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Abstract

:

Heavy metal pollution in soil–crop systems has attracted great attention globally, caused by rapid urbanization and intensive industrialization. The research aims to investigate the environmental quality of the agricultural production area in Taizhou City, a typical economic region that is along the Yangtze River in the Southeast of China. A total of 370 sampling sites were chosen, with 370 soil, rice (Oryza sativa L.) and wheat (Triticum aestivum L.) samples collected, respectively, for measuring and analyzing the status, spatial distribution and pollution level of different heavy metals. The mean values of soil Cr, Pb, Cd, As and Hg were 66.78, 32.88, 0.23, 8.16 and 0.16 mg/kg, which were lower than the risk control standard values (RCV). However, the mean values of Pb, Cd and Hg were 1.25-, 1.77- and 2-fold larger than their soil background values (SBV) due to the intensive anthropogenic activities. The average content of Cd in rice exceeded its food safety limiting values (FCV) by 0.05 mg/kg, and the average contents of Pb in rice and wheat both exceeded the relevant FSV by 0.42 and 0.186 mg/kg, respectively. In addition, the maximum As and Cr contents in rice and wheat could be 0.13, 0.46 mg/kg and 0.63, 3.5 mg/kg larger than the relative FCVs in certain areas. Most of the high-value areas of soil and crop heavy metals were mainly located in Xinghua City, Taixing City and Jiangyan District, which had a similar distribution pattern with local industries or anthropogenic activities. The heavy metal pollution in soils and crops was found to be inconsistent, as 8.94% of the arable land possessed lightly metal pollution, while 3.18% of the area of rice and 4.0% of the area of wheat suffered severe pollution, with excessive accumulation of Cr, Pb and Cd. Based on the heavy metal pollution assessment of soil–crop systems, approximately 83% of the study area possessed medium or higher environmental quality, which was preferable for agricultural production. Our results implied that the spatial distribution and pollution level of the heavy metals in soil–crop systems were significantly influenced by industrial activities, followed by agricultural sources, transportation emissions and so on. Therefore, continuous monitoring and source control of heavy metals, especially for Cr, Pb and Cd, should be conducted to ensure the regional environmental quality and food security.
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1. Introduction


Soil heavy metal pollution, which resulted from rapid urbanization and intensive industrial and agricultural production, has attracted both academic and public attention within the last few decades [1]. Heavy metal refers to metal (loid) with a density larger than 5 g/cm3, such as lead (Pb), chromium (Cr), cadmium (Cd), mercury (Hg) and arsenic (As) [2]. Due to the characteristics of toxicity, non-degradability and persistence, the accumulation of heavy metals in soil might pose a serious threat to food safety and human health [3]. In China, approximately 16% of the arable land is facing different levels of heavy metal contamination, and 2.6% of it is at a moderate or severe level, according to the National Communique of Soil Pollution Survey [4]. In such regions, soil heavy metals were mainly derived from anthropogenic sources, which could also threaten the surrounding aquatic life via surface runoff or leaking in underground water [5,6]. Therefore, it is necessary and important to assess the environmental quality based on the analysis of the overall heavy metal contamination status, thus providing scientific instructions for reducing pollution risk before caring out agricultural activities.



Prior to classifying the potential risk of heavy metals in soil and determining the appropriate solution for risk control, it is vital to identify the total amount, distribution pattern and contamination level. The total amount of soil heavy metals can provide information on the overall pollution status, which may be valuable for making police and updating relevant threshold values [7]. Many publications have addressed that the spatial distribution of soil heavy metals is complex and significantly influenced by soil parent properties and anthropogenic activities, especially in the industrial areas [8,9,10,11]. This is due to the different sensitivities of heavy metals to the environmental factors such as soil and plant types, point source pollution inputs and tillage methods [12]. Therefore, to quantify the correlation between the studied elements in the soil and environmental variables using Pearson correlation analysis is necessary, which is helpful for the source identification of pollutants. The contamination level of a pollutant is conventionally evaluated through potential ecological risk indexes [13] such as the geo-accumulation index [14], single-factor pollution index [15], Nemerow comprehensive pollution index [16], enrichment factor [17] and target hazard quotient index [18]. These approaches are widely accepted and primarily focus on a single or multiple heavy metals by comparing the content of target heavy metal to its background and standard values.



Numerous previous studies have been conducted to assess the environment quality by using the statistical analysis results of the above indexes, while heavy metal contents in both soil and crops have not been taken into account [19,20,21]. In fact, it has been proved that not all heavy metal pollution in crops comes from soil, which highlights the demand for detecting the quality of soil and crops together [22]. Recently, much more attention is needed regarding food security in light of the request from the intense population, especially in economically developed areas. Although a few studies have been implemented to explore the in-between relationship of quality and ecological risk in soil–crop systems, they are mainly focused on some specific heavy metals in certain crops, and regional-scale pollution data of multiple heavy metals are still lacking [23,24,25]. Lately, the environment partition method of the production area has been proposed and applied to achieve an integrated evaluation by considering the soil–crop system quality in relation to heavy metals [26]. This approach is more rational for combining the soil environmental quality and agricultural product security by using the geographic information systems (GIS) technique and clustering analysis [27,28]. It also indicates the possible relationship between the agricultural soil–water resources security and farm produce quality, which might act as a useful tool for guiding the development of local sustainable agriculture [29].



