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A risk-based approach for the safety analysis
of eight trace elements in Chinese flowering
cabbage (Brassica parachinensis L.) in China
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Abstract

BACKGROUND: Most countries set regulatory values for the total trace element (TE) concentrations in soil, although there is
growing interest in using a risk-based approach to evaluate the bioavailable TE using dilute salt extractants or other soil param-
eters, including pH and organic carbon_ The present study compares the current regulatory system (based on total TEs and pH)
and a risk-based approach using 0.01 mol L™' CaCl, to estimate the bioavailable fraction.

RESULTS: In total, 150 paired samples of Chinese flowering cabbages (Brassica parachinensis) and their growth soils were col-
lected, and the total and extractable concentrations of chromium (Cr), cadmium (Cd), lead (Pb), nickel (Ni), copper (Cu), zinc
(Zn), arsenic (As) and mercury (Hg), as well as soil pH and organic matter content, were measured. No more than 3.33% of
the edible parts exceeded Chinese food safety standards, even when growing in soils exceeding the current regulatory thresh-
olds by over 50%. The total soil Cd (1.5 mg kg™"), as well as the extractable concentrations of Cd (0.1 mg kg™"), Ni
(0.03 mg kg™") and Zn (0.1 mg kg™"), are the key factors affecting the TE concentrations in B. parachinensis.

CONCLUSION: Our findings suggest that the current soil regulatory guidelines for safe production of B. parachinensis are overly
strict and conservative. A risk-based approach based on the extractable TE concentrations would provide a better indication for
plant uptake of soil TEs and avoid the waste of farmlands that can still produce safe vegetables. Future research should focus on
providing crop-specific available TE concentration guidelines to promote effective utilization of farmlands.
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where there is also increasing soil acidification.'’ This combina-
tion could heighten the risk of TE accumulation in food and sub-

INTRODUCTION

Even at very low concentrations, trace elements (TEs) can pro-

foundly affect life both positively and negatively.! Arsenic (As),
cadmium (Cd), mercury (Hg) and lead (Pb) are non-essential ele-
ments for human metabolism are listed in the top 20 hazardous
substances by the US Environmental Protection Agency and the
Agency for Toxic Substances and Disease Registry.>® Some heavy
metals, such as zinc (Zn), chromium (Cr), copper (Cu) and nickel
(Ni), are not only essential micronutrients, but also toxins that
cause health hazards depending on their concentrations in the
diet.* Zn deficiency affects human health worldwide, especially
in developing countries.® In China, the rate of Zn deficiency is
3.9% for children aged 3-5 years.” There are various pathways
for human exposure to TEs and the consumption of vegetables
grown in TE-contaminated soil comprises one of the major path-
ways.8 Therefore, the scientific assessment of TE uptake and accu-
mulation characteristics of vegetables from the soil is necessary
for the safe production of crops and evaluation of soil quality.”'°

As China has rapidly transitioned from a traditionally
agricultural-based economy to an industrial and technology-
based economy over the last 30 years, increasing contaminant
levels are threatening agricultural soil, especially in South China

sequently endanger human health.*'? The TEs in crops mainly
originate from the plant uptake of TEs from the soil, and so it is
necessary to set scientific soil regulatory values to ensure the
effective use of agricultural soil and food safety.'>'* Although
most countries have regulatory values for the total soil TE
concentrations,’® there is increasing interest in using a risk-
based approach considering ‘bioavailable’ TE.'>'” There are weak
correlations between total soil TE concentrations and plant TE
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concentrations because the TE uptake of plants from soil also
depends on the plant variety and the available soil pool, which
is affected by several soil properties, such as pH, organic matter
content and cation exchange capacity.'®'® Measuring the extract-
able TE concentration in soil may provide a more reliable predic-
tion of TE accumulation in crops.?°

Chinese flowering cabbage (Brassica parachinensis L.) is an
important vegetable in China that is cultivated year-round and
exported worldwide.2"?? B. parachinensis has a higher bioaccu-
mulation coefficient for Cd than other vegetables.*** The Zn
concentration in the dry matter of cabbage exceeds
50 mg kg~',%®> which is higher than that in cereal crops by approx-
imately 20 mg kg~'.2® Moreover, many Brassica species accumu-
late elevated concentrations of Ni, Pb and Cu,?” which indicates
that B. parachinensis is a sensitive indicator of TE contamination
in soil.

