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Abstract: Widespread soil contamination is hazardous to agricultural products, posing harmful
effects on human health through the food chain. In China, Cadmium (Cd) is the primary contaminant
in soils and easily accumulates in rice, the main food for the Chinese population. Therefore, it
is essential to derive soil criteria to safeguard rice products by assessing Cd intake risk through
the soil–grain–human pathway. Based on a 2-year field investigation, a total of 328 soil–rice grain
paired samples were collected in China, covering a wide variation in soil Cd concentrations and
physicochemical properties. Two probabilistic methods used to derive soil criteria are soil–plant
transfer models (SPT), with predictive intervals, and species sensitivity distribution (SSD), composed
of soil type-specific bioconcentration factor (BCF, Cd concentration ratio in rice grain to soil). The
soil criteria were back-calculated from the Chinese food quality standard. The results suggested
that field data with a proper Cd concentration gradient could increase the model accuracy in the
soil–plant transfer system. The derived soil criteria based on soil pH were 0.06–0.11, 0.33–0.59, and
1.51–2.82 mg kg−1 for protecting 95%, 50% and 5% of the rice safety, respectively. The soil criteria
with soil pH further validated the soil as being safe for rice grains.

Keywords: soil criteria; soil–plant transfer model; species sensitivity distribution; cadmium; rice safety

1. Introduction

In recent years, increasing environmental incidents caused by soil contamination due
to the intrusion of intensive anthropogenic practices have been reported [1,2]. According
to a recent National Investigation Bulletin of Soil Pollution Status in China, about 19.4%
of cultivated soils are contaminated [3]. Cadmium (Cd) is the primary contaminant, with
13.7% of soils exceeding the corresponding soil standards in China [3]. Cd is a non-essential
element for plants and easily accumulates in crops, such as rice, vegetables, and wheat.
These crops are the main source of Cd exposure for the Chinese population, accounting for
about 80% of the total Cd intake in China [4]. Epidemiological studies have proven that
several Cd-associated diseases in the liver, kidney, and children could increase cancer risk;
as a result, it is classified as a human carcinogen (Group 1) [5,6]. Therefore, the widespread
soil Cd contamination could impair the quality of agricultural products, thereby threatening
human health through the food chain.

The diverse regulatory systems have led to a variety of soil quality standards (SQS)
with different protection objectives [7–9]. For agricultural soils, an appropriate SQS helps
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identify the adverse effects of soils on the safety and quality of crop production for pro-
tecting human health, which is crucial for agricultural soil risk control and management,
as an enforced administrative tool to simplify the initial assessment of environmental
risks [10–13]. Consequently, in the interest of better food safety, the security of rice grains
should be a high priority and it is essential to establish the accurate and reliable soil criteria
for reducing Cd absorption in rice grains from agricultural soil.

In China, a new risk-based standard, termed the risk control standard for soil con-
tamination of agricultural land (GB 15618-2018), was issued for classification management
and the safe use of agricultural soils [14]. The standard proposed risk screening values
(RSVs) and risk intervention values (RIVs) to safeguard agricultural products according
to different soil conditions (paddy soils and others) and properties (soil pH). For instance,
Cd levels exceeding risk values may be present in agricultural products if the Cd content
in soils is between the RSVs and RIVs. In contrast, soils contaminated with Cd above the
level stipulated by RIVs cannot be restored for cultivation purposes through agronomic
regulation and soil remediation [2]. In practice, the Chinese SQS help predict the Cd con-
centration in edible cultivated products by comparing them with the Chinese food quality
standard (FQS) [15]. However, the SQS have been reported to over-protect or under-predict
Cd exceedance due to the limited supporting data [16–19]. Therefore, studying soil criteria
is needed to effectively ensure food safety and revise the SQS in the future.

The key to deriving soil criteria for Cd accumulation is to develop a reliable and
reasonable prediction model describing soil–plant transfer (SPT). The model should fully
consider the bioavailability factors (such as soil pH, organic matter, and clay content)
and the cultivar sensitivities [20–23]. However, the published prediction models, such
as the Freundlich-type equation, were mainly derived from the metal-spiked soils in
pot and greenhouse experiments [17,22,24]. Such transfer models fail to extrapolate the
realistic conditions due to the bioavailability-relevant discrepancies between the field and
experimental studies [19,23]. Moreover, poor relationships between Cd levels in field
soils and crops have been observed, likely resulting from the sampling objective for the
pollution survey rather than the soil criteria study [25]. Thus, it was hypothesized that the
criteria-designed field sampling that covers the Cd concentration gradient for both soils
and crops could improve the performance of SPT models [19].

Simple generic thresholds derived in previous studies were more likely to cause
uncertainty which might fail to identify the risk of Cd accumulation in crops [13,19].
Recently, a probabilistic method based on the SPT model assessed the impact of model
uncertainty, calculating the soil thresholds with different probabilities (protective levels)
by introducing prediction intervals [26–28]. In addition, another probabilistic method
is species sensitivity distribution (SSD), which is widely used in deriving SQS and risk
assessments [9,29]. The distribution-based approach utilizes species sensitivities, soil
types, properties, and pollution sources, with relatively low uncertainty to estimate soil
thresholds [29]. Furthermore, SSD for agricultural product safety is modeled based on the
bioconcentration factor (BCF) of the soil–crop paired sites rather than the ecotoxicological
data of the species. This approach back-calculates the soil thresholds from the FQS with
different protective levels [30].

The current study conducted criteria-designed field surveys of soil–rice grain paired
samples. The physical and chemical properties of the samples along with the Cd concen-
trations were assessed. The specific objectives of our research are: (1) to characterize Cd
transfer to rice grain and qualify the main influencing factors; (2) to develop reliable SPT
and SSD models that would derive soil probabilistic criteria for Cd; (3) to validate the soil
criteria concerning rice safety for Cd accumulation.