In this work, a total of 370 sampling sites were chosen, with 370 soil, rice (Oryza sativa L.) and wheat (Triticum aestivum L.) samples collected, respectively, in Taizhou City, a typical economic development area of Southeastern China. The main objectives of this study were to: (1) investigate the overall heavy metal pollution status of soil–rice and soil–wheat systems; (2) illustrate the spatial distribution of heavy metals and identify the relevant hotspot clusters in the study area; (3) estimate the heavy metal pollution levels of soil–crop systems and identify the correlation between different metals with anthropogenic activities; and (4) classify the agricultural environment quality based on a comprehensive analysis in combination with soil environment quality and agricultural product security. The results of this study might provide practical references for evaluating environmental quality in other similar areas with intensive agriculture and would also offer a reliable data basis for local governments to mitigate heavy metal pollution with high risks.




2. Materials and Methods


2.1. Description of the Study Area


The study area is Taizhou City (Figure 1), which is a typical agricultural region located in the central of Jiangsu Province, China (32°01′57″–33°10′59″ N, 119°38′24″–120°32′20″ E). It is the industrial belt of the Yangtze River Delta region and the coastal economic development area in Southeastern China, which consists of Xinghua City, Taixing City, Jingjiang City, Hailing District, Gaogang District and Jiangyan District, with a total area of 5787 km2. The area is within a subtropical humid monsoon climate zone, with an annual average temperature and precipitation of about 14.4–15.1 °C and 1037.7 mm, respectively [30].



The main soil types in the study region are moisture soil and paddy soil, and the texture gradually becomes sandy from north to south. The average content of soil organic matter (OM), total nitrogen (TN), available phosphorus (AP) and available potassium (AK) is 21.4 g/kg, 1.36 g/kg, 25.2 mg/kg and 86.7 mg/kg, respectively [31,32]. By the end of 2020, the total registered population of the city was 505.19 million. The overall grain production is 306.68 million tons, with an acre yield of 490.9 kg and wheat, rice, oilseed rape (Brassica napus) and vegetables being the major crops [33]. According to the statistics, the grain crop production in the study region was steadily increased at a rate of 2.3–3.5% within the last five years, ranking the first in Jiangsu Province [34]. The extensive input of chemical fertilizer, livestock and poultry manure and pesticides resulted in this satisfying agricultural production, while it raised the risk of heavy metal accumulation in both soils and crops. Industrial regions that include electronics, the chemical industry, medicine and smelting are mainly located in the north and south of the study area (Figure 1). Sewage and fumes emitted from these industrial factories also increased the heavy metals accumulation in soil–crop systems [35].




2.2. Sample Collection and Analysis


2.2.1. Layout of Sampling Points


According to the requirement for the layout of monitoring points, the selection of a sampling site should be typical, representative and homogeneous in order to accurately reflect the pollution status of heavy metals. The sampling sites were geo-located with a global positioning software (ArcGIS 10.3) after a four-step process that included fishnet creation (4 km × 4 km grid), central point establishment (center point to the interior of the grid), location calibration (calibrating the location of the sampling points) and coordinate system transition (deleting or moving the location of the sampling points) [36]. Then, a total of 370 sampling points were determined, and their spatial distribution is shown in Figure 1.




2.2.2. Soil and Crop Sampling


For each sampling site, surface soils (0–20 cm) were collected with a stainless-steel drill from June to November 2020 through the quincunx resampling method, according to “Technical Specification for Monitoring Farmland Soil Environmental Quality” [37]. A total of 370 soil samples were collected. Each sample was approximately 2.5 kg and was a composite of five subsamples from a nearby 10 m2 area from the center point of the sampling site. The soil samples were air-dried and passed through a 2 mm nylon sieve after grinding. Winter wheat and summer rice were chosen as the objective crops, and their grains were collected in June and November 2020, respectively, according to “Technical Specification for Contamination Monitoring of Agricultural Products” [38]. The sampling positions of grain were in accordance with those of soils, and about 250 g of each sample that consisted of five subsamples was collected. The sample number of rice and wheat was also 370 for each. The grain samples were initially cleaned by deionized water and dried to constant weight; then, they were passed through a 200 mm nylon sieve after grinding. All the samples were stored in hermetically sealed polyethylene bags before chemical analysis.




2.2.3. Chemical Analysis


Soil pH was measured using potentiometry at a 1:2.5 (soil:water) ratio with a pH meter (pH 700, Thermo Scientific, Waltham, MA, USA). Soil OM was measured by the potassium dichromate volumetric method. Soil TN was determined using a Kjeldahl nitrogen analyzer (SKD-3000, Thermo Scientific, Waltham, MA, USA). Soil AK was determined by sodium bicarbonate extraction–molybdenum antimony resistance colorimetry using an ultraviolet visible spectrophotometer (Evolution 200, American Thermo Scientific). Soil AK was measured by the ammonium acetate extraction–atomic absorption spectrophotometry (200-seriesAA, Agilent Technologies, Santa Clara, CA, USA) method.



