.57
	17.08
	0.03
	20.55
	28.99
	62.36
	12.61



	60–70 cm
	4.90
	0.05
	69.58
	17.17
	0.03
	20.58
	29.26
	63.39
	12.94



	70–80 cm
	4.73
	0.06
	70.38
	16.74
	0.03
	19.98
	29.54
	63.61
	12.9



	80–90 cm
	4.80
	0.05
	69.58
	16.77
	0.03
	19.76
	29.71
	63.85
	13.00



	90–100 cm
	4.95
	0.06
	69.42
	16.22
	0.03
	19.33
	29.54
	64.27
	13.11



	Standard deviation
	0.50
	0.01
	1.02
	0.89
	0.003
	0.71
	0.41
	1.75
	0.24



	Coefficient of variation (%)
	9.36
	14.11
	1.45
	5.08
	9.32
	3.46
	1.42
	2.72
	1.88










 





Table 4. Concentrations and quality standards of heavy metals in mangrove sediments worldwide.
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Location and Year

	
Average Content of Heavy Metal Elements (mg/kg)

	
Reference




	
As

	
Cd

	
Cr

	
Cu

	
Hg

	
Pb

	
Ni

	
Zn

	
Co






	
Dongzhai Harbor, Hainan, 2020

	
5.29

	
0.06

	
70.03

	
17.45

	
0.03

	
20.58

	
29.08

	
64.42

	
12.82

	
This Study




	
Qi’ao Island, Guangdong, 2015

	
-

	
9.50

	
389.2

	
81.50

	
-

	
70.60

	
50.40

	
241.7

	
-

	
[48]




	
Futian, Shenzhen, 2014

	
-

	
3.00

	
55.40

	
31.70

	
-

	
47.80

	
-

	
296.3

	
-

	
[49]




	
Leizhou Peninsula, Hong Kong, 2012

	
40.63

	
0.21

	
67.29

	
18.41

	
-

	
33.35

	
49.48

	
85.62

	
-

	
[50]




	
Jinjiang Estuary, Fujian,2017

	
-

	
0.14

	
-

	
11.07

	
-

	
41.93

	
14.63

	
72.41

	
-

	
[51]




	
Jiulong River Estuary, Xiamen, 2018

	
12.99

	
-

	
63.98

	
34.25

	
0.15

	
73.54

	
28.62

	
146.6

	
-

	
[6]




	
East and west coast of India, 2016

	
-

	
-

	
160.5

	
63.35

	
-

	
30.45

	
56.25

	
116.3

	
-

	
[3]




	
Sydney Estuary, Australia, 2012

	
8.10

	
0.59

	
31.00

	
42.00

	
-

	
95.00

	
9.50

	
156

	
4.30

	
[4]




	
Mangefil, New Zealand, 2014

	
36.94

	
0.24

	
-

	
10.15

	
-

	
1.11

	
-

	
14.64

	
-

	
[52]




	
Ho Chi Minh City, Vietnam, 2017

	
17.00

	
-

	
124.0

	
26.00

	
-

	
26.00

	
60.00

	
113.0

	
-

	
[13]




	
Background values of soil heavy metals in Hainan Island, 2018

	
8.90

	
0.06

	
50.50

	
17.00

	
0.08

	
36.00

	
14.40

	
47.30

	
7

	
[53]




	
Ontario Guidelines for The Protection and Management of Aquatic Sediments (LEL), 1993

	
6

	
0.6

	
26

	
16

	
0.2

	
31

	
16

	
120

	
-

	
[54]
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