2. Materials and Methods
2.1. Study Sites and Sampling

The study covers China’s major rice-producing areas, including ten provinces (Anhui,
Fujian, Guangdong, Guangxi, Hubei, Hunan, Jiangsu, Jiangxi, Liaoning, and Zhejiang).
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The sampling sites were designed to collect the paired samples with wide Cd concentration
ranges, soil types, rice cultivars and physicochemical properties based on the distance
(10–1000 m) from the pollution sources (such as metal mining sites, industrial sites, and
other contaminated areas) (Figure 1).
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At harvest time between 2014 and 2016, 328 pairs of surface soil and rice grain samples
were collected (Figure 1). Approximately 1.0 kg of the surface soils (0–20 cm), consisting of
five sub-samples, were sampled using a grid method, and 0.5 kg of fresh samples of rice
grains was collected at each site where the soils were collected. The growth conditions were
also recorded. The mixed soil samples and fresh edible parts of the rice were stored in clean
plastic bags. At the lab, soil samples were dried and ground to pass through 2 mm and
0.1 mm sieves before chemical analyses. Rice samples were rinsed with ultrapure deionized
water, oven-dried at 60 ◦C for 48 h, and ground using a ball mill before chemical analyses.

2.2. Chemical Analyses

Both field and experimental studies demonstrated that the Cd uptake of rice grains
were significantly related to the soil Cd level, soil pH, organic matter content (SOM), and
clay content in China [6,16,19]. Thus, the soil Cd concentration, pH, SOM, and clay content
were selected to construct the SPT model in our study.

The soil pH (soil:water = 1:2.5) was determined after shaking the soil sample in
distilled water for 30 min. The soil organic carbon content was determined using an
Elemental Analyzer after the HCl treatment method for 24 h. The SOM was obtained by
multiplying the values of organic carbon by 1.724. Soil clay contents were measured using
laser diffraction [31].

For Cd determination, 0.25 g of air-dried soils was digested with a mixture of 10 mL
HCl, 5 mL HNO3, 3 mL HF, and 3 mL HClO4. The digested extracts were then dissolved
with 2 mL HCl (1:1, v/v) and diluted to 50 mL with deionized water for the Cd content
analysis [32]. Microwave-assisted digestion of rice samples was conducted using a HNO3-
HClO4 mixture [33,34]. The standard reference materials used were as follows: GSS-5 and
GSB-8 were also used during the digestion process for quality assurance and control of
soils and rice grains, respectively. Inductively Coupled Plasma Mass Spectroscopy was
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used to measure the Cd concentration [33,34]. The values are presented based on the dry
weight (DW) for soils and rice grains.

2.3. Data Analysis
2.3.1. Constructing the Soil–Plant Transfer Model

The relationship between Cd concentrations in soils and rice grains was established
using the empirical Freundlich type equation [24]:

Log[Cdrice] = a × pH + b × Log[Cdsoil] + c × Log[SOM or Clay] + k (1)

where Cdsoil and Cdrice refer to Cd concentrations (mg kg−1) in soils and rice grains,
respectively. SOM and Clay indicate soil organic matter (g kg−1) and clay content (%),
respectively. a, b, c, and k are the fitted parameters derived by stepwise linear regression.

Then, the SPT model was used to predict the Cd concentration in soils according
to the given values for soil properties (pH, SOM, or clay) and the Cd content in rice
grains. To calculate the probabilistic soil thresholds based on a series of protection levels,
the SPT model together with one-sided prediction intervals were introduced, and soil
thresholds were determined with the limits of these prediction intervals equal the Chinese
FQS (0.2 mg kg−1 for rice grains) [26–28].

2.3.2. Constructing the Species Sensitivity Distribution

The BCF, representing the transfer characteristic of soil–rice grain paired samples
(Equation (2)), was used to construct the SSD model [16].

BCF =
Cdrice

Cdsoil
(2)

where BCF is the bioconcentration factor.
The distributions of Burr III, Gamma, Log-Gumbel, Log-logistic, Log-normal, and

Weibull were applied to fit the SSD curves of the 1/BCF data according to the various
soil conditions, such as soil pH [35,36]. The goodness-of-fit analysis (Anderson–Darling
(AD) statistic, Kolmogorov–Smirnov (KS) statistic, Akaike’s Information Criterion (AIC),
Bayesian Information Criterion (BIC) and Akaike’s Information Criterion corrected for
sample size (AICc)) was conducted to evaluate the fitting performance of SSD models and
select the best distribution model. Generally, the best distribution model was the SSD with
an AICc parameter (delta) of 0.

Furthermore, the hazardous BCFs were derived based on a series of protection levels
in SSD curves. Then, the corresponding soil thresholds (hazardous concentrations, HCx)
for Cd were back-calculated from these BCFs and the corresponding FQS [17].

2.3.3. Deriving and Validating the Soil Criteria

In this study, the probabilistic soil criteria for protecting the 95% (SC5), 50% (SC50),
and 5% (SC95) rice safety were determined as the minimum values of thresholds derived
by the SPT models and SSDs. SC5 and SC95 referred to the Chinese RSVs (slight risk) and
RIVs (severe risk), respectively [14], while SC50 was used to indicate the moderate risk [27].

The Chinese agricultural soil standards provide information on whether soils can
produce safe crops [14]. Thus, the quality of rice production was used as the validation
basis of soil criteria in our study. First, SC5, corresponding to the RSVS, and SC50, indicating
the controllable risk, were evaluated according to the proposed suitability classification
method [26]. As shown in Table 1, Categories A (unsuitable) and C (suitable) indicated that
soil criteria predict the soil quality for proper rice production. In contrast, Categories B
(false negative) and D (false positive) referred to incorrect predictions of the production
quality of agricultural soils. For each paired sample, the Cd concentrations in the soil and
paired rice samples were compared with the soil criteria and the Chinese FQS of rice grains.
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Table 1. Suitability classification of the soil–rice paired samples.

Suitability Classification Soil Rice Grain

A Cdsoil > SCx Cdrice > FQS
B Cdsoil ≤ SCx Cdrice > FQS
C Cdsoil ≤ SCx Cdrice ≤ FQS
D Cdsoil > SCx Cdrice ≤ FQS

Cdsoil and Cdrice refer to the Cd concentration in soil and paired rice grain, respectively. SCx and FQS refer to the
derived soil criteria and Chinese food quality standard, respectively.

Secondly, SC95 validation corresponding to the RIVs was conducted according to the
safety assessment of the paired rice grains [14]. The exceeding factor (E) was calculated as
the ratio of Cd concentration in rice grains to the corresponding FQS, and divided into three
categories including safe (E ≤ 1), moderate (1 < E ≤ 2), and severe (E > 2). The percentage
of rice samples with severe type was the main factor used to evaluate these criteria.