In the present study, we hypothesized that a risk-based
approach using a diluted salt to extract soil would provide a more
robust assessment of TE uptake by B. parachinensis than the
threshold for the total soil TE concentrations. We aimed to com-
pare the current regulatory system based on total TE concentra-
tion and pH with a risk-based approach using a diluted neutral
salt (0.01 mol L™ CaCl,) to estimate a bioavailable fraction, as sug-
gested previously.??° Because some TEs are both toxic and
essential micronutrients for humans, the results of this study will
provide a scientific basis for the safe utilization of Chinese farm-
land soil and for developing the nutritional value of
B. parachinensis.

MATERIALS AND METHODS

Soil and vegetable sampling

Soil and vegetable samples were collected from the main produc-
tion areas of B. parachinensis in several cities (Foshan, Huizhou,
Guangzhou, Qingyuan, Zhaoqing, Zhongshan and Zhuhai) of
Guangdong Province, South China (Fig. 1). These selected soils
represented a range of TE concentrations, including sites sus-
pected to be contaminated by their proximity to industry and
areas with a history of sewage sludge application. Overall,
150 pairs of B. parachinensis samples and their corresponding

Figure 1. Distributions of the 150 sampling sites in different cities
(Foshan, Huizhou, Guangzhou, Qingyuan, Zhaoqing, Zhongshan, Zhuhai)
of Guangdong Province, China.

growth soils were collected. At each sampling site with an area
of 100-500 m?, approximately 20 individual B. parachinensis
plants were randomly sampled by removing the entire plant as
a whole and then dividing it into the shoot and root. The corre-
sponding soil was collected at a depth of 0-20 cm under the plant
samples and mixed thoroughly.® All samples were stored in
sealed polyethylene bags and transferred to the laboratory."”

Soil analysis

The soil samples were air-dried at room temperature after remov-
ing stones and plant debris. Then, they were ground with a mortar
and a pestle and passed through 2 mm (for pH and extractable TE
analysis) and 0.149 mm (for organic matter and total TE concen-
tration analysis) nylon screens.' The pH was measured using a
soil suspension with soil water ratio of 1:2.5 and a glass pH elec-
trode.?? The soil organic matter content was determined by the
Walkley Black method.® The total Cr, Cd, Pb, Ni, Cu and Zn concen-
trations were determined by inductively coupled plasma mass
spectrometry (ICP-MS) (Agilent 7700x ICPMS; Agilent Technolo-
gies, Santa Clara, CA, USA) based on the methodology from our
previous work.>®> This was performed after acid digestion of
0.2 g soil for 4.5 h using a mixture of concentrated HNO; + H-
ClO,4 + HF (6.4 + 1.6 + 4 mL) in a covered Teflon crucible with a
temperature-controlled graphite digester (DigiBlock ED54; Lab-
Tech, Shanghai, China) with the temperature gradually increased
to 120 °C for 0.5 h, 150 °C for 0.5 h and 210 °C for 2.5 h. For the
total As and Hg concentrations, 0.25 g of soil was added to color-
imetric tubes with stoppers and digested with a mixture of con-
centrated HCI:HNO3:H,O (3:1:4, 10 mL) in a water bath (100 °C)
for 2 h and then subjected to atomic fluorescence spectrometry
(AFS) (AFS-9130, Jitian Instruments Co. Ltd, Beijing, China).?

The available concentrations of Cr, Cd, Pb, Ni, Cu, Zn, As and Hg
were determined by 10.0 g of soil with 100 mL of 0.01 mol L™
CaCl, in centrifuge tubes.>* Samples were placed on a horizontal
shaker revolving at 180 times min™" for 120 min in a room at a
constant temperature of 20+ 2 °C. After centrifugation at
1000 x g for 10 min, the supernatant was filtered through
0.45-pm microporous barrel-type filters with Luer lock syringes
and then diluted five times with 2% HNOs before analysis by
ICP-MS.

