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Bijie is located at a typical karst landform of Southwestern Guizhou, which presented high geological background values of potentially toxic elements (PTEs). Recently, whether PTE of wheat in Bijie is harmful to human health has aroused people’s concern. To this end, the objectives of this study are to determine the concentrations of PTE [chromium (Cr), nickel (Ni), arsenic (As), lead (Pb), cadmium (Cd), and fluorine (F)] in wheat grains, identify contaminant sources, and evaluate the probabilistic risks to human beings. A total of 149 wheat grain samples collected from Bijie in Guizhou were determined using the inductively coupled plasma mass spectrometer (ICP-MS) and fluoride-ion electrode methods. The mean concentrations of Cr, Ni, As, Cd, Pb, and F were 3.250, 0.684, 0.055, 0.149, 0.039, and 4.539 mg/kg, respectively. All investigated PTEs met the standard limits established by the Food and Agriculture Organization except for Cr. For the source identification, Cr and Pb should be originated from industry activities, while Ni, As, and Cd might come from mixed sources, and F was possibly put down to the high geological background value. The non-carcinogenic and carcinogenic health risks were evaluated by the probabilistic approach (Monte Carlo simulation). The mean hazard quotient (HQ) values in the three populations were lower than the safety limit (1.0) with the exception of As (children: 1.03E+00). However, the mean hazard index (HI) values were all higher than 1.0 and followed the order: children (2.57E+00) > adult females (1.29E+00) > adult males (1.12E+00). In addition, the mean carcinogenic risk (CR) values for Cr, As, Pb, and Cd in three populations were all higher than 1E-06, which cannot be negligible. The mean threshold CR (TCR) values were decreased in the order of children (1.32E-02) > adult females (6.61E-03) > adult males (5.81E-03), respectively, all at unacceptable risk levels. Moreover, sensitivity analysis identified concentration factor (CW) as the most crucial parameter that affects human health. These findings highlight that co-exposure of PTE in wheat grains revealed a probabilistic human health risk. Corresponding measures should be undertaken for controlling pollution sources and reducing the risks for the local populace.
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Introduction

Soil pollution by potentially toxic elements (PTEs) has spread worldwide, provoking the ecosystem and health risks to humans, owing to their stable, persistent, and irreversible properties (1). Crops grown in contaminated soils may accumulate PTE in their edible parts, resulting in an excessive human intake, which eventually poses adverse impacts to humans via the food chain (2–4). PTE can enter the human body in three ways including ingestion, inhalation, and dermal contact, while food consumption (>90%) has been recognized as the major pathway for human exposure (5). Therefore, from the perspective of both environmental security and human health, it is critical to pay more public attention to PTE contamination.

Being the most crucial toxic elements to humans, prolonged exposure to arsenic (As), chromium (Cr), cadmium (Cd), and lead (Pb) can make some threats even at low concentrations, such as kidney dysfunction, musculoskeletal systems, cholesterol balance, and central nervous system (6, 7). Nickel (Ni) is a carcinogenic element and its extraordinary amount can pose lung cancer, diabetes, and uremia (8, 9). Of note, although zinc (Zn) is beneficial to healthy human growth, it may defect in stomach cramps and reproduction (10, 11). According to the World Health Organization [World Health Organization (WHO) 2002 (12)], although fluorine (F) can help to strengthen bones and teeth (1–4 mg/kg normally), a daily intake (>6 mg/day) may be correlated with skeletal fluorosis, and a daily intake (>14 mg/day) may further cause serious risk of fracture (13). In recent decades, researchers have concentrated on the human health risk posed by PTE exposure in the food chain.