2.3.4. Statistics Analysis

Spearman’s correlation analysis was performed to identify the relationships between
the Cd concentration in soils and rice grains, as well as soil properties (soil pH, SOM, and
clay content) (SPSS 26.0, IBM, Armonk, NY, USA). The SPT model was constructed using
stepwise linear regression and the probabilistic soil thresholds, depending on the one-sided
prediction intervals, were calculated using JMP 16.0 software (SAS, Cary, NC, USA) The
polynomial surface fit analysis was conducted using Origin 2018. The model analyses of
SSD curves, the goodness-of-fit analysis, and the calculation of probabilistic HCx were
conducted based on 1/BCF using the ssdtools package in R3.3.6.

3. Results
3.1. Cd Concentrations in Soils and Crops

As shown in Table 2, the mean soil Cd concentration was 1.19 (0.007–17.9) mg kg−1 for
the 328 soil–rice samples. Among the rice grains for the field surveys, the Cd concentration
varied from 0.003 to 4.87 mg kg−1, averaging 0.550 mg kg−1. The median values of Cd
concentration in soils and paired rice grains were 0.563 and 0.202 mg kg−1, respectively.
The BCFs of rice grain were of approximately five orders of magnitude, from 0.004 to 10.1.
The mean and median values of BCFs were 0.730 and 0.393, respectively.

Table 2. Descriptive statistics on Cd concentrations in soils and rice grains as well as soil properties.

Variables Min Max Mean Median SD

Cdsoil (mg kg−1) 0.007 17.9 1.19 0.563 1.65
Cdrice (mg kg−1) 0.003 4.87 0.550 0.202 0.783

BCF 0.004 10.1 0.730 0.393 5.48
pH 3.70 8.93 5.74 5.45 1.14

SOM (g kg−1) 1.24 8.96 3.63 3.58 19.8
Clay (%) 6.60 61.8 28.2 28.2 10.7

The soil samples covered a wide variation of physico-chemical properties. Soil pH
values ranged from highly acidic (pH ≤ 5.5), acidic (5.5 < pH ≤6.5), neutral (6.5 < pH ≤ 7.5)
to alkaline (pH > 7.5), with a mean of 5.74. The mean SOM was 3.63 g kg−1, from 1.24 to
8.96 g kg−1, while the average clay content of soil samples was 28.2 (6.60–61.8) %.

The soil Cd content ranged from background levels to heavily polluted soils. Com-
pared to the Chinese soil standards, 64.3% (211 out of 328) of soil samples were above
the RSVs, while 19.2% (63 out of 328) of soils had a Cd concentration exceeding the RIVs
(Figure 2a). The exceeding sites were concentrated in highly acidic and acidic soils. With
regard to the rice Cd content, 167 rice samples (50.9%) had values exceeding the maximum
limits, namely the Chinese FQS (Figure 2b).
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3.2. Soil–Plant Transfer Models for Cd Accumulation

Figure 3 summarizes the relationships between Cd accumulation in the soil–rice
system and soil properties. In the present study, the soil Cd concentration predominantly
affected the Cd accumulation of rice grains, with Spearman’s correlation coefficients of 0.431
(p < 0.05). Soil pH correlated negatively with Cd concentration in rice grains significantly
(R = −0.328, p < 0.05), while soil SOM and clay content had no effects on Cd accumulating
in grains. Furthermore, soil pH and SOM had significantly negative relationships with the
BCFs, with coefficients of 0.281 (p < 0.05) and 0.212 (p < 0.05), respectively.
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Stepwise multiple linear regression was performed to construct the soil properties-
dependent Freundlich-type function. In this study, soil pH-dependent equations were
obtained for soil–rice paired samples as follows:

Log[Cdrice] = 0.535 × Log[Cdsoil] − 0.187 × pH + 0.474 (R2 = 0.266, p < 0.001) (3)

Log[Cdrice] = 0.857 × Log[Cdsoil] − 0.074 × pH + 0.083 (R2 = 0.638, p < 0.001) (4)

Compared to the poor predictive ability of the model based on all the soil–rice samples,
removing the outliers located outside the whiskers of BCF boxplots of rice grains could
increase the model accuracy to forecast the Cd concentration in rice grains, expressed by
the regression coefficient from 0.266 (n = 328) (Equation (3)) to 0.638 (n = 267) (Equation (4)).
In addition to linear regression, polynomial surface models were also formulated due to the
complex Cd transportation mechanism in the soil–crop system. However, the regression
coefficient indicated that no apparent enhancement of the fitting precision was found
compared to the Freundlich-type function (Figure 4).
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The applicability and accuracy of the SPT prediction model were determined by
plotting the measured Cd concentration in rice grains against the corresponding predicted
Cd concentration (Figure 5). A significantly linear relationship (R2 = 0.639, p < 0.001) was
found between the measured and predicted Cd concentrations of rice grains, and most rice
samples were located within the lines of 95% prediction intervals. Thus, Equation (4) could
provide reliable predictability of Cd transfer from the sampled soils to the rice grains.

3.3. Species Sensitivity Distribution for Cd Accumulation

As mentioned above, soil pH is the critical factor affecting Cd uptake in the soil–rice
grain system. Thus, the model analyses were performed to construct the SSD curves based
on different soil pH ranges. The BCF dataset was divided into the following four groups:
highly acidic (pH ≤ 5.5), acidic (5.5 < pH ≤ 6.5), neutral (6.5 < pH ≤ 7.5) and alkaline
(pH > 7.5) according to the soil pH ranges of GB 15618-2018 standard in China [14].

