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Variability in plant trace element
uptake across different crops,

soil contamination levels and soil
properties in the Xinjiang Uygur
Autonomous Region of northwest
China
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Xiyuan Wang?, Yongchao Gao® & Yinguang Chen®6**

This study investigated contamination status of eight trace elements (As, Cd, Cr, Hg, Pb, Cu, Zn and
Ni) in farmland soils and crops at 535 sites across the Xinjiang Uygur Autonomous Region, Northwest
China. Land use types of the sampling sites included vegetable patch, grain field and orchard. Our
experimental results indicated all farmland soils were considered as trace element contamination
based on the Nemerow comprehensive pollution index (NCP/>1). However, 91.97% of the crop
samples were uncontaminated according to the Chinese Risk Control Standard. Soils from the
vegetable patch showed higher pollution level comparison with that from grain field and orchard.
Health risks for both non-carcinogenic and carcinogenic risks were calculated through crop ingestion
exposure pathway. Grain samples showed highest health risks, followed by melon and fruit, and
vegetables. The health risks of crops were mainly driven by Cr and Cd. Crop consumption may pose
risks for children but not adults. The source of trace element contamination in the different farmland
soils varied and may be attributed to the different agricultural activities. Plant type had a greater
influence on the trace element accumulation in crops compared with soil trace element contents and
physicochemical properties.

Over the past 40 years, China has experienced remarkable industrialisation, along with use of large amounts of
pesticides and fertilisers, which have resulted in considerable trace element pollution and soil degradation'~*.
A recent national survey showed that 1/5 of China’s farmland was contaminated by trace elements, with Cd,
Ni, Hg and As being the major contaminants®. As trace element in soil can be accumulated by crops, there is a
potential that they can enter food chain and accumulated in human body"®”. In fact, an increasing number of
reports have highlighted the presence of trace elements in crops, grown in mining areas or farmlands nearby a
point source such as an industrial or traffic zone, which have caused considerable health issues in humans®”-1°.
Food safety problem associated with trace element contamination has become a prominent public concern in
China, threatening the stability of society and the sustainability of the country’s economic growth®*!1,
Agricultural activities are considered to be the major source for soil trace element pollution in farmland'?'4.
Trace element contamination status of soil and potential risks vary among different farmlands, such as grain
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fields, orchards and vegetable patches, due to the differences in agricultural activities (i.e., irrigation, fertilisation,
pesticide spraying, mulching plastic film and tillage)“*!*. As the majority of trace elements in crops are absorbed
from soil via root uptake!*!°, variations in agricultural activities may cause the difference in the contamination
status and potential health risks of trace elements among different crops®'>!”. While trace element contamina-
tion in crops is more harmful to human health than that in soils'®', the current research focus has been mainly
on the influences of agricultural activities on the soil trace element contamination and the potential risks of
different farmlands™'"'*%, with very limited data relating to the edible parts of crops and the potential risks for
human exposure'*82!,

The potential risks of trace elements in crops may be affected by the their content in the soil or soil contami-
nation status, soil physiochemical properties and plant species'®!®. For example, soil pH has been recognised as
an important parameter influencing trace element bioavailability due to the obvious relation with the activity
and valence of trace elements?>**. Trace element ions are mainly absorbed on the hydroxyl surfaces of oxides or
clay minerals. Soil pH would promote the adsorption/desorption of trace elements by regulating the quantity of
hydrogen ions*. Higher soil organic matter (SOM) is conducive to reducing the soil trace element concentra-
tion due to complexation and adsorption®>**. Also, longer growth time may allow crops to absorb more trace
elements from soil”®. However, till now, the relative importance of these influencing factors on the trace element
contents of crops are still few investigated?>*26%7,

In this study, the content of seven trace metals (Cd, Cr, Hg, Pb, Cu, Zn and Ni) and one metalloid (As) in both
the edible parts of three crops (grains, vegetables, melons and fruits) and the corresponding surface farmland
soils (0-20 cm, in grain field, vegetable patch and orchard) were measured at 535 sampling points across the
Xinjiang Uygur Autonomous Region (Xinjiang for short in the text below). The contamination status and health
risks of trace elements based on potential crop consumption were assessed. The sources of the trace elements in
the soil and the relative importance of influencing factors of the trace elements in crops were also analysed to
achieve the following aims: (1) reveal how trace element contamination status and potential risks varies among
different types of farmlands and corresponding crops; and (2) identify the potential influencing factors for trace
element accumulation in the edible parts of crops.