Plant analysis

The vegetable samples were rinsed with tap and distilled water,
and then divided into the edible parts (shoots) and roots to be
homogenized with a blender (HR1848; Philips, Dongguan,
China). After weighing, subsamples were digested with a mixture
of HNO3:HCIO, (4:1, v/v) at 160 °C."° The Cr, Cd, Pb, Ni, Cu and Zn
concentrations were subsequently measured by graphite furnace
atomic absorption spectrometry (GFAAS; Zeenit 600; Analytik
Jena AG, Jena, Germany), whereas the As and Hg concentrations
were determined by AFS.3®

Quality control/assurance

To ensure accuracy, the calibration curves were kept within the
linear concentration range based on six working standard solu-
tions (WAKO Pure Chemical Industries Ltd, Osaka, Japan), with
regression coefficient (%) > 0.999.3° Both blanks and standard ref-
erence materials (GSB-5 for vegetable samples, GSS-7 for soil sam-
ples, from the National Center for Standard Reference Materials of
China, Guangzhou, China) were included for quality assurance
and quality control.'® Reproducibility was tested by re-analyzing
5% of the samples, and recovery was 90-107%. The limits of

wileyonlinelibrary.com/jsfa

© 2021 Society of Chemical Industry

J Sci Food Agric 2021; 101: 5583-5590


http://wileyonlinelibrary.com/jsfa

Safety analysis of trace elements in Chinese flowering cabbage

®)
SCI

where science
meets business

WWW.S0Ci.org

detection for Cr, Cd, Pb, Ni, Cu, Zn, As and Hg were 0.05, 0.002,
0.02, 0.2, 0.05, 0.5, 0.002 and 0.001 mg kg™, respectively. The
limits of quantity were 0.2, 0.005, 0.005, 0.5, 0.2, 2.0, 0.005 and
0.003 mg kg™, respectively.

Statistical analysis

The soil TE concentrations were measured using dry matter in
accordance with the methodology of the Soil Environmental
Quality-Risk Control Standard for Soil Contamination of Agricul-
tural Land.®® In vegetables, it was measured using fresh matter,
according to the National Food Safety Standard (FSS)-
Contaminant Limit in Food set by the Chinese Ministry of Health.>’
All data were processed using Excel 2016 (Microsoft Corp., Red-
mond, WA, USA). Data were tested for normality and log-normally
distributed data were log-transformed prior to statistical analyses.
Differences between means were determined using analysis of
variance (ANOVA) with a post-hoc Fisher's test. p < 0.05 was con-
sidered statistically significant. Statistical analyses were per-
formed using SPSS, version 19.0 (IBM Corp., Armonk, NY, USA).

RESULTS AND DISCUSSION

TE concentrations in soils and plants

The soil As, Cd, Cr, Cu, Hg, Ni, Pb and Zn concentrations are listed
in Table 1. Soil had a mean pH value of 5.90 and soil organic mat-
ter content of 27.29 g kg™, which represents the typical charac-
teristics of acidic soil in South China. The coefficient variations of

the total TE concentrations in the soil for all eight TEs were over
44%, with the concentrations for most of the eight TEs ranging
from low to moderately polluted levels according to the Chinese
soil thresholds.>® Therefore, soil selection was suitable for deter-
mining the validity of the Chinese soil regulations for the safe pro-
duction of vegetables.'® Note that these concentrations were not
representative of soils throughout the region because we specifi-
cally chose soils with elevated TE concentrations. There were sig-
nificant positive correlations between most of the total soil
concentrations of the eight TEs (see Supporting information,
Table S1). This suggested that a single factor, such as industrial
activity, was the most important determinant of the total soil TE
concentrations.*®

Table 2 shows the TE concentrations in different parts of
B. parachinensis and the percentage exceeding the Chinese
FSS,%” indicating that most vegetable samples posed no health
threat even when grown in soils with elevated TE concentrations.
Few samples exceeded FSS, including 2% for Cr, 3.33% for Cd and
1.33% for Pb. Thus, the current soil regulatory guidelines for
B. parachinensis production are conservative because most plants
growing in soils exceeding the guideline values had TE concentra-
tions below FSS.'® Table 2 also shows the root TE concentrations
of B. parachinensis, which were much higher than those of the
shoots. Although the roots of this vegetable are not routinely con-
sumed, the results suggests that root vegetables such as radish,
potato and carrot may contain higher TE concentrations.>**° Pres-
ently, there are no specialized soil environmental quality