As shown in Figure 6, six SSD models (Burr III, Gamma, Log-Gumbel, Log-logistic, log-
normal, and Weibull) were fitted to the BCF dataset of soil pH groups, respectively. Results
of fitting the distributions are presented in Table 3. Both the SSD plots and goodness-of-fit
statistics (AD and KS statistics) showed that all the SSD models had a good performance in
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fitting the BCF data, exhibited by AD and KS parameters of more than 0.05; however, none
of these distributions ranked the highest for both goodness of fit statistics. Thus, the best
distribution models using the AICc parameter (delta) were Burr III (highly acidic soil) and
Log-normal (acidic, neutral, and alkaline soils), respectively.
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Table 3. Goodness-of-fit of distribution models for soil–rice samples.

pH Models AD KS AIC BIC AICc
(Delta)

pH ≤ 5.5

Burr III 0.290 0.037 346 356 0
Gamma / 0.150 437 444 90.9

Log-Gumbel 5.87 0.129 406 412 59.5
Log-logistic 0.816 0.053 350 356 3.25
Log-normal 1.23 0.069 355 362 8.92

Weibull 3.49 0.098 392 398 45.1

5.5 < pH ≤ 6.5

Burr III 0.424 0.080 67.8 74.7 2.24
Gamma 0.770 0.080 75.1 79.7 9.36

Log-Gumbel 1.83 0.120 82.5 87.1 16.7
Log-logistic 0.652 0.088 67.9 72.4 2.15
Log-normal 0.602 0.100 65.7 70.3 0

Weibull 0.477 0.060 70.4 74.9 4.63

6.5 < pH ≤ 7.5

Burr III 0.356 0.086 25.7 20.1 4.87
Gamma 0.956 0.125 22.2 18.5 8.02

Log-Gumbel 0.509 0.094 26.0 22.3 4.23
Log-logistic 0.345 0.076 7.31 23.6 2.94
Log-normal 0.260 0.072 30.3 26.5 0

Weibull 0.514 0.087 25.5 21.8 4.69

pH > 7.5

Burr III 0.350 0.098 18.8 23.4 3.41
Gamma 1.02 0.139 21.7 24.7 5.86

Log-Gumbel 0.347 0.089 17.1 20.1 1.26
Log-logistic 0.427 0.104 18.4 21.4 2.56
Log-normal 0.396 0.108 15.8 18.9 0

Weibull 0.712 0.112 19.9 22.9 4.09
AD, KS, AIC, BIC, AICc refer to Anderson Darling, Kolmogorov-Smirnov, Akaike Information Criterion, Bayesian
Information Criterion and Akaike Information Criterion corrected for sample size (indicated by parameter delta).
The best fitting models are presented in bold.
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soil pH ranges.

3.4. Derivation and Validation of Soil Criteria

Soil probabilistic criteria (SC5, SC50, and SC95) for rice safety at the four scenarios
(according to soil pH ranges) were the minimum thresholds calculated from the SPT models
(Table S1) and SSDs (Table S2). As shown in Table 4, the final derived SC5, SC50, and SC95
were 0.06–0.11, 0.33–0.59, and 1.51–2.82 mg kg−1, respectively. In comparison with Chinese
soil standards of the paddy soil, the extremely low values of SC5 were lower than the
corresponding RSVs (0.30–0.80 mg kg−1), even more so than the background levels in
China [37]. Contrarily, the SC50 values (0.33 and 0.40 mg kg−1) were similar to the RSVs
(0.30 and 0.40 mg kg−1) at soil pH ≤ 6.5, while more rigorous SC50 values (0.49 and
0.59 mg kg−1) were found compared to the RSVs (0.60 and 0.80 mg kg−1) at soil pH > 6.5.
Similarly, the highly acidic and acidic soil’s SC95 values (1.51 and 1.85 mg kg−1) were
comparable to the RIVs (1.50 and 2.00 mg kg−1), while these criteria (2.27 and 2.82 mg kg−1)
were obviously less than the corresponding RIVs (3.00 and 4.00 mg kg−1) in neutral and
alkaline soils.
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Table 4. The derived soil criteria (SC5, SC50, and SC95) of Cd for rice safety according to soil
pH ranges.

Soil Criteria (mg kg−1) pH ≤ 5.5 5.5 < pH ≤ 6.5 6.5 < pH ≤ 7.5 pH > 7.5

SC5 0.06 0.08 0.11 0.09
SC50 0.33 0.40 0.49 0.59
SC95 1.51 1.85 2.27 2.82

SC5, SC50, and SC95 refer to soil criteria indicating the slight, moderate, and severe risk, respectively.

The derived soil criteria were then validated based on the suitability classification.
A false-negative scenario (category B) was particularly undesirable because the rice was
predicted to grow safely, whereas the measured Cd concentration in crops exceeded the
corresponding FQS. Moreover, category D representing over-protection should also be
emphasized. In this study, due to the extremely low limits of SC5, only SC50 was selectively
evaluated based on the investigated samples (Figure 7a). The misjudged proportions of
the rice safety for category B were less than 10% in different soil pH groups, while 24
(15.1%), 20 (27.0%), 15 (32.6%), and 10 (26.3%) rice samples were classified as category D,
respectively. The results showed that the controllable criteria, SC50, performed well at the
primary screening stage considering the safety of rice production.
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Soils unsuitable for cultivating crops were indicated by conducting the safety assess-
ment of rice products (Figure 7b). According to the analysis of the field survey data, 90%
of rice grains had a Cd concentration exceeding the FQS, when the paired soil Cd content
was above the SC95. Furthermore, 54% of these samples were classified as the severe type,
which was almost 4 times that of the controllable thresholds SC50. These results indicated a
high probability that the quality of rice production would not be ensured with the current
agronomic technical measures when the soil Cd concentration is above the SC95 limit.

4. Discussion

In China, the safety of crop production is one of the key aspects of soil pollution
prevention and control in agricultural land. Therefore, in order to protect crop quality with
respect to soil contamination, it is crucial to understand the transfer of pollutants from soils
to crops, especially for heavy metals [26]. In this study, a designed field sampling of the
paired soil–rice sites was conducted, with the Cd concentrations from the background to
the heavily contaminated levels. The BCFs collected in our study were much higher than
the published BCFs of field data from China in a previous study [38]. Moreover, the ranges
of BCFs were about one order greater than the ranges of BCFs in other countries [9,39,40].
This might be due to the larger range of Cd concentrations in soils and rice grains and the
diversity of soil types, contamination sources and rice cultivars obtained in this study.
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After establishing the relationship between soils and crops, soil criteria for safeguard-
ing crop products could be reversely derived based on the transfer model and FQS. Previous
studies established several models for Cd phytoavailability in soil–plant systems, including
mechanism models, such as the free ion activity model (FIAM), the biotic ligand model
(BLM) [41,42], empirical models, and SPT models [38]. However, difficulties in obtaining
parameters and differences between soil and soil solution limit the application of mecha-
nism models [43]. In practice, empirical models are more applicable with easier predictions
and a more detailed application scope, and the relationship between metal concentrations
in soils and paired crops could be easily described using the regression equation [21,22]. In
SPT models, it has been well recognized that the spiking of metal-salts in pot and green-
house experiments probably over or under predict the realistic phytoavailability compared
to field sites. This was probably due to the leaching and aging of heavy metals in field
contaminated soils [44]. Our results revealed that the soil type-specific data generated
from the field condition with a realistic Cd concentration gradient could minimize the
uncertainty caused by metal-spiked tests and soil heterogeneity, increasing the model
performance in the soil–plant transfer system. Thus, it is essential to derive the soil criteria
based on the field dataset.