Wheat and wheat-derived foods play indispensable roles in human growth and have a critical position in food production, circulation, and ingestion (14, 15). China is one of the greatest wheat producers worldwide, accounting for 18% of the global wheat grain products (16). Durum wheat is consumed in a number of countries typically as pasta, noodles, and breakfast cereals; therefore, the demand for its production is increasing gradually (17). In terms of nutritional value, bran layers and embryo fractions of wheat produced by milling are abundant in minerals, fibers, and folate (18, 19). However, wheat can absorb some hazardous elements (e.g., Pb, Cd, and Ni), and the intake of excessive PTE through wheat and wheat-derived foods may pose health risks to humans (20). Research conducted in Baoji city showed a non-carcinogenic risk (CR) in wheat grains for children and adults due to Cr, Ni, Cu, Zn, Cd, and Pb exposure (21). Ali et al. (22) showed that the mean Pb concentration was above the permissible limit of the Food and Agriculture Organization (FAO), and its hazard quotient (HQ) was the highest (2.118) among different PTEs (e.g., Cr, Cd, As, and Zn). Nevertheless, few studies focused on wheat polluted by the co-exposure of F and other toxic elements so far.

To the best of our knowledge, two kinds of techniques including deterministic and probabilistic (Monte Carlo simulation) are well applied to estimate the human health risk due to several pollutants (23). The deterministic risk approach regarding PTE has been carried out in previous studies (24–26). Hu et al. (27) showed that HQ values for elements were significantly lower than 1 of the limit value using the deterministic without considering other variables, such as body weight (BW), ingestion rate (IR), and exposure durations (EDs), which eventually may underestimate the risk outcomes. Studies by Ihedioha et al. (24) and Guo et al. (28) were consistent with the study by Hu et al. Herein, the deterministic risk technique may exist some uncertainties during exposure assessment, leading to less persuasive risk results. In contrast, the probabilistic approach has attempted to emphasize the reliabilities and uncertainties of risk results based on the probability distributions of the PTE concentrations and related parameters (29). Actually, the probabilistic assessment in several studies has been applied. However, Jiang et al. (30) only considered for children to reduce the uncertainty of deterministic risk using the Monte Carlo simulation. Besides, Kukusamude et al. (5) performed the approach for exposure to elements in rice via consumption. Unfortunately, related exposure parameters (BW, IR, and ED) were not identified during probabilistic modeling (31). Based on the discussions earlier, the probabilistic assessment was applied in this study, considering essential parameters (C*, BW, ED, and IR), and the populations were divided into three groups based on age (children, adult females, and adult males), which will make the results more objective.

Southwestern China is the largest karst region worldwide and has been confirmed that the natural background of PTE was initially controlled by the lithology of parent rock and soil type-dependent (32). Various studies indicated that the maximum values of mean concentrations for PTE were distributed in karst regions such as Guizhou, Guangxi, and Yunnan provinces, which were attributed to unique geochemistry in the process of the soil formation (32, 33). As one of the most essential karst regions, Southwestern Guizhou has been reported that the background value for Cd (0.659 mg/kg) in soils was far higher than the standard value (0.097 mg/kg) in China, and the mean concentration for F was highly up to 1,200 mg/kg (34). Furthermore, the study region has been considered a typical fragile area for the well-developed industry (35). However, as one of the main cereals, any study is still not aware of the wheat pollution by PTE in this critical area.

In light of these facts, 149 wheat grains were collected and their PTE (Cr, Ni, As, Pb, Cd, and F) concentrations were measured by the inductively coupled plasma mass spectrometer (ICP-MS) and fluoride-ion electrode methods to (1) determine the concentration of PTE; (2) identify the pollution sources of PTE; and (3) assess the probabilistic risks (non-carcinogenic and carcinogenic) for children, adult females, and adult males. It will provide a new scope for pollution control and a scientific basis for local governance and will ensure the health of the populace.



Materials and methods


Study area and sample collection

Bijie (26°21′–27°47′N, 103°36′–106°44′E) is located in the Southwestern Guizhou Province, China. The total area of this region is 26,853 km2 and its plateau mountains account for 93.3%. It has a subtropical monsoon climate with an annual average temperature and precipitation, ranging from 12 to 15.4°C and 821 to 1,365 mm, respectively. The field survey has showed that it is not only a specific agricultural planting area, but its industry is well-developed in the surrounding area during the past decades. For instance, the area has vast mineral resource reserves ranking first in Guizhou Province, where the lead and phosphate reserves are up to 11 million tons and 1.41 billion tons, respectively. Meanwhile, it is considered the main production and high-yield region of wheat and potato in Guizhou Province. The sampling locations for wheat grains are shown in Figure 1.
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FIGURE 1
The map of the study area showing wheat grain sampling sites in Bijie, Guizhou Province.