For heavy metal determination, the soil and grain samples were initially digested by HCl-HF-HClO4-HNO3: 0.5 g of the soil or grain sample was dried at 105~110 °C and was placed in a 30 mL polytetrafluoroethylene crucible. The samples were moistened by deionized water and then homogeneously mixed with a 10 mL HF and 5 mL HCLO4-HNO3 (v:v = 1:1) mixture; After 1 h and 4 h of digestion at low (100 °C) and high temperatures (250 °C), respectively, another 5 mL HCLO4-HNO3 was added to the mixture to fully decompose the organic carbides. When the black organic carbides disappeared, 5 mL HCl (2 mol/L) was added to further digest the residue until the white smoke was exhausted. The residue was then transferred to a 25 mL volumetric flask and diluted with deionized water. After digestion, the contents of soil and grain Cd, Pb, As and Cr were measured using inductively coupled plasma mass spectrometry (ICP-MS, 7500 Cx, Agilent Technologies, Santa Clara, CA, USA) [39]. For the determination of soil Hg, 5 g of the soil sample was first added in a 150 mL conical flask and mixed with 40 mL deionized water, 10 mL H2SO4 and 20 mL KMnO4 solution. The mixture was digested for 1 h under a temperature of 80 °C. After cooling, the mixture was added with NH2OH·HCl solution and shaken until the purplish red and brown color faded away. Deionized water was applied to get the mixture to a constant volume, and 2 mL SnCl2·H2O was added to reduce the Hg+ to Hg. Then, the Hg was measured by cold vapor atomic absorption spectroscopy under ultraviolet light with a wavelength of 253.7 nm [40]. For the determination of grain Hg, the microwave digestion method was applied for the pretreatment of the grain: a 0.3 g grain sample was mixed with 5 mL HNO3 and 2 mL H2O2 and added into a digester tank. The digester tank was put in the microwave digestion system and initially digested under conditions of 30 min boost time, 5 min holding time, 343 kpa pressure and 50% power. The secondary digestion was conducted under conditions of 30 min boost time, 7 min holding time, 686 kpa pressure and 75% power. The tertiary digestion was implemented under conditions of 30 min boost time, 5 min holding time, 1096 kpa pressure and 90% power. Then, the grain sample was completely digested and mixed with HNO3 at a volume ratio of 1:9, and the content of Hg was further detected by hydride generation–atomic fluorescence spectrometry [41]. The recovery rates of Cd, Pb, As, Cr and Hg in the samples with the addition of standard reference solutions were between 92.6 and 106.4%. Duplicates were simultaneously analyzed, with relative standard deviations less than 5.0% compared to the measurements of national standard reference materials (GBW07402, GBW10011 and GBW10011 were obtained from the National Standard Detection Research Center, Beijing, China).





2.3. Data and Statistical Analysis


2.3.1. Evaluation of Soil Heavy Metal Pollution Status


In this research, the single-factor pollution index was introduced to distinguish the key accumulated heavy metals and estimate their pollution status in the study area, which was calculated using the following equation:


   P i  =    C i     S i     








where Pi is the single-factor pollution index of soil heavy metal, Ci (mg/kg) is the measured value of soil heavy metal in the sampling site and Si (mg/kg) is the pollution risk control threshold of soil heavy metal under different soil pH conditions (pH ≤ 5.5, 5.5 < pH ≤ 5.5, 6.5 < pH ≤ 7.5, pH > 7.5) [42].



The Nemero comprehensive pollution index is a kind of weighted multi-factor environmental quality index which gives specific consideration to the most serious pollution factor in order to avoid the reduction in the heavy metal weighted value caused by the influence of average calculation. This method is most widely used and is extended to assess the pollution level of soil heavy metal as follows:


   P  c o m   =        P i   ¯   2  +  P  i m a x  2   2   








where Pcom denotes the Nemero comprehensive pollution index of soil heavy metal,      P i   ¯    denotes the average value of the soil heavy metal single-factor pollution index and Pimax denotes the maximum value of soil heavy metal single-factor pollution index.




2.3.2. Assessment of Agricultural Product Heavy Metal Accumulation


The accumulation of heavy metals in agricultural products was also estimated by both the single-factor pollution index and Nemero comprehensive pollution index. In accordance with the crop types and relevant national standard for food safety [43], the single-factor pollution index of agricultural product heavy metals (Pn) can be calculated as follows:


   P n  =    C n     S n     








where Cn and Sn refer to the detected value and safety threshold of the heavy metals in grain samples, respectively.



The Nemero comprehensive pollution index of agricultural product heavy metals (Pncom) can be computed by the following formula:


   P  n c o m   =        P n   ¯   2  +  P  n m a x  2   2   








where      P n   ¯    and Pnmax represent the average value and the maximum value of the heavy metal single-factor pollution index regarding the sampling grains.




2.3.3. Environment Partition of the Production Area


In this research, the soil quality was applied as the main indicator to define the environmental quality of the production area. Comprehensively considering the spatial distribution of heavy metals in soil–crop systems and the yield of crop, the K-means clustering algorithm was used to quantitatively classify the environment partition. Five major influencing factors were selected: (1) the comprehensive pollution index of soil heavy metals (Pcom), (2) the comprehensive pollution index of rice (Pn1com), (3) wheat heavy metals (Pn2com), (4) the yield of rice (Y1) and (5) wheat (Y2). The mathematical expression of K-means clustering is as follows:


  E =   ∑   i = 1  k    ∑   x ∈  C i   k  ∥ x −  u i   ∥ 2 2   








where the given samples in the study area were divided into K clusters according to the distance between the samples. The setup of the K value is important and should be based on the prior experience of the data through cross-validation. Assuming that the cluster is divided into C1, C2, …, CK points, which should be set as close together as possible, the goal is to minimize the squared error E. In the equation, ui refers to the mean vector of the cluster Ci, also known as the centroid, which can be expressed as follows:


   u i  =  1   C i      ∑   x ∈  C i   k  x  











The location of K initialized centroids should not be too close due to their significant influence on the final clustering results and running time. Then, the minimum values of the above equation can be found to partition the cluster Ci.