It was established that pH is the main soil property affecting the bioavailability of
heavy metals in soils and plants [45], and increasing soil pH results in decreased Cd mobility
and potential availability via co-precipitation with Ca2+ and Mg2+ [46]. In most cases, soil
pH improves the Cd prediction in crops, compared with the single soil–Cd-based model,
and should be accounted for when deriving soil thresholds. However, previous studies
proposed that it is not sufficient to consider only soil pH to derive the soil thresholds, and
other relevant soil properties should be included [47]. Nevertheless, our findings revealed
that combining the total soil Cd concentration with pH performed excellently to predict
the exceeding risk of agricultural products. Soil pH was the only key factor affecting Cd
uptake in this study, so other soil properties were excluded in our SPT model. This might
be explained by covariance phenomena, and many studies have demonstrated that soil pH
could affect other soil properties, which in turn influence metal uptake in crops [48].

Several studies reported contradictory phenomena such as the inconsistent exceedance
of soil samples and the paired crops when using soil standards [19,49,50]. In fact, as a
country with a vast territory and significant soil heterogeneity, numerous factors (such
as parent materials, soil physical-chemical properties, topographic factors, hydrological
factors, etc.) could affect human health through Cd accumulation in edible crop parts [2].
Moreover, human activities, such as atmospheric pollution and sewage irrigation, also
contribute to the exceeding risk posed to agricultural products. Thus, the exceedance of
agricultural commodities is a probability regarding the soil standards, and the occurrence
of unrelated small probability events, such as Categories B and D, could not be entirely
excluded due to the unavoidable uncertainties. Therefore, two probabilistic methods were
derived in this study to reduce the model uncertainty, including the SPT model with
one-sided prediction intervals, and the SSD composed of soil type-specific BCF.

The SPT model expressed as a regression equation offers the possibility of calculating
probabilistic soil criteria from food safety limits. Given the FQS and a chosen protective
level of exceeding this standard, the Cd thresholds in soils can be calculated by the inverse
use of the regression model and taking the prediction intervals into account [28]. In
Germany, the government used SPT models with prediction intervals to determine the
trigger values and action values of heavy metals and organic contaminants in agricultural
soils [51]. In our study, the transfer of Cd from soils to rice grains was influenced by soil
pH, thus the probabilistic thresholds in soils were calculated depending on the different
soil pH ranges.

The variety of the rice cultivars is also an important factor affecting Cd accumulation.
Thus, the SSD method taking the diversity of rice cultivars and soil properties into account
was used to model the BCF data to derive the soil thresholds [1]. Combining the SSD and
SPT model as a normalization tool for BCF in metal-spiked tests was performed to derive
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the soil thresholds for food safety in previous experimental studies [1,52]. However, its
normalization has been debated since its inception, because it involves a new uncertainty
of the normalization process and the potentially unreliable applicability of normalized
equations [44]. Thus, our study does not recommend normalizing the BCFs representing
the realistic accumulating status of crops from field sampling. Moreover, selecting the
best distribution model is the key to deriving reliable thresholds when using the SSD
method. However, there is no theoretical basis and consensus about the precedence
of distribution [53]. Several studies have recommended that Burr III distribution often
presents the best fit of SSD curves [53], which did not agree with our finding of the Log-
normal distribution suitable for most scenarios. This occurrence might be explained by the
BCF data from field surveys being adequate to reflect the actual rice sensitivities for Cd
bioaccumulation.

In most cases, the SQSs among different countries could be classified into different
risk categories, broadly termed negligible (slight) risk as long-term quality objectives,
warning (moderate) risk as the trigger values and potentially unacceptable (severe) risk
as remediation needed [49]. Thus, the traditional model to calculate a genetic threshold
was not applicable to derive the SQS with a series of risk levels. The proposed probabilistic
approach combining the SPT model and SSD extrapolation will assist in determining
SQS for different land use purposes with different levels of risk. However, the final
determination from SPT and SSD were not clear in practice. For convenience, the final
soil criteria were the minimum thresholds based on the SPT model and the SSD curves
according to the conservative principle in this study. The three sets (SC5, SC50, and SC95) of
criteria were comparable to the Chinese SQS in highly acidic and acidic soils, while stricter
soil criteria were observed in neutral and alkaline groups. Compared to the previous
studies from field data, the probabilistic criteria were stricter, especially in alkaline soil
conditions [38]. Compared to the other countries, the proposed criteria were also rigorous
in our study. The agricultural soil Cd standards set by the United Kingdom (1.80 mg kg−1),
Brazil (3.00 mg kg−1), Belgium (2.00–10.0 mg kg−1), Canada (1.40 mg kg−1), Austria
(1.00 mg kg−1), the Netherlands (0.60 mg kg−1), Korea (4.00–12.0 mg kg−1), and Thailand
(37.0 mg kg−1) pertain to all soil types [7,16,49]. SQSs for the Czech Republic, Slovakia,
and Germany are set as 0.4–1.0, 0.4–1.0, 0.4–1.5 mg kg−1 according to soil texture [16,49].
The SQSs of Cd set by the European Union are 0.5, 1.0, and 1.5 mg kg−1 for soils according
to soil pH, respectively [16]. Our results revealed that the derived soil criteria were strict
enough, and the controllable criteria, SC50, can be used safely to produce safe rice, while
more rigorous thresholds such as SC95 could indicate severe soil contamination regarding
the risks of Cd exceedance in food crops.