Table 1. Overview of the TE concentrations in soil (mg kg~ dry weight) and the percentages exceeding the Chinese soil threshold values*® [total
and extractable TE concentrations in soil are presented as averages and ranges (in brackets) (n = 150)]

Percentage exceeding

Element Total soil TEs Coefficient variation (%) Soil threshold?® soil threshold (%) Extractable soil TEs
Cr 60.99 (10.08-333.13) 61.03 150/150/200/250 0.67 0.01 (0-1.08)
cd 0.46 (0.06-5.69) 132.75 0.3/0.3/0.3/0.6 54.67 0.03 (0-0.79)
Pb 59.47 (20.30-406.03) 63.03 70/90/120/170 11.33 0.01 (0-0.34)

Ni 23.21 (5.57-49.29) 61.23 60/70/100/190 0 0.11 (0-2.51)
Cu 37.56 (7.88-99.29) 52.95 50/50/100/100 24.67 0.05 (0-0.44)
Zn 120.61 (42.03-357.21) 4417 200/200/250/300 533 0.89 (0-12.97)
As 14.32 (1.90-45.37) 58.35 40/40/30/25 4.00 0.02 (0-0.18)
Hg 0.44 (0.05-11.76) 251.56 1.3/1.8/2.4/3.4 4.67 0

2 The first value is at pH < 5.5, the second value is 5.5 < pH < 6.5, the third value is at 6.5 < pH < 7.5 and the fourth value is at pH > 7.5.

Table 2. Overview of the TE concentrations in the edible parts (shoots) and roots of Brassica parachinensis (mg kg™' fresh weight) and the percent-
ages exceeding the Chinese food safety standards (FSS)*” [plant TE concentrations are reported as averages and ranges (in brackets) (n = 150)]
Element Edible parts FSS Percentage exceeding FSS (%) Roots

Cr 0.13 (0.03-1.23) 0.5 2.00 0.47 (0-5.85)
cd 0.05 (0.004-1.03) 0.2 333 0.06 (0.004-1.06)
Pb 0.08 (0.02-0.43) 0.3 1.33 0.29 (0-3.35)
Ni 0.08 (0.02-0.50) NA NA 0.30 (0-3.87)
Cu 0.49 (0.19-0.98) NA NA 0.52 (0.05-2.01)
Zn 3.64 (1.35-10.57) NA NA 6.41 (1.69-33.06)
As 0.01 (0.003-0.06) 0.5 0 0.07 (0-0.71)
Hg 0.001 (0-0.02) 0.01 0 0.001 (0-0.01)
NA, no data for analysis.
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Figure 2. The bioconcentration factor (BCF) for shoots (a) and roots
(b) and transfer coefficient (TF) (c) of Brassica parachinensis for the eight
trace elements. Bars with the same letter are not significantly different.

standards for specific vegetables in China. Therefore, developing
crop-specific soil guidelines for different types of crops is neces-
sary in future research.

Plant uptake capacity of different TEs

Among the many soil-plant transfer indices used to evaluate the
environmental safety risks of soil TEs, the bioconcentration factor
(BCF) and transfer coefficient (TF) are two of the most essen-
tial.""'* BCF is the ratio of TE concentration in different parts of
the plant to that in the soil, and it determines the degree of plant
TE uptake from the soil.>° TF is the ratio of TE in the aboveground

part to that in the underground part, which is an important indica-
tor for measuring the distribution and transportation of TEs in
plants.'”” Higher values of BCF and TE indicate the greater poten-
tial of plants to transfer TEs from the soil to the food chain.!”
The TE uptake capacity of B. parachinensis demonstrates obvious
differences (Fig. 2). Generally, the uptake capacity of the shoots
of B. parachinensis was Cd > Zn > Cu > Hg > Ni > Cr > Pb > As.
The BCFho0r (0.119) of Cd was significantly higher than that of
other TEs, followed by Zn (0.036) and Cu (0.018). For BCF,,, the
order of the eight TEs was Cd >Zn > Ni = Cu>Cr> As >
Pb > Hg. The BCF,,; (0.152) of Cd was significantly higher than
that of other TEs, followed by Zn (0.065), Ni (0.019) and Cu
(0.019). TEs had different transfer rates from belowground to
aboveground plant parts, in the order
Hg > Cu> Ni> Cr > Pb > Cd > Zn > As. The TF values of Hg,
Cu, Ni and Cr were over 1, with that of Hg being the largest
(3.105). Even at extremely low concentrations, long-term expo-
sure of Hg can cause serious health problems for humans.*'*?
Therefore, it is necessary to avoid planting leafy vegetables
including B. parachinensis in Hg-contaminated soil.