2.4. Data Analysis


The spatial distribution of five heavy metals in soils and crops and relevant food safety risks were mapped via the inverse distance weight method in ArcGIS 10.3 (Esri Inc., Redlands, CA, USA). The distribution map of sampling sites and industrial areas was drawn according to the data offered by the Cultivated Land Quality Protection Station of Jiangsu Province and Shanghai MetroDataTech co. Ltd. using ArcGIS 10.3 (Esri Inc., Redlands, CA, USA). The statistical and correlation analysis of the heavy metal concentrations and environmental partition of the production areas were implemented using Excel 2016 (Microsoft Corp., Redlands, CA, USA) and PASW Statistics v18.0 (IBM Corp., Armonk, NY, USA).





3. Results and Discussion


3.1. Descriptive Statistical Analysis of Soil Physicochemical Properties and Heavy Metals Accumulation in Soils and Crops


The physicochemical properties of the surface soils in the study area are descriptively listed in Table 1. The soil pH ranged from 3.40 to 8.28, with an average value of 6.67, indicating that the sampling soils are mainly slightly acidic to alkaline. The soil OM ranged from 4.87 to 77.5 g/kg, with the majority of soils possessing more than 2% of OM. The soil had low TN (ranged from 0.25 to 2.49 g/kg), while the AP and AK contents were relatively higher, with mean values of 25.2 and 86.7 mg/kg, respectively, compared to the results of the Second National Soil Survey of China [44]. In general, the farmland soils of Taizhou City are fertile, which is attributed to the over-application of organic and chemical fertilizers during the intensive agricultural production [45].



The average contents of Cr, Pb, Cd, As and Hg in the sampling soils were 66.78, 32.88, 0.23, 8.16 and 0.16 mg/kg, respectively (Table 1), which were lower than the risk control standard values (RCV) referred to II Level Standard of Soil Environment Quality [37]. In addition, the results were consistent with the data in the National Communique of Soil Pollution Survey [4] for the central region of Jiangsu Province, China, indicating that the majority of the studied soils might be safe for plantation and human health. The mean values of soil Cr and As were 66.78 and 8.16 mg/kg, respectively, which were both lower than their soil background values (SBV). However, the mean values of Pb, Cd and Hg were 1.25-, 1.77- and 2-fold larger than their SBVs, which maintained high over-SBV rates of 69.1%, 88.6% and 86.2%, respectively. Therefore, soil heavy metals, particularly for Cd and Hg, should receive attention, as 11.70% and 5.96% of the sampling sites exceeded the relevant RCVs. Accordingly, the mean value of soil Cd was similar to that in the Yangtze River Delta region but higher than that in Guangzhou City (0.21 mg/kg) and Shanghai City (0.196 mg/kg) [46,47,48,49]. The average content of soil Hg was much higher than that in Hebei Province (0.034 mg/kg), Chongqing City (0.08 mg/kg) and Tianjin City (0.043 mg/kg) [48,49,50]. The coefficients of variation (CV) of soil Cd and Hg contents were 0.49 and 0.55, respectively, suggesting a high spatial variability of soil Cd and Hg that was attributed to the influence of local anthropogenic activities [51]. Moreover, the contents of soil Cd were positively correlated with that of soil Pb (Table 2), which might imply their homology to accessing the soil environment such as atmospheric deposition, sewage irrigation and pesticide application [52].



The accumulation of different heavy metals in rice and wheat is shown in Table 3. Except for Hg (mean value < 0.05 mg/kg), all other heavy metals could raise the food safety risk due to their detected contents in crop grain exceeding the food safety limiting values (FSV) referred to in the national standard [38] at different rates. The average contents of Cd in grains were 0.15 mg/kg for rice and 0.049 mg/kg for wheat, and the Cd content in rice was observed to be 0.05 mg/kg larger than its FSV. The average contents of As in grains were less than the relevant FCV, while in certain regions, the maximum As contents in rice and wheat reached 0.63 and 0.96 mg/kg, which were 0.13 and 0.46 mg/kg larger than the FCV. Like As, the average contents of Cr in grains did not exceed the FCV, but the maximum Cr concentration in rice and wheat achieved 1.63 and 4.50 mg/kg, which were much higher than the FCV. In addition, a higher average content of Pb was obtained, which was approximately threefold and twofold larger than the relative FSV in rice and wheat grains, respectively.