5. Conclusions

Using rice grain as an example, this study derived soil criteria for Cd pollution based
on food quality standards by applying th following two probability-based approaches: SPT
models and SSDs. Our results suggest the following:

1. The field data with a proper Cd concentration gradient could increase the model
accuracy in the soil–plant transfer system and decrease inaccuracy in the derivation
of soil criteria.

2. The probabilistic soil criteria (SC5, SC50 and SC95) for protecting 95%, 50% and 5% of
the rice safety were 0.06–0.11, 0.33–0.59, and 1.51–2.82 mg kg−1 according to soil pH
ranges, respectively.

3. The proposed soil criteria were comparable to the Chinese SQS in highly acidic and
acidic soils, while more strict soil criteria were observed in neutral and alkaline groups.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph19148854/s1, Table S1: The derived soil thresholds of Cd
based on soil–plant transfer models. Table S2: The derived soil thresholds of Cd based on species
sensitivity distribution.

https://www.mdpi.com/article/10.3390/ijerph19148854/s1
https://www.mdpi.com/article/10.3390/ijerph19148854/s1


Int. J. Environ. Res. Public Health 2022, 19, 8854 13 of 15

Author Contributions: Conceptualization, X.L., J.D. and G.W.; Data curation, X.L., J.D. and L.S.;
Formal analysis, X.L. and J.D.; Funding acquisition, G.W.; Investigation, J.D., L.S., Y.Z., Y.F. and L.Z.;
Methodology, X.L., J.D., Y.Z., Y.F., L.Z. and X.H.; Software, X.L., J.D. and X.H.; Supervision, G.W.;
Visualization, L.S.; Writing—original draft, X.L. and J.D.; Writing—review and editing, G.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China (grant numbers
2018YFC1800202) and the Central Public-Interest Scientific Institution Basal Research Fund (grant
numbers GYZX220202).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available within the article or Supplementary Materials.

Acknowledgments: We gratefully acknowledged the sampling support provided by Institute of Soil
Science, Chinese Academy of Sciences and Nanjing Agricultural University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Perrodin, Y.; Boillot, C.; Angerville, R.; Donguy, G.; Emmanuel, E. Ecological risk assessment of urban and industrial systems: A

review. Sci. Total Environ. 2011, 409, 5162–5176. [CrossRef]
2. Sun, Y.; Li, H.; Guo, G.; Semple, K.T.; Jones, K.C. Soil contamination in China: Current priorities, defining background levels and

standards for heavy metals. J. Environ. Manag. 2019, 251, 109512. [CrossRef]
3. Chen, N.; Zheng, Y.; He, X.; Li, X.; Zhang, X. Analysis of the bulletin of national soil pollution survey. J. Agro-Environ. Sci. 2017,

36, 1689–1692. (In Chinese)
4. Zhang, L.; Gao, J.; Li, X. Chinese total diet study in 2000. Cadmium intakes by different age-sex population groups. J. Hyg. Res.

2008, 37, 338–342. (In Chinese)
5. Chen, H.; Yang, X.; Wang, P.; Wang, Z.; Li, M.; Zhao, F. Dietary cadmium intake from rice and vegetables and potential health risk:

A case study in Xiangtan, southern China. Sci. Total Environ. 2018, 639, 271–277. [CrossRef] [PubMed]
6. EFSA. Cadmium in food-Scientific opinion of the panel on contaminants in the food Chain. EFSA J. 2009, 7, 980.
7. BBodSchV. Federal Soil Protection and Contaminated Sites Ordinance; German Federal Council: Berlin, Germany, 1999.
8. EA. Updated Technical Background to the CLEA Model; Environment Agency: Bristol, UK, 2009.
9. Swartjes, F.A.; Rutgers, M.; Lijzen, J.P.A.; Janssen, P.J.C.M.; Otte, P.M.; Wintersen, A.; Brand, E.; Posthuma, L. State of the art of

contaminated site management in The Netherlands: Policy framework and risk assessment tools. Sci. Total Environ. 2012, 427–428,
1–10. [CrossRef]

10. Carlon, C.; D’Alessandro, M.; Swartjes, F. Derivation Methods of Soil Screening Values in Europe. A Review and Evaluation of National
Procedures towards Harmonization; ISPA: European Commission, Joint Research Centre: Ispra, Italy, 2007.

11. Chen, S.; Wang, M.; Li, S.; Zhao, Z.; Wen-di, E. Overview on current criteria for heavy metals and its hint for the revision of soil
environmental quality standards in China. J. Integr. Agric. 2018, 17, 765–774. [CrossRef]

12. Provoost, J.; Cornelis, C.; Swartjes, F. Comparison of soil clean-up standards for trace elements between countries: Why do they
differ? J. Soil. Sediment. 2006, 6, 173–181. [CrossRef]

13. Suter, G. Soil quality standards for trace elements: Derivation, implementation, and interpretation. Integr. Environ. Asses. 2011, 7,
510–511.

14. GB15618-2018. Soil Environmental Quality: Risk Control Standard for Soil Contamination of Agricultural Land (Trial); Ministry of
Ecology and Environment of the People’s Republic of China, State Administration for Market Regulation: Beijing, China, 2018.

15. Jia, C.; Jukes, D. The national food safety control system of China—A systematic review. Food Control 2013, 32, 236–245. [CrossRef]
16. Ding, C.; Ma, Y.; Li, X.; Zhang, T.; Wang, X. Determination and validation of soil thresholds for cadmium based on food quality

standard and health risk assessment. Sci. Total Environ. 2018, 619, 700–706. [CrossRef] [PubMed]
17. Ding, C.; Ma, Y.; Li, X.; Zhang, T.; Wang, X. Derivation of soil thresholds for lead applying species sensitivity distribution: A case

study for root vegetables. J. Hazard. Mater. 2016, 303, 21–27. [CrossRef] [PubMed]
18. Ding, C.; Li, X.; Zhang, T.; Ma, Y.; Wang, X. Phytotoxicity and accumulation of chromium in carrot plants and the derivation of

soil thresholds for Chinese soils. Ecotoxicol. Environ. Saf. 2014, 108, 179–186. [CrossRef]
19. Yang, Y.; Chen, W.; Wang, M.; Peng, C. Regional accumulation characteristics of cadmium in vegetables: Influencing factors,