In 2021, a total of 149 wheat grain samples at the mature period were collected by the regular systematic composite grid sampling technique, and each representative wheat grain sample was composed of 5 subsamples and then transported to the laboratory. The specific information on wheat grain species is shown in Supplementary Table 1. The longitude and latitude of each sampling site were recorded using the Global Positioning System (GPS). During collection, conservation, and pretreatment, wheat grain samples were prevented from touching other materials to refrain from pollution. After oven-dried at 72 h for 60°C to hold constant weight, the samples were stored and sealed in polyethylene bags until digestion.



Chemical analysis

To determine the concentrations of Cr, Ni, Pb, Cd, and As, approximately 2 g of the stored wheat grain samples was digested with 20 ml of HNO3: HClO4 (5:1), and then heated in the draught cupboard (110–130°C) until a clear solution was gathered at about 1–2 h (24). The digested samples were filtered through a 0.45 μm filter (36). Thereafter, the concentrations of Cr, Ni, Pb, Cd, and As were measured by the ICP-MS (NexION 2000 ICP-MS, PerkinElmer, United States). Meanwhile, the determination of F concentration was conducted based on the Chinese Standard Method (GB/T5009.18 2003) (37). For the total F measurement in wheat grains, approximately 0.2 g of samples were digested with 2 ml of nitric acid (15 mol/L), 3 ml of hydrogen peroxide (10 mol/L), and 5 ml of ultrapure water, eventually measured with the fluoride-ion electrode method (Mettler-Toledo Instruments, Shanghai) (38).



Quality control and quality assurance

In the process of wheat grain samples’ quality control in the laboratory, guarantee reagents (GRs) and all chemicals were used. The validation of the analytical program was conducted using subsequent standards such as blank reagents, calibration of the instruments, precision, and detection limit. Related experiment supplies (crucibles, glassware, and plastic containers) were washed with deionized water and then soaked in a 10% HNO3 solution for 24 h. In addition, they were rewashed with deionized water and oven-dried at 140–160°C for 24 h before use (39). Moreover, the samples were measured in duplicate for the quality assurance and the recoveries of PTE ranged from 85 to 90%.



Non-carcinogenic risk assessment

There is a minimum dose (threshold values) to cause harm to human health for toxic and harmful substances exposure. If the minimum dose of human ingestion is less than the threshold, it indicates no health risks to human health posed by toxic and harmful substances. The HQ and hazard index (HI) are the estimated approaches of non-CR due to PTE exposure (40). If HQ and HI values are greater than 1, it indicates a significant health risk to humans, while lower than 1 is considered safe. The non-CR caused by PTE (Cr, Ni, As, Cd, Pb, and F) in this study is evaluated in the following formulas (8):
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where C indicates PTE concentration in wheat grains, mg/kg; EF indicates exposure frequency, day/year (365 for children, adult females, and adult males); ED indicates ED, year (6 for children and 70 for adult females and males); IR indicates the daily intake rate of wheat grains, mg/kg/day (0.094 for children and 0.160 for adult females and males); BW indicates body weight, kg (16.88 for children, 57.03 for adult females, and 66.2 for adult males); AT indicates the averaging time, year (ED × 365 for non-carcinogenic and 70 × 365 for carcinogenic) (41) (USEPA 2019); and RfD is the oral reference dose, mg/kg/day (F: 0.06; Cd: 0.001; Pb: 0.0035; As: 0.0003; Zn: 0.3; Ni: 0.02) (6) (USEPA 2019).



Carcinogenic risk assessment

Carcinogenic risk indicates the probability of an individual suffering from cancer over a lifetime due to PTE exposure. CR is calculated using PTE intake and toxicity values (slope factors), and threshold CR (TCR) is the summation of CR (USEPA 1999). In this study, the CR is calculated as follows (40):
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where SF is the slope factor of Cd, As, Pb, and Cr with 0.38, 1.5, 0.0085, and 0.5 (mg/kg/day), respectively (6). When CR (TCR) < 1 × 10–6, the CR can be ignored; when CR (TCR) ranges from 1 × 10–6 to 1 × 10–4, a cautionary risk cannot be negligible; when CR (TCR) > 1 × 10–4, there is an unacceptable CR, and relevant measures must be implemented to decrease the risk.