The comparatively higher contents of Cr and Pb in grains were probably due to their high contents in the study soil, which were in accordance with current reports [53]. The enrichment of Pb was comparably higher than that of Cr, which might be explained by the fact that the exchangeable Pb in soil is more easily absorbed by the crop and transported from the root to the grain [54]. Furthermore, as reported, soil Cr mainly exists in two valence forms of Cr (III) and Cr (VI). After entering the soil, Cr (III) tends to be adsorbed and fixed by the soil or forms Cr (OH) 3 precipitation in weak acidic or alkaline environments, and its content is generally higher than that of Cr (VI), making it difficult to migrate [55]. In regard to Cd, the over-FSV rate (12.74%) observed in rice was significantly higher than those of Cr (1.27%) and Pb (3.18%), with a much lower mean concentration of 0.15 mg/kg. In fact, Cd is known as the most bioavailable toxic element that is easily transported from soil to the food chain, even though its background concentration is low [56,57]. Several studies have pointed out that the enrichment and transport capacity of rice on Cd are much stronger than those of other cereal crops due to the effect of the transport protein OsNramp5 [58,59,60]. Actually, the average content of Cd in rice was found to be 0.33–0.69 mg/kg in the polluted area of Southeastern China, which was significantly higher than the safety threshold [61]. Hence, some preventive engineering measurements should be taken to mitigate the risks induced by the soil Cd contamination. Moreover, the accumulation of Cr in rice and wheat was positive corelated with As and Pb, respectively, while the accumulation of Cd in rice was negative corelated with As (Table 4), indicating the synergetic and competitive accumulation effects between these metals [62,63,64].




3.2. Spatial Distribution of Heavy Metals in Soils and Crops


The spatial distribution of soil heavy metals is presented in Figure 2. Overall, the spatial distribution of soil heavy metals was apparently different from the south to north of the study area without a regular variation trend. The hotspots of high Cr distributed in the northern area of Jiangyan District and the low-value areas were relatively concentrated in the south of Taizhou City. The high-value areas of Pb were scattered and distributed in Xinghua City. Compared with that of Pb, the scattered distribution of Cd was more obvious, mainly situated in the south of Xinghua and Jingjiang City. Furthermore, higher contents of As and Hg were located in the southwest and southeast of Jingjiang City. The results showed that most of the high-value areas of soil heavy metals were located in Xinghua and Jingjiang City, which had a similar distribution pattern with local industries (Figure 1) to some extent. As reported, the spatial distribution of heavy metals in farmland soils is significantly affected by point source pollution, which mostly comes from the industrial emissions, which accounted for more than 50% of soil heavy metal accumulation [65]. Therefore, the densest human activities, particularly industrial activities such as metallurgy, nonferrous casting, electronic product processing and cotton spinning, of the study area resulted in the high contents of Cd, As, Cr, Hg and Pb in the surroundings [66]. Transportation, fertilization and swage irrigation are also important sources of soil heavy metal in the study area [67]. For instance, on the Ningtong Highway and Provincial Road, with a developed transportation network and high traffic steam, crossing the study area might lead to high levels of Pb, Cd and Hg in the surroundings through exhaust gas emissions and tire wear [68]. In addition, the southern study area adjoins the Yangtze River, and the high concentrations of soil Cd, Hg, As and Cr were likely due to the sewage irrigation and the excessive application of chemical fertilizer [69].



The spatial distribution of heavy metals in crops is shown in Figure 3. Similarly, the high-value area of five heavy metals was scattered and distributed without a regular variation trend. Their concentrations in paddy grains showed a positive correlation with those of soil heavy metals, but not a linear relationship, which might be related to the inhibition mechanism of the root assimilation and plant conduction of heavy metals [70]. In terms of rice, higher contents of Cr, Pb and Cd were found in north-central regions, while higher contents of As and Hg were observed in south-central regions. For wheat, high-value Cr, Pb and As were distributed in south-central areas, and high-value Cd and Hg were distributed in north-central areas. In short, most of the hotspots with high-level heavy metals, especially for Cr, Cd and As in rice and for Pb and Hg in wheat, which exceeded the safety threshold, were mainly situated in the central sections of Taizhou City (including the Jiangyan, Gaogang and Hailing Districts). These results might be due to the local discrepancy that central Taizhou is downtown and possesses a larger population density, fewer industries and a higher contamination load compared to the other regions [71]. In fact, except for point source pollution, the bioaccumulation of heavy metals in food crops could be significantly influenced by urbanization, agrochemical application, plant species as well as environmental and climate conditions [72]. In general, the average contents of Cr, Pb, Cd, As and Hg in edible parts of the crops were 0.48, 0.62, 0.15, 0.099 and 0.005 mg/kg for rice and 0.388, 0.386, 0.049, 0.056 and 0.002 mg/kg for wheat, respectively. These results were detected to be similar or slightly lower than the current data gathered in Southeastern China from the published reports [73].




3.3. Heavy Metal Pollution Assessment in the Study Area


Table 5 presents the heavy metal contamination degrees of sampling soils and their potential environmental risks. According to the calculated single-factor pollution index (Pi) values, the soil samples were free of Hg and Pb pollution due to all their Pi values being obtained to be less than 1. The pollution levels of Cr and As were light (1.0 < Pi ≤ 2.0), with pollution rates of 0.75% and 0.27%, respectively. Soil Cd deserved more attention, since 2.98% of the samples reached a light or moderate pollution level. The results showed that more than 97% of the topsoil samples were not polluted with toxic metals, demonstrating a low potential environmental risk in the study area. The Nemero comprehensive pollution index (Pcom) is able to assess the soil quality in a more complete way than the evaluation of only one single element. Nevertheless, it is worth mentioning that Pcom excessively emphasizes the impact of the maximum studied element, which might artificially exaggerate or neglect the influence of some other factors in the evaluation process. The Pcom values showed that most of the sampling sites were within the safety threshold, as 91.06% and 7.86% reached the security level (Pcom ≤ 0.7) and warning level (0.7 < Pcom ≤ 1.0), respectively. Apparently, most of the sampling soils were appropriate for food crop planting; only 1.08% of them reached a light pollution level, which was much lower than the average value (20%) of arable land in China published by the Chinese Ministry of Land and Resources [74]. In addition, the results based on Pi and Pcom were similar, suggesting that the soil quality assessment in this work was reliable.