transfer model and indication of soil threshold content. Environ. Pollut. 2016, 219, 1036–1043. [CrossRef]
20. De Vries, W.; McLaughlin, M.J. Modeling the cadmium balance in Australian agricultural systems in view of potential impacts on

food and water quality. Sci. Total Environ. 2013, 461–462, 240–257. [CrossRef]
21. Zhang, S.; Song, J.; Cheng, Y.; McBride, M.B. Derivation of regional risk screening values and intervention values for cadmium-

contaminated agricultural land in the Guizhou Plateau. Land Degrad. Dev. 2018, 29, 2366–2377. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2011.08.053
http://doi.org/10.1016/j.jenvman.2019.109512
http://doi.org/10.1016/j.scitotenv.2018.05.050
http://www.ncbi.nlm.nih.gov/pubmed/29791880
http://doi.org/10.1016/j.scitotenv.2012.02.078
http://doi.org/10.1016/S2095-3119(17)61892-6
http://doi.org/10.1065/jss2006.07.169
http://doi.org/10.1016/j.foodcont.2012.11.042
http://doi.org/10.1016/j.scitotenv.2017.11.137
http://www.ncbi.nlm.nih.gov/pubmed/29156288
http://doi.org/10.1016/j.jhazmat.2015.10.027
http://www.ncbi.nlm.nih.gov/pubmed/26513560
http://doi.org/10.1016/j.ecoenv.2014.07.006
http://doi.org/10.1016/j.envpol.2016.09.003
http://doi.org/10.1016/j.scitotenv.2013.04.069
http://doi.org/10.1002/ldr.3034


Int. J. Environ. Res. Public Health 2022, 19, 8854 14 of 15

22. Zhang, S.; Song, J.; Cheng, Y.; Lv, M. Proper management of lead-contaminated agricultural lands against the exceedance of lead
in agricultural produce: Derivation of local soil criteria. Sci. Total Environ. 2018, 634, 321–330. [CrossRef]

23. Romero-Freire, A.; Peinado, F.M.; Van Gestel, C. Effect of soil properties on the toxicity of Pb: Assessment of the appropriateness
of guideline values. J. Hazard. Mater. 2015, 289, 46–53. [CrossRef]

24. Krauss, M.; Wilcke, W.; Kobza, J.; Zech, W. Predicting heavy metal transfer from soil to plant: Potential use of Freundlich-type
functions. J. Plant Nutr. Soil Sci. 2002, 165, 3–8. [CrossRef]

25. Efroymson, R.A.; Sample, B.E.; Suter, G.W. Uptake of inorganic chemicals from soil by plant leaves: Regressions of field data.
Environ. Toxicol. Chem. 2001, 20, 2561–2571. [CrossRef] [PubMed]

26. Römkens, P.; Guo, H.; Chu, C.; Liu, T.; Chiang, C.; Koopmans, G. Prediction of cadmium uptake by brown rice and derivation of
soil–plant transfer models to improve soil protection guidelines. Environ. Pollut. 2009, 157, 2435–2444. [CrossRef] [PubMed]

27. Römkens, P.; Brus, D.; Guo, H.; Chu, C.; Chiang, C.; Koopmans, G. Impact of model uncertainty on soil quality standards for
cadmium in rice paddy fields. Sci. Total Environ. 2011, 409, 3098–3105. [CrossRef] [PubMed]

28. Brus, D.; De Gruijter, J.; Römkens, P. Probabilistic quality standards for heavy metals in soil derived from quality standards in
crops. Geoderma 2005, 128, 301–311. [CrossRef]

29. Posthuma, L.; Suter, G., II; Traas, T. Species Sensitivity Distributions in Ecotoxicology; CRC Press: Boca Raton, FL, USA, 2002.
30. Wu, X.; Cai, Q.; Xu, Q.; Zhou, Z.; Shi, J.Y. Wheat (Triticum aestivum L.) grains uptake of lead (Pb), transfer factors and prediction

models for various types of soils from China. Ecotoxicol. Environ. Saf. 2020, 206, 111387. [CrossRef]
31. Lu, R. Soil Agrochemical Analyses; China Agriculture Press: Beijing, China, 2000.
32. Wang, M.; Faber, J.H.; Chen, W.; Li, X.; Markert, B. Effects of land use intensity on the natural attenuation capacity of urban soils

in Beijing, China. Ecotoxicol. Environ. Saf. 2015, 117, 89–95. [CrossRef]
33. Wang, M.; Chen, W.; Peng, C. Risk assessment of Cd polluted paddy soils in the industrial and township areas in Hunan, Southern

China. Chemosphere 2016, 144, 346–351. [CrossRef]
34. Wang, M.; Liu, R.; Chen, W.; Peng, C.; Markert, B. Effects of urbanization on heavy metal accumulation in surface soils, Beijing.

J. Environ. Sci. 2017, 64, 328–334. [CrossRef]
35. Schwarz, C.; Tillmanns, A. Improving Statistical Methods to Derive Species Sensitivity Distributions; Water Science Series, WSS2019-07;

Province of British Columbia: Victoria, BC, Canada, 2019.
36. CCME. Protocol for the Derivation of Water Quality Guidelines for the Protection of Aquatic Life; Canadian Council of Ministers of the

Environment: Ottawa, ON, Canada, 2007.
37. Xia, J. Detailed Notes for Soil Environmental Quality Standard; China Environmental Science Press: Beijing, China, 1996.
38. Zhang, H.; Luo, Y.; Song, J.; Zhang, H.; Xia, J.; Zhao, Q. Predicting As, Cd and Pb uptake by rice and vegetables using field data

from China. J. Environ. Sci. 2011, 23, 70–78. [CrossRef]
39. CDFA. Development of Risk Based Concentrations for Arsenic, Cadmium, and Lead in Inorganic Fertilizers; The Report of the Heavy Metal

Task Force, Agricultural Commodities and Regulatory Services; California Department of Food and Agriculture: Sacramento, CA,
USA, 1998.