Compared with other elements, Cd was more easily absorbed
by the shoots and roots of B. parachinensis, whereas As was less
easily accumulated in the shoots. This was consistent with the
finding of Chang et al.>* that Cd had a high transfer capacity from
soil into vegetables, with a BCF value approximately 30 times that
of Hg and 50 times that of Cr, Pb and As. The mobility of Cd in the
soil and its bioaccumulation in the food chain surpass those of all
other heavy metals, especially for vegetables grown in acidic soils
of South China, which are prone to Cd accumulation.2%#*** This
may be caused by competition between Cd** and Ca** because
Ca”* has an ionic radii and valance more similar to Cd** than to
other TEs.?** The BCF and TF of Zn and Cu in B. parachinensis
were relatively greater than those of most other TEs. The higher
uptake of essential metals such as Cu, Zn and Ni observed in other
vegetables may be a result of specific uptake transporters that
maintain their growth.*® Li et al*’ compared the Zn concentra-
tions of several leaf vegetables and found that B. parachinensis
took up more Zn (3.3 mg kg™") than other vegetables. Both Zn
and Cu are essential elements for human health, although they
may be toxic when their concentrations exceed safe limits.*®
Although, generally, there is little risk of dietary copper deficiency
in healthy people, there are numerous factors that increase the
risk of copper deficiency.* Additionally, approximately 0.45 mil-
lion children under 5 years of age die of Zn deficiency and over
2 billion people suffer from it.** Because dietary diversification is
one of the common approaches to alleviate micronutrient
deficiency,**° the incluision of B. parachinensis grown in bioforti-
fied soil in the diet may be a potential resource for ameliorating
Zn and Cu deficiency.

Plant TE uptake as a function of the total soil TE
concentrations

The correlations between the soil and shoot TE concentrations are
shown in Table 3. There were significant positive correlations
between the total concentrations in soil and shoots for Cr, Cd, Ni
and As, whereas no significant correlations existed for Pb, Cu, Zn
and Hg. Although the total soil TE is the most important source
for vegetable absorption, there are other TE sources that influence
TE accumulation in leafy vegetables, such as the application of
pesticides and chemical fertilizers (e.g. Cu and Zn) and atmo-
spheric deposition (e.g. Pb and Hg).'"' Additionally, the pro-
cesses of TE uptake accumulation, and redistribution in
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Figure 3. The shoot trace element (TE) concentrations of Brassica parachinensis with the increasing soil TE concentration bands. For the total TEs, the
concentration bands represent (from low to high) the background concentration or twice the background concentration, to the 3 or 4 times the soil
threshold values used in Chinese regulations. For the available TEs, the concentration bands were set mainly based on the distribution ranges and the
sample numbers. D.W., dry weight. Bars with the same letter are not significantly different.

vegetables are dependent on plant cultivars and the bioavailable
fraction of soil TE, which are notably affected by several soil prop-
erties, especially pH, organic carbon content, clay content and soil
redox potential.>>*3

Figure 3 shows the shoot TE concentrations with increasing con-
centration bands in the soil. The total TE concentration bands
were divided into the soil background concentration at 3-4 times
the Chinese regulatory thresholds. For Cd, plant concentration
was significantly increased in the highest soil concentration band
(>1.5 mg kg™"), whereas the other TEs showed no significant dif-
ferences with respect to their shoot concentrations among the
different total soil concentration bands. Based on the multiple lin-
ear regression analysis and curve estimation of Cd concentrations
for 276 and 170 paired soil-vegetable samples excluding pH, the