The heavy metal contamination levels of the sampling food crops and their potential ecological risks are shown in Table 6. The results of the pollution index (Pn) suggested that both rice and wheat were not contaminated with Hg, as their obtained Pn values were less than 1. The pollution rate of rice and wheat caused by four other heavy metals were ranked as Cd (12.1%) > Pb (3.18%) > Cr (1.27%) > As (0.64%) and Pb (17.33%) > Cr (7.33%) > Cd (1.34%) > As (0.67%) in rice and wheat, respectively. A much higher accumulation of Cd was observed in rice, with 3.82% of the samples reaching the heavy pollution level (Pn > 3.0). Inversely, the contamination of Cd in wheat was not obvious, while it had a serious-pollution rate of Cr (2.0%) and Pb (5.33%). These differences are significantly correlated with the bioavailability of soil heavy metals, which is usually ranked as Cd > Pb > As > Cr > Hg [75]. The tillage is another important influencing factor, as rice is grown under flooded conditions, which would improve the transformation of metals such as Cr (VI) into its more stable form (Cr (III)), thus decreasing the bioaccumulation of Cr [55]. Moreover, the translocation mechanism also has a great effect on metal bioaccumulation—for instance, the transport protein OsNramp5 of rice significantly improves the adsorption and translocation of Cd compared to other metals [58]. Generally, the pollution area of wheat was larger than that of rice, which was also reflected in the results of the Nemero comprehensive pollution index (Pncom). The total polluted area of wheat was 21.33%, which was approximately twofold that of rice (11.46%). The contaminated area of rice and wheat ranked by different Pncom values was in same order: light pollution > heavy pollution > moderate pollution, and more ecological hazards were observed in wheat at each pollution level, which might be mainly caused by the integrative excessive accumulation of Cr, Pb and Cd.



It could be seen that the soil pollution risk and crop pollution risk caused by heavy metals were inconsistent, which might be mainly attributed to the distribution of point source pollution. Figure 4 presents the spatial distribution of heavy metal pollution risk in crops based on the Pncom values. The most of heavy pollution areas of rice and wheat were located in the southeast of Xinghua City and the west of Taixing City, respectively. These regions were close to the relatively densest industries and the traffic arteries and streams that increased the local inputs and bioaccumulation of heavy metals via atmospheric deposition and irrigation [50,54]. Moreover, since the discrepancies of external influences such as climate, acid rain, tillage and fertilization would alter soil properties and the heavy metal morphology, they ultimately increased the uptake of heavy metals by crops [43,57,76]. Therefore, an objective environmental assessment of a production area should consider the integrated aspects of soil environmental quality and agricultural product quality.




3.4. Environment Partition of the Production Area


The environment partition of the production area in Taizhou city based on clustering analysis is shown in Table 7 and Figure 5. According to the determined clustering indexes, the environmental quality of the production area was classified into five grades: high quality, good, medium, common and poor quality, named as 1–5. The order for the proportion of the production area with different qualities was as follows: good (58.38%) > common (15.14%) > medium (12.16%) = high quality (12.16%) > poor quality (2.16%). The results indicated that 82.7% of the 370 sampling sites possessed medium or higher environmental quality, which was totally appropriate for the local agricultural production. The production area with poor quality was mainly located in Xinghua City, Taixing City and Jiangyan District, where were surrounded by intensive industries. Considering the pollutant inputs, continuous monitoring is suggested for the soil quality in these regions, along with the organization of the correlative enterprises working with other stakeholders to seek potential pathways for alleviating the risks from heavy metals pollution.





4. Conclusions


In this work, the environment quality of the production area in Taizhou City, a typical agricultural and industrial region of Jiangsu Province, was assessed by characterizing the contamination status, spatial distribution, correlation and risk of heavy metals in soils and crops simultaneously. The results indicated that the mean concentrations of soil Cr, Pb, Cd, As and Hg were 66.78, 32.88, 0.23, 8.16 and 0.16 mg/kg, respectively, which were lower than the RCV. Except for Hg, all other heavy metals could raise food safety risk issues. A higher content value of Cd was obtained in rice, which was 0.05 mg/kg larger than its FSV. The average content of Pb in rice and wheat both exceeded the relative FSV by threefold and twofold, respectively. In addition, in some certain areas, the maximum As and Cr contents in rice and wheat could reach 0.63 and 0.96 mg/kg and 1.63 and 4.50 mg/kg, which were much higher than their FCVs. The higher accumulation of heavy metals in crops was generally in accordance with the spatial distribution of soil heavy metals that were mainly distributed in Xinghua City, Taixing City and Jiangyan District, indicating the intensive industrial or anthropogenic activities in these regions. Influenced by the metal’s species, bioavailability and enrichment mechanism and the transport capacity of the crop, Cr, Cd and As in rice and Pb and Hg in wheat exceeded the safety thresholds in some areas, even though the relevant metal’s contents in soils were within the safety control standards. According to the statistical analysis, 8.94% of the arable land possessed light metal pollution, which resulted in 3.18% of the area of rice and 4.0% of the area of wheat suffering from severe pollution with the excessive accumulation of Cr, Pb and Cd. Furthermore, in consideration of both soil and crop qualities, the overall environmental quality of the production area in Taizhou was suggested to be preferable; only 2.16% of the area maintained poor quality. Thus, regular monitoring, source control and integrated environmental management that focuses on heavy metals should be continued to guarantee the sustainability of local agriculture.
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Figure 1. Distribution of sampling sites and some industrial areas in the studying area. 
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Figure 2. Spatial distribution of soil heavy metals in the study area. 
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Figure 3. Spatial distribution of heavy metals in agricultural products in the study area. 
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Figure 4. Comprehensive risk map of heavy metals in rice and wheat, respectively. 
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Figure 5. Environment partition of the production area in Taizhou City. 
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Table 1. Descriptive statistical analysis of soil physicochemical properties and heavy metals in the study area.
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Indexes