Monte Carlo simulation and sensitivity analysis

In this study, the probabilistic risk assessment was performed by Monte Carlo simulation considering the distribution fitting and random sampling, and then the simulated results of the best output can be applied for uncertainty and sensitivity assessment (42). The benefit of the model is that the error of the method is independent of the dimension of the problem, and the distribution of human health risk can be simulated effectively (31). In addition, to identify the most influenced variables, the sensitivity analysis was also performed by employing a sensitivity coefficient. Using the Crystal Ball software, 10,000 simulation experiments in thus study were conducted using the important exposure parameters.



Statistical analysis

All statistical analysis and figures were performed using SPSS version 22, Origin 2021pro, and ArcGIS 10.6 for Windows. Spearman’s correlation analysis was used to identify the correlations between investigated PTEs, which provided preliminary information for explaining the sources of PTE in the study region. Principal component analysis (PCA) was used to further explore the pollution sources of PTE in the study environment, and the validity was verified based on the Kaiser–Meyer–Olkin (KMO) value (> 0.5) and Bartlett sphericity tests (p < 0.001).




Results


Potentially toxic elements concentrations of wheat grains

The statistical summaries of PTE concentrations in the study area are presented in Table 1 and Figure 2. Mean concentrations of PTE in wheat grains decreased in the order: F(4.539 mg/kg) > Cr (3.250 mg/kg) > Ni (0.684 mg/kg) > Cd (0.149 mg/kg) > As (0.055 mg/kg) > Pb (0.039 mg/kg). Specifically, mean concentrations of As, Ni, Cd, and Pb all met the standard limits [Food and Agriculture Organization (FAO) 2020 (43)], while the mean Cr concentration was higher 3.25 times than 1 of the standard limit. Meanwhile, of the149 wheat grain samples, 87 for Cr, 30 for Cd, 43 for Ni, and 2 for Pb samples exceeded their respective standard limits. Therefore, the exceeding ratios of Cr, Cd, Ni, and Pb in wheat grain samples were 58.389, 28.859, 20.134, and 1.342%, respectively. Notably, although the related standard limit for F has been canceled, it is still critical to draw attention to its management, which the maximum value in our study had up to 9.730 mg/kg.


TABLE 1    The descriptive statistics of PTE concentrations in wheat grains (mg/kg).
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FIGURE 2
The PTE concentration (mg/kg) in wheat grain samples collected from Bijie, Guizhou Province [(A) Cr, (B) Ni, (C) As, (D) Cd, (E) Pb, (F) F]. The red line indicates “normal curve.”


The coefficient value (CV) of variation was applied to evaluate the degree of discrete distribution of the concentrations of the PTE in wheat grains (44). CV < 10% indicated weak variation, which means that the concentration of PTE was mainly affected by natural factors; 10–90% indicated moderate variation; CV > 90% indicated strong variation, which means that the concentration of PTE was mainly impacted by anthropogenic activities (45). In this study, it showed a basic tendency of Pb (105.283%) > Ni (100.857%) > Cr (91.973%) > Cd (74.249%) > F (43.277%) > As (20.369%) (Table 1). These results showed that the Pb, Ni, and Cd in wheat grain showed massive variations depending upon the human factors in the study region.



Source identification

To effectively reveal the natural and anthropogenic sources of PTE, the Spearman correlation analysis was used to initially identify the correlations between the concentrations of study PTE. The results (Table 2) showed that the Cr had a significantly positive correlation with Ni (r = 0.309, p < 0.01), As (r = −0.222, p < 0.01), and Pb (r = 0.472, p < 0.01). In addition, the positive correlations were observed in the pairwise comparisons of some PTE concentrations (Ni-Cd, Pb-Cd, and Ni-Pb) (p < 0.01). However, there were no statistical correlations between F and other PTEs.