calculated threshold values of the total soil Cd concentrations
were 242 mg kg™' and 1.94 mg kg™ for leafy vegetables and
B. chinensis in Guangdong Province, respectively.'®*® Xiao
et al'® proposed a threshold value of 0.84 mgkg™" for
B. chinensis with 31 paired soil-vegetable samples in Zhejiang
Province, South China. Considering different soil pH levels
(pH < 5.0, 5.5 < pH <6.5, 6.5 < pH <7.5, pH > 7.5), Hu et al."”
computed the threshold values of the total soil Cd concentrations
for leafy vegetables as 0.32, 0.48, 1.56 and 2.64 mg kg™, respec-
tively. Most of the proposed threshold values were much higher
than the current Chinese threshold values for total Cd in agricul-
tural soil (0.3 mgkg™' for pH <75 and 0.6 mgkg™' for
pH > 7.5).3° This suggests that the current Cd soil threshold
values might be too strict for the safe production of leafy
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vegetables, which may result in large amounts of soil that could
produce safe vegetables being considered as contaminated and
excluded from agricultural production.'® It also indicates that fur-
ther studies focusing on different crops and agricultural regions
are necessary to provide accurate and rigorous soil TE regulation
for vegetable cultivation.

Plant TE uptake as a function of the extractable soil TE
concentrations

The correlations between the plant TE concentrations and the
CaCl,-extractable concentrations in soil are shown in Table 3. For
Cr, Pb, Cu and As, there were no significant correlations. To a small
extent, this may be related to the multiple sources of TEs taken up
by plants other from agricultural soil,>'>* along with the influence
of physiological, anatomical and biochemical factors of different
crop cultivars.>*° For Hg, the concentrations were below the detec-
tion limit (< 0.002 mg kg™"). Significantly positive correlations
were obtained for Cd, Ni and Zn, and their correlation coefficients
for extractable concentrations were much greater than those for
the total concentrations, indicating that the extractable concentra-
tions provided a better indication of plant uptake for Cd, Ni and
Zn. Similar observations were made by Yang et al.>* for the correla-
tions of CaCl,-Cd in soil and Cd in vegetables and Sun et al.>° for the
correlations of DTPA-Cd in soil and Cd in vegetables.

Dividing the extractable TE concentrations into bands based on
the distribution ranges and sample numbers showed significant
differences in plant uptake for Cd, Ni and Zn (Fig. 3). The other ele-
ments without significant differences for their TE concentrations

Table 3. Correlation coefficients (n = 150, except Hg) for the shoot
TE concentrations of Brassica parachinensis versus the total and
CaCl,-extractable TE concentrations in soil

Statistical significance: *p < 0.05 and **p < 0.01. NS, no significant
correlation. NA, no data for analysis.

in shoots among the different total soil or extractable TE concen-
tration bands were not shown in the figures. Plant uptake was sig-
nificantly increased for CaCl,-extractable Cd (> 0.1 mg kg™"), Ni
(> 0.03 mg kg™") and Zn (> 0.1 mg kg™"), which are the thresh-
olds affecting TE concentrations in B. parachinensis. The proposed
extractable soil Cd thresholds with DTPA extraction were calcu-
lated as 0.13-0.37 mg kg™ for different leafy vegetables in Zhe-
jiang Province'® and as 1.08 mg kg™' for leafy vegetables®® and
1.43 mg kg™ for B. chinensis'® in Guangdong Province. Although
the established soil quality TE thresholds for most countries are
derived from the total TE concentrations with or without involving
pH,"®** some countries such as Japan, Switzerland and Germany
use the extractable TE concentrations.'®® The soil thresholds
based on the available TEs are generally more reliable for food
safety than those based on the total TEs3'*® Because CaCl,
(0.01 mol L™") simulates the ionic strength of the soil solution
and is widely used to extract the readily bioavailable TEs from
soil,”” the CaCl,-extractable TE threshold is considered as a good
indicator of soil TE bioavailability, especially for Pb and Cd.>'"8
The most important thing to set guidelines for CaCl,-extractable
TEs of agricultural soil in future is development of robust extrac-
tion and detection methods.