	
Cr

	
Pb

	
Cd

	
As

	
Hg

	
pH

	
OM

	
TN

	
AP

	
AK




	
(mg/kg)

	
(g/kg)

	
(mg/kg)






	
Maximum value

	
807.0

	
123.0

	
1.19

	
24.70

	
0.70

	
8.28

	
77.5

	
2.49

	
49.7

	
475.8




	
Minimum value

	
19.0

	
10.50

	
0.06

	
0.01

	
0.02

	
3.40

	
4.87

	
0.25

	
12.3

	
15.1




	
Mean value

	
66.78

	
32.88

	
0.23

	
8.16

	
0.16

	
6.67

	
21.4

	
1.36

	
25.2

	
86.7




	
Standard deviation

	
49.28

	
10.53

	
0.11

	
4.49

	
0.87

	
0.87

	
8.75

	
0.49

	
42.4

	
51.2




	
Coefficient of variation

	
0.74

	
0.32

	
0.49

	
0.55

	
0.55

	
0.13

	
0.38

	
0.30

	
0.82

	
0.34




	
SBV a

	
77.8

	
26.2

	
0.13

	
10.0

	
0.08

	
-

	
-

	
-

	
-

	
-




	
Over SBV rate (%)

	
20.9

	
69.1

	
88.6

	
20.9

	
86.2

	
-

	
-

	
-

	
-

	
-




	
RCV b

	
200

	
250

	
0.30

	
30

	
0.30

	
-

	
-

	
-

	
-

	
-




	
Over RCV rate (%)

	
1.40

	
0

	
11.70

	
0

	
5.96

	
-

	
-

	
-

	
-

	
-








Note: a SBV: the soil background values of soil heavy metals in Jiangsu province that were obtained from the Chinese Environmental Monitoring Station (1990), b RCV: the risk control standard values for soil heavy metals that refer to II level standard of soil environment quality (GB15618-2018).
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Table 2. Pearson correlation analysis of the five heavy metals in soils.
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	Soil−Cr
	Soil−Pb
	Soil−Cd
	Soil−As
	Soil−Hg





	Soil−Cr
	1.00
	−
	−
	−
	−



	Soil−Pb
	0.06
	1.00
	−
	−
	−



	Soil−Cd
	0.13
	0.17 *
	1.00
	−
	−



	Soil−As
	−0.09
	−0.24 *
	−0.05
	1.00
	−



	Soil−Hg
	−0.16
	−0.13
	−0.26 *
	0.15
	1.00







Note: * Significantly correlated at the 0.05 level. 
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Table 3. Descriptive statistical analysis of the heavy metals content of agricultural products in the study area.
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Indexes

	
Cr

	
Pb

	
Cd

(mg/kg)

	
As

	
Hg




	
Rice

	
Wheat

	
Rice

	
Wheat

	
Rice

	
Wheat

	
Rice

	
Wheat

	
Rice

	
Wheat






	
Maximum value

	
1.630

	
4.500

	
5.400

	
2.600

	
0.684

	
0.246

	
0.630

	
0.960

	
0.017

	
0.005




	
Minimum value

	
0.180

	
0.263

	
0.060

	
0.041

	
0.005

	
0.02

	
0.023

	
0.006

	
0.001

	
0.001




	
Mean value

	
0.480

	
0.388

	
0.620

	
0.386

	
0.150

	
0.049

	
0.099

	
0.056

	
0.005

	
0.002




	
Standard deviation

	
0.201

	
0.253

	
0.483

	
0.157

	
0.097

	
0.028

	
0.067

	
0.035

	
0.003

	
0.001




	
FSV a

	
1.0

	
0.2

	
0.1

	
0.5

	
0.02




	
Over FSV rate (%)

	
1.27

	
7.28

	
3.18

	
17.22

	
12.74

	
1.32

	
0.64

	
0.66

	
0

	
0




	
Coefficient of variation

	
0.42

	
0.65

	
0.78

	
0.41

	
0.65

	
0.57

	
0.68

	
0.63

	
0.60

	
0.50








Note: a FSV: Food safety limiting values of heavy metals for cereal that refer to the national standard (GB2762-2017).
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Table 4. Pearson correlation analysis of the five heavy metals in rice and wheat, respectively, in the study area.
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Cr

	
Pb

	
Cd

	
As

	
Hg






	
Rice

	
Cr

	
1.00

	

	

	

	