40. Chen, W.; Li, L.; Chang, A.C.; Wu, L.; Chaney, R.L.; Smith, R.; Ajwa, H.A. Characterizing the solid-solution partitioning coefficient
and plant uptake factor of As, Cd, and Pb in California croplands. Agric. Ecosyst. Environ. 2009, 129, 212–220. [CrossRef]

41. Thakali, S.; Allen, H.E.; Di Toro, D.M.; Ponizovsky, A.A.; Rooney, C.P.; Zhao, F.; McGrath, S.P.; Criel, P.; Van Eeckhout, H.; Janssen,
C.R. Terrestrial biotic ligand model. 2. Application to Ni and Cu toxicities to plants, invertebrates, and microbes in soil. Environ.
Sci. Technol. 2006, 40, 7094–7100. [CrossRef] [PubMed]

42. Thakali, S.; Allen, H.E.; Di Toro, D.M.; Ponizovsky, A.A.; Rooney, C.P.; Zhao, F.; McGrath, S.P. A terrestrial biotic ligand model. 1.
Development and application to Cu and Ni toxicities to barley root elongation in soils. Environ. Sci. Technol. 2006, 40, 7085–7093.
[CrossRef] [PubMed]

43. Li, J.; Wang, X.; Yang, J.; Liu, Y.; Naidu, R. Predicting the thresholds of metals with limited toxicity data with invertebrates in
standard soils using quantitative ion character-activity relationships (QICAR). J. Hazard. Mater. 2021, 423, 126982. [CrossRef]
[PubMed]

44. EA. Derivation and Use of Soil Screening Values for Assessing Ecological Risks; ShARE id26; Environment Agency: Bristol, UK, 2017.
45. Hue, N.; Uchida, R.; Ho, M. Empirical Models for the Uptake of Inorganic Chemicals from Soil by Plants; US Department of Energy

Office of Environmental Management: Washington, DC, USA, 1998.
46. Zhao, F.; Adams, M.; Dumont, C.; McGrath, S.P.; Chaudri, A.M.; Nicholson, F.A.; Chambers, B.J.; Sinclair, A.H. Factors affecting

the concentrations of lead in British wheat and barley grain. Environ. Pollut. 2004, 131, 461–468. [CrossRef] [PubMed]
47. Bacigalupo, C.; Hale, B. Soil–plant transfer factors for garden produce from contaminated soils: Site specific versus generic

estimates for As and Pb. Hum. Ecol. Risk Assess. 2011, 17, 394–413. [CrossRef]
48. Mason, C.H.; Perreault Jr, W.D. Collinearity, power, and interpretation of multiple regression analysis. J. Market. Res. 1991, 28,

268–280. [CrossRef]
49. Li, X.; Jiang, R.; Wang, G.; Chen, Y.; Long, T.; Lin, Y. A comparative study of soil environmental standards for agricultural land

among different countries and its implication for China. Environ. Sci. 2022, 43, 577–585. (In Chinese)
50. Yang, Y.; Chang, A.C.; Wang, M.; Chen, W.; Peng, C. Assessing cadmium exposure risks of vegetables with plant uptake factor

and soil property. Environ. Pollut. 2018, 238, 263–269. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2018.03.337
http://doi.org/10.1016/j.jhazmat.2015.02.034
http://doi.org/10.1002/1522-2624(200202)165:1&lt;3::AID-JPLN3&gt;3.0.CO;2-B
http://doi.org/10.1002/etc.5620201123
http://www.ncbi.nlm.nih.gov/pubmed/11699783
http://doi.org/10.1016/j.envpol.2009.03.009
http://www.ncbi.nlm.nih.gov/pubmed/19345457
http://doi.org/10.1016/j.scitotenv.2011.04.045
http://www.ncbi.nlm.nih.gov/pubmed/21632090
http://doi.org/10.1016/j.geoderma.2005.04.014
http://doi.org/10.1016/j.ecoenv.2020.111387
http://doi.org/10.1016/j.ecoenv.2015.03.018
http://doi.org/10.1016/j.chemosphere.2015.09.001
http://doi.org/10.1016/j.jes.2016.11.026
http://doi.org/10.1016/S1001-0742(10)60375-0
http://doi.org/10.1016/j.agee.2008.09.001
http://doi.org/10.1021/es061173c
http://www.ncbi.nlm.nih.gov/pubmed/17154021
http://doi.org/10.1021/es061171s
http://www.ncbi.nlm.nih.gov/pubmed/17154020
http://doi.org/10.1016/j.jhazmat.2021.126982
http://www.ncbi.nlm.nih.gov/pubmed/34461537
http://doi.org/10.1016/j.envpol.2004.02.011
http://www.ncbi.nlm.nih.gov/pubmed/15261410
http://doi.org/10.1080/10807039.2011.552396
http://doi.org/10.1177/002224379102800302
http://doi.org/10.1016/j.envpol.2018.02.059


Int. J. Environ. Res. Public Health 2022, 19, 8854 15 of 15

51. Terytze, K.; Kördel, W.; Müller, J.; Herrchen, M.; Nester, A. Soil-plant transfer of organic chemicals and derivation of trigger
values. In Environmentally Sound Management (ESM). Practices on Cleaning Up Obsolete Stokpiles of Pesticides for Central European
and EECCA Countries. Proceedings of the 8th International HCH and Pesticides Forum, Sofia, Bulgaria, 26–28 May 2005; Schulz, N.,
Atanassov, I., Vijgen, J., Eds.; GorexPress: Sofia, Bulgaria, 2006; pp. 171–174.

52. Li, K.; Cao, C.L.; Ma, Y.; Su, D.; Li, J. Identification of cadmium bioaccumulation in rice (Oryza sativa L.) by the soil-plant transfer
model and species sensitivity distribution. Sci. Total Environ. 2019, 692, 1022–1028. [CrossRef]

53. Wheeler, J.; Grist, E.; Leung, K.; Morritt, D.; Crane, M. Species sensitivity distributions: Data and model choice. Mar. Pollut. Bull.
2002, 45, 192–202. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2019.07.091
http://doi.org/10.1016/S0025-326X(01)00327-7

	Introduction 
	Materials and Methods 
	Study Sites and Sampling 
	Chemical Analyses 
	Data Analysis 
	Constructing the Soil–Plant Transfer Model 
	Constructing the Species Sensitivity Distribution 
	Deriving and Validating the Soil Criteria 
	Statistics Analysis 


	Results 
	Cd Concentrations in Soils and Crops 
	Soil–Plant Transfer Models for Cd Accumulation 
	Species Sensitivity Distribution for Cd Accumulation 
	Derivation and Validation of Soil Criteria 

	Discussion 
	Conclusions 
	References