Correlation analysis of soil TE concentrations, soil pH and
organic matter content

There were significant positive correlations 0.22 < r? < 0.44
between the total and extractable elements for Cr, Cd, Pb, Ni, Cu
and As (Table 4), which indicates that the extractable concentra-
tions were likely influenced by the total concentrations. Most total
TEs demonstrated no correlation or a weak positive correlation
with soil pH. However, most of the CaCl,-extractable TEs were sig-
nificantly negatively correlated with soil pH, especially Cd, Ni and
Zn. Soil pH is commonly considered a major factor in extractable

Element Total soil TE Extractable soil TE soil TE concentrations and vegetable TE accumulation because it

controls metal speciation, solubility and mobility in the soil metal
Cr 0.2 001" pool, and a low soil pH usually facilitates TE bioavailability.""‘r’4 Tak-
cd 0.52%* 0.59** ing the total TE concentrations as the soil thresholds, soil pH sig-
Pb 003" 0.03" nificantly contributed to the regression model fit for Cd transfer
Ni 0.16* 0.63** in soil-crop systems.?®? The total soil TEs should be combined
Cu 0.08"° 001" with soil pH to be reasonably predictive of TE concentrations in
Zn —0.12" 0.49% aboveground plant tissue. As the pH effect is already accounted
As 0.24** 0.09" for when using the CaCl, extractable TEs to predict plant TE
Hg 0.16" NA accumulation,’ pH has no added value for calculating soil

CaCly-extractable TE thresholds for B. parachinensis production,
which would improve the accuracy and convenience of the soil
environmental quality guideline.3>°

Table 4. Correlation coefficients among total TE concentrations, extractable TE concentrations, soil pH and organic matter content
Element Total-extractable TE Total TE - pH Total TE - organic matter Extractable TE - pH Extractable TE - organic matter
Cr 0.44%* 0.17* 0.10M —-0.06"° 0.00M°
cd 0.38** 0.17* 0.10M —0.71%* —0.24%*
Pb 0.35%* 0.09"° 0.41** -031* 0.10M
Ni 0.22%* 0.09"° 0.09"° —0.64%* —-0.16™
Cu 0.44%* 0.1 0.16* —0.25%* 0.26**
Zn —0.07"° 0.32%* 0.29%* —0.78** —0.05™°
As 0.41#* 0.03"* 0.12™ —0.14" 0.29%*
Hg NA 0.08"° 0.42%* NA NA
Statistical significance: *p < 0.05 and **p < 0.01. NS, no significant correlation. NA, no data for analysis.
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Soil organic matter content is another important parameter that
affects the TE availability and mobility in soil crop systems. Some-
times, the impaction depends on other soil traits, TE types, and
crop cultivars.**5" In the present study, soil organic matter was
positively correlated with the total soil Pb, Cu, Zn and Hg concen-
trations, whereas there were weak and inconsistent correlations
between soil organic matter and extractable TE concentrations.
TEs bind to soil organic matter, both as complexes in soil solution
and organic matter associated with the soil matrix.°* TEs that are
complexed by organic matter, either in the soil matrix or soil solu-
tion, are less available for plant uptake.>**° Therefore, in terms of
plant uptake, the effect of the higher TE concentrations in the
organic matter-rich soils were likely offset by a reduction in
plant-availability caused by the organic matter itself.

CONCLUSIONS

In general, the current soil TE regulatory guidelines for the safe pro-
duction of B. parachinensis are conservative and provide decent food
chain protection. After comparing the correlation coefficients for the
shoot TE concentrations and the total soil and extractable TE concen-
trations, we suggest that the extractable TE concentrations would
provide a better indication of plant uptake than the total concentra-
tions, especially for Cd, Ni and Zn. Dividing the 150 paired
vegetable—soil samples into several bands according to the different
total and extractable soil TE concentration values, plant concentra-
tion was significantly increased only above the highest band value
for total soil Cd (1.5 mg kg™"), and the extractable Cd (0.1 mg kg™,
Ni (0.03 mg kg™') and Zn (0.1 mg kg™"), which would be the thresh-
olds affecting the TE concentration in B. parachinensis. To promote
effective soil use for ensuring the safe production of vegetables in
China, future research could focus on providing crop-specific guide-
lines for individual vegetables and developing effective detection
methods for soil quality thresholds based on the available TE con-
centrations. Additionally, as a result of the relatively greater BCF for
Zn and TF for Cu, B. parachinensis may be a potential resource of
Zn and Cu in the human diet. The present study provides important
insights into soil quality measurement and vegetable TE uptake, and
indicates that a plant-specific risk analysis accounting for variations
in soil factors could be more useful in providing an effective risk-
based approach for the safe production of vegetables and the man-
agement of TE-contaminated soils.
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