	
Pb

	
0.04

	
1.00

	

	

	




	
Cd

	
0.02

	
0.11

	
1.00

	

	




	
As

	
0.24 *

	
0.01

	
−0.02

	
1.00

	




	
Hg

	
0.02

	
0.07

	
0.06

	
0.04

	
1.00




	

	

	
Cr

	
Pb

	
Cd

	
As

	
Hg




	
Wheat

	
Cr

	
1.00

	

	

	

	




	
Pb

	
0.18 *

	
1.00

	

	

	




	
Cd

	
0.01

	
0.01

	
1.00

	

	




	
As

	
0.11

	
−0.01

	
−0.27 *

	
1.00

	




	
Hg

	
−0.09

	
−0.05

	
0.10

	
0.01

	
1.00








Note: * Significantly correlated at the 0.05 level.
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Table 5. Proportion of soil heavy metal pollution levels analyzed by the single-factor pollution index (A) and Nemero comprehensive pollution index (B) methods, respectively.
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A

	
Single-Evaluation Index

	
Class of Pollution

	
Proportion of Different Pollution Levels (%)




	
Cr

	
Pb

	
Cd

	
As

	
Hg




	
   P i      ≤ 1.0

	
Non-pollution

	
98.92

	
100

	
97.02

	
99.73

	
100




	
1.0   <    P i    ≤ 2.0

	
Light pollution

	
0.75

	
0

	
2.71

	
0.27

	
0




	
2.0   <    P i     ≤ 3.0

	
Medium pollution

	
0

	
0

	
0.27

	
0

	
0




	
   P i      > 3.0

	
Heavy pollution

	
0

	
0

	
0

	
0

	
0




	

	
Comprehensive evaluation index

	
Class of pollution

	
Proportion of different pollution levels (%)




	
B

	
Pcom ≤ 0.7

	
Security level

	
91.06




	
0.7 < Pcom ≤ 1.0

	
Warning level

	
7.86




	
1.0 < Pcom ≤ 2.0

	
Light pollution level

	
1.08




	
2.0 < Pcom ≤ 3.0

	
Medium pollution level

	
0




	
Pcom > 3.0

	
Heavy pollution level

	
0








Note: Pi and Pcom are the single-factor pollution index and Nemero comprehensive pollution index of soil heavy metals, respectively.
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Table 6. Proportion of crop heavy metal pollution degree, as analyzed by the single-factor pollution index (A) and Nemero comprehensive pollution index (B) methods, respectively.
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A

	
Single-Evaluation Index

	
Class of Pollution

	
Proportion of Different Pollution Levels (%)




	
Cr

	
Pb

	
Cd

	
As

	
Hg




	
Rice

	
Wheat

	
Rice

	
Wheat

	
Rice

	
Wheat

	
Rice

	
Wheat

	
Rice

	
Wheat




	
Pn1 ≤ 1.0

	
Non-pollution

	
98.73

	
92.67

	
96.82

	
82.67

	
87.90

	
98.66

	
99.36

	
99.33

	
100

	
100




	
1.0 < Pn1 ≤ 2.0

	
Light pollution

	
1.27

	
4.0

	
1.91

	
8.67

	
7.01

	
0.67

	
0.64

	
0.67

	
0

	
0




	
2.0 < Pn1 ≤ 3.0

	
Medium pollution

	
0

	
1.33

	
1.27

	
3.33

	
1.27

	
0.67

	
0

	
0

	
0

	
0




	
Pn1 > 3.0

	
Heavy pollution

	
0

	
2.0

	
0

	
5.33

	
3.82

	
0

	
0

	
0

	
0

	
0




	
B

	
Comprehensive evaluation index

	
Class of pollution

	
Proportion of different pollution levels (%)




	
Rice

	
Wheat




	
Pn1com ≤ 0.7

	
Security level

	
84.08

	
64.67




	
0.7 < Pn1com ≤ 1.0

	
Warning level

	
4.46

	
14.0




	
1.0 < Pn1com ≤ 2.0

	
Light pollution level

	
6.37

	
14.0




	
2.0 < Pn1com ≤ 3.0

	
Medium pollution level

	
1.91

	
3.33




	
Pn1com > 3.0

	
Heavy pollution level

	
3.18

	
4.0








Note: Pn1 and Pn2 is the single-factor pollution indexes of rice and wheat, respectively; Pn1com and Pn2com are the Nemero comprehensive pollution indexes of rice and wheat, respectively.
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Table 7. Environment partition of the production area in Taizhou city based on clustering analysis.
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Clustering Index

	
Cluster




	
2

	
5

	
3

	
4

	
1






	
Pcom

	
0.48

	
0.37

	
0.47

	
0.42

	
0.45




	
Pn1com

	
0.46

	
0.28

	
0.39

	
0.42

	
0.46




	
Pn2com

	
0.51

	
0.52

	
0.85

	
0.80

	
0.44




	
Y1

	
619

	
353

	
613

	
550

	
666




	
Y2

	
427

	
400

	
421

	
410

	
436




	
Case number

	
216

	
8

	
45

	
56

	
45




	
Area proportion (%)

	
58.38

	
2.16

	
12.16

	
15.14

	
12.16








Note: Y1 and Y2 are the yield of rice and wheat, respectively; numbers 1–5 refer to the environment partition rank of the production area, named high quality, good, medium, common and poor quality, respectively.
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