TABLE 2    Correlation analysis for PTE in wheat grains of study area.
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Principal component analysis was further applied to identify PTE sources in wheat grains. The results of the KMO (0.652 > 0.5) and Bartlett spherical tests (0.000 < 0.05) show that the data were suitable for PCA. It demonstrates that the two principal components (PC1 and PC2) reflected 50.259% of variance information (Figure 3). PC1 was explained for 29.215% of the total variance and characterized by high loading factors of Cr (0.826) and Pb (0.790), and PC2 was dominated by Ni, As, and Cd accounting for 21.044% of the total variance, which indicates that the wheat grains contained high concentrations for them.
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FIGURE 3
The PCA biplot showing the relationships of PTE concentrations in wheat grains.




Probabilistic risk


Non-carcinogenic risk

The probabilistic non-CR of PTE in wheat grains, in terms of HQ and HI, was evaluated for children, adult females, and adult males (Table 3 and Figure 4). The mean values of simulated HQ for three populations all followed the order: As > Cd > F > Ni > Pb > Cr, which were all within the safe limit (1) except for As (children: 1.03E+00). It is worth noting that mean HQ values of As in all populations not only showed the largest level but were also the most contributor to HI (40.103% for children, 40.388% for adult females, and 40.388% for adult males) (Figure 5). In addition, the HQ values (90th percentile for children and 95th percentile for adult females in Cd, and 90th percentile for children in As) were higher than 1 and were 1.78E+00, 1.13E+00, and 1.37E+00, respectively, suggesting that there was a notable non-CR for exposure to Cd and As.


TABLE 3    Probabilistic evaluations of non-carcinogenic and carcinogenic risks for the PTE in wheat grains.
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FIGURE 4
Cumulative probabilistic distributions of hazard quotient (HQ) for PTE through wheat grain consumption in three populations (children, adult females, and adult males). [(A) Cr; (B) Pb; (C) F; (D) Cd; (E) Ni; (F) As].
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FIGURE 5
The contribution of hazard index (HI) and threshold carcinogenic risk (TCR) for children, adult females, and adult males. [(A–C) for HI; (D–F) for TCR].


Moreover, compared to adults, children suffered from a greater probabilistic non-CR, and mean values of HI decreased in the following order: children (2.57E+00) > adult females (1.29E+00) > adult males (1.12E+00). Therefore, the non-CR assessment confirmed that adverse effect was observed for local citizens, especially in children.



Carcinogenic risk

In this study, only Cr, As, Pb, and Cd were considered CR. According to the probability distributions (Table 3 and Figure 6), the TCR values of four investigated PTEs cannot be negligible (>1E-06), while the CR values for individual PTE were different. The basic trend of mean CR values for each PTE in the three groups was all decreased in the order: Cr > As > Cd > Pb, which were all higher than the 1E-06 of the acceptable threshold except for Pb. Besides, the cumulative probabilities for both Cr and Cd exceeded the acceptable threshold (1E-06) in three populations (Figures 6A,D). More seriously, the CR values of Cr even at the 5th percentile were (557 times for children, 258 times for adult females, and 20.8 times for adult males) higher than the acceptable threshold (1E-06). These results showed that a cautionary CR existed in wheat grains for local citizens.
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FIGURE 6
Cumulative probabilistic distributions of carcinogenic risk (CR) of PTE through wheat grain ingestion for three populations. [(A) Cr; (B) As; (C) Pb; (D) Cd].


In addition, the total contribution to TCR in all populations was increased in the order of Pb < Cd < As < Cr, and more than 90% were attributed to Cr (Figure 5). Generally, the TCR values of children, adult females, and adult males were 1.32E-02, 6.61E-03, and 5.58E-03, respectively, which suggest that total CR could not be ignored and children were more susceptible than adults.




Sensitivity analysis

Sensitivity analysis for children, adult females, and adult males was applied to highlight the most crucial parameters contributing to the simulated results for probabilistic health risks (Figure 7). Our research implies that the concentration factor (C*) was the predominant parameter of the risk in all exposed populations, in which the highest contribution was up to 81.896%. Besides, the contributions for ED in three populations were nearly in line with IR, which ranged from 10.556 to 20.406% on HI and 16.242 to 19.892% on TCR, respectively. In contrast, inverse correlations were observed for BW on both TCR and HI (children and adult females). Overall, these differences might be attributed to the inaccuracy definitions of the probability distributions of ED, C*, IR, and BW.
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FIGURE 7
Sensitivity analysis of the input parameters for (A) hazard index (HI) and (B) threshold carcinogenic risk (TCR) for three populations (children, adult females, and adult males).





Discussion


The distribution of potentially toxic elements concentration in wheat grains

Wheat is one of the most staple grown crops globally. In this study, the average values of Cd, As, Pb, and Ni in wheat grains were lower than the standard limits of FAO 2020 (43), while the Cr exceeded. Of note, the Cr concentrations were obviously distributed in two groups (Figure 2A), indicating uneven distribution was observed for its concentrations in wheat grains. Meanwhile, the same finding was also confirmed by the CV value of Cr (91.973%). It may be attributed to anthropogenic activities, including agrochemicals, sewage irrigation, and mineral mining. Ali et al. showed that the Cr concentrations in wheat grain irrigated by wastewater were beyond the standard limit and higher than that irrigated by uncontaminated water (22). Other studies approved that the high accumulation of PTE in wheat grain was due to their planting soils polluted with PTE (46, 47). Furthermore, Qin et al. showed that the enrichment capacities for Cd and As in the Xumai-30 specie were higher than that in the Baomai-2 specie (48). A field experiment suggested that the accumulating ability of PTE varied between different varieties as well (49). In view of the discussions earlier, PTE concentrations in the wheat grains were possibly related to the geographical origin and species.

Several studies have illustrated the PTE contamination status of wheat grains globally (50–52) (Table 4). The distributions of the same PTE significantly varied in different areas, even within the same region. The mean concentrations of Ni in this study were less than that reported in most of the studies (Table 4), while 14.766 times higher than that reported in Kurram river, Pakistan (22). Similarly, the mean As concentration was less than in other studies while higher than that reported in the United States and other countries (53). In contrast, the average Cd concentration was higher than that given in Table 4 with the exception of Niger Delta in Nigeria, Murcia in Spain, and Veles in Macedonia (54). Overall, the concentrations of PTE in wheat grains grown in the areas of contaminated water and mining were obviously higher than those in other regions. However, there were less studies focused on F and other PTEs. The mean F concentration in this study was higher than that reported by Li et al. (55) while lower than that reported by Jha et al. (56). Due to the difference in climate between the north and the south, there were differences in the planting and harvest periods between each reported region. Thus, the variations for PTE accumulating in wheat among regions both domestic and abroad (57, 58) may be greatly related to the differences in climate and harvest season. Meanwhile, in turn, the rainfall and temperature factors (pH, organic matter) could indirectly affect the bioavailability, to change the absorption of PTE in plants.


TABLE 4    Comparison of PTE concentrations in wheat grains from other studies (mg/kg).
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Potentially toxic elements could accumulate in plants through roots, straws, and grains. Previous studies have shown that the roots could represent PTE for soil decomposers, and the straws could be used as animal feed to impact animal health and ultimately human health via meat and milk (4). In addition, Tang et al. showed that the concentrations of Cd, Cr, As, and Pb in plant tissues were in the following order: root > straw > grain (59). It thus cannot be neglected that the PTE accumulates in roots and straws. More importantly, what caused the variations of PTE concentrations may be attributed to the distribution and excretion of PTE in local soil (pH, organic matter), as well as their bioavailability and plant’s metabolism (22). For example, the increased soil pH could reduce the Cd bioavailability and Cd content in plants (60). Therefore, comprehensive consideration of the relationship of the PTE concentration from soil to plant and the plant parts (roots, straws, and grains) was conducted to evaluate the PTE bioconcentration, which would help estimate health risks and take steps to ensure food safety.



Source identification of potentially toxic elements in wheat grains

The combination of Spearman correlation and PCA analyses could provide more persuasive information for source identification. PC1 (Cr and Pb) was in line with the correlation results. The study area was an agricultural planting area with some industries, in which the common source of Cr and Pb might be preliminarily contributed by the prolonged sewage discharge to the local environment (61). However, correlation results showed that Ni and Cd and As and Cd were not strongly correlated, indicating that there might be mixed contamination sources between them. References showed that agricultural supplies, such as pesticides, fertilizers, and other agricultural applications, were widely used in the research region and contained high Cd levels, which were partly absorbed by crops (62). Besides, Jiang et al. (63) reported that Cd existed mainly in chemical fertilizers in their investigated fields. Therefore, human activities should be mainly considered the potential Cd sources, while Ni and As sources were slightly influenced by natural factors. These results showed that the related PTE shared a potential similar source or common feature in the transformation or common transport pathway under the same chemical and physical conditions at sampling locations (64).

Interestingly, the results of correlation and PCA analyses suggested that F had different sources from other PTEs. The study area was located in Southwestern Guizhou, which had been reported that it existed the high F characteristics formed in the weathering processes of rocks and various sediments (60). Besides, compared to mean F background values (478 mg/kg) of soils in China, the average F concentration (929 mg/kg) in Guizhou was nearly higher 2 times than the former. Herein, what causes the source differences between F and other PTEs could be put down to the special geological characteristics of Guizhou.



Uncertainties and prospects of the probabilistic risk assessment

For the non-CR, As was the critical pollutant in our result. Studies also showed that the exposure to As in crops was the largest contributing factor to human health risk, indicating that closer attention should be paid to the ingestion of As (23, 65). From the CR assessment, the Cr was the most essential contributor to non-CR. Similarly, previous studies have also shown that there was a cautionary risk of Cr exposure to local citizens (23, 66). Herein, the prevention and control of CR implemented in this study area should be drawn attention to Cr exposure. Generally, children more easily suffered from the non-carcinogenic and CRs, the findings similar to previous studies (50, 67). In conclusion, persistent health effects will be profound for local citizens if urgent remedial steps are not carried out.

The Monte Carlo simulation technique was carried out based on the probabilistic distribution of the exposure parameters, such as C*, IR, ED, and BW (68). However, uncertainties of the model itself were still inevitable, which may induce some variations in results. First, despite the samples being collected and handled according to the relevant national standards, the concentrations of PTE still had some errors to some extent, such as the selection of the sampling sites, conservation, and laboratory analysis (30). Our findings also showed that the concentrations of PTE (C*) were the most prominent factor that mostly affected the whole risk outcome. Besides, the probability distributions of critical parameters (BW, IR, and ED) were mainly derived from other studies, which might not be adapted to the specific conditions of our study area. Meanwhile, there were some biases when the health risks were calculated for local persons due to the racial and geographical diversities, which the parameters (e.g., RfD, SF, and EF) were mainly referenced from the USEPA.

In addition, antagonistic and synergistic correlations were observed between PTEs, such as Cd-Pb, Cd-F, Cd-Cu, and F-As, in previous studies (69–72). Therefore, our results were possible to be overestimated or underestimated since the total risks were evaluated by the simple summation of a single PTE. More importantly, some researchers confirmed that the bioavailability of every PTE significantly varied for individual populations (29), which might also result in an overestimation of health risk calculated using the total PTE concentrations. Synthesizing all discussions earlier, to improve the reliability of health risk assessment, it is better to obtain the actual data of relative parameters (e.g., IR, BW, and EF) for the local populace and to comprehensively consider spatial analysis and deterministic and probabilistic techniques in future research. Despite the uncertainties and limitations, the results from this study may provide some valuable suggestions for environmental managers and scientists, to reduce PTE exposure and prevent adverse threats to local residents.




Conclusion

As one of the most significant crops, special attention to wheat is required to ensure food security. The Cr exposure to wheat grains in Bijie carried more serious risk since its average concentration was much higher than the standard limit set by FAO 2020 (43). As for the source identification, we predict that Cr and Pb might mainly originate from industrial activities, while Ni, As, and Cd should be from mixed sources (human factors and natural activities) and F was possibly put down to high geological background value. Residents, especially children, in the study area suffered from the probabilistic non-carcinogenic and CRs, among the most contributors were As and Cr, respectively. Therefore, to reduce the health risk of PTE in the study region, corresponding urgent measures should be undertaken.
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