Materials and methods

Study area. Xinjiang (E73°40'-96°18’, N34°25'-48°10’) is the largest provincial-level administrative region
of China, located in northwest China, with an area of over 1.66 x 10° km?. It has a typical continental climate,
with an annual sunshine duration of 2600-3400 h, and the average monthly temperature ranges from —20 °C to
33 °C. The average annual precipitation of this region is about 170 mm?*%. Xinjiang is the most important region
for producing grain and fruits in China, with about 6.13 x 10* km? of farmland, accounting for 3.88% of the total
area of China’s farmland, and has been planted with over 30 different kinds of crops®. The crops are classified
into three types: grain, vegetables, melon and fruits. The Statistical Yearbook of Xinjiang (2015) has shown that
the annual yields of these three crops are about 1.50 x 107, 1.93 x 107 and 0.96 x 107 tons, respectively.

Sample collection and analysis. The edible parts of the three types of crops (grain, melon and fruits,
vegetables) and the surface soil (0-20 cm) near the crop’s roots were collected at 535 sites in Xinjiang (sup-
porting information Fig. S1), and then transported to the Plant Physiology Laboratory of Xinjiang University
during growth season from May to October, 2017. In total 63 samples were collected from grain fields, 337 from
vegetable patches and 135 from orchards. The 535 sampling sites were not evenly distributed spatially due to
farmland area and population distribution, which located in Urumgi (121), Changji (102), Turpan (45), Tacheng
(18), Kumul (24), Altay (32), Bortala (16), Korla (104), Aksu (38) and Kashgar (35). No samples were collected in
Hotan and Karamay regions because they only accounted for a small proportion of agricultural land of Xinjiang.
In order to ensure the samples are representative of the typical farmland use of the region, each sampling site has
to meet the selection criteria that it has been used to grow the same type of crops for more than three years con-
tinuously. The vegetables sampled include a total of 24 species while melons and fruits include 6 different species.
Corn was chosen to represent grain as it has the largest planting area and widely distributed in Xinjiang. Other
corn species such as sorghum, wheat, soybean and rice, however, are not the main grain crops in Xinjiang, hence
only planted in a small range. Details of sampled crops are provided in supporting information Tables S1-S3.

All soil samples were air-dried and sieved to pass through a 0.15-mm mesh of a nylon screen. The samples
were kept in two zip-lock plastic bags separately. One was used to determine the soil trace element contents and
the other was used to measure pH, SOM and cation exchange capacity (CEC). Aqua regia (HCl:HNO;=3:1)
was used to digest the soil samples, and the trace element contents were analysed by ICP-MS according to the
reference (HJ 803-2016). Each sample was analysed in triplicates, and the mean value was reported as the final
result. A set of geochemical soil standard reference samples (GSS Series, PMC Engineering, Danbury, CT, USA)
was used for quality control. The recovery of trace elements was within the acceptable range of the test results’
quality control requirements set by National Standard Substances of China (95-105%). Soil pH was measured
in soil :deionised water suspension (1:2.5) using a pH meter (PHS-25, Shanghai Electronics Science Instrument
Co. Ltd., Shanghai, China). Soil CEC and SOM were measured using the NH,* exchange method and the oil
bath-K,CrO, titration method, respectively***..

The edible parts of crops samples were firstly rinsed thoroughly with Milli-Q water and air-dried, followed
by oven-dried at 80 °C to reach a constant weight. The dried samples were then ground into fine powders with
pestle and mortar and stored in sealed plastic bags. The trace element contents in crops were determined followed
Yang et al.*? and the guideline of trace element measurement in China (DB65/T 3971-2017), which is briefly
described as follows. Each crop sample (0.05 g) was placed in a digestion tank. 2 mL H,0O, (analytical grade)
and 2 mL HNO; (analytical grade) were added. The digestion tank was then sealed up and placed into an oven
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heated at 180 °C for 10 h. After cooling down, 1% HNO; solution was used to transfer each digestion solution
into a 50 mL measuring flask. Estimation of all crop samples were conducted in triplicates, and the whole process
was followed by blank samples.

Rhodium (*®Rh) and Rhenium (**°Re) standard solutions (1:1) were prepared into a mixed internal stand-
ard solution. 1% HNO; solution was used to dilute digestion solution into a series of standard solutions with
concentrations of 0, 0.5, 2.0, 5.0, 10.0 and 100.0 g/L for Pb, Cd, Cr, Hg, Cu and Ni, while of 0, 5, 10, 20, 50 and
100 g/L for Zn and As. The calibration of inductivity coupled plasma mass spectrometer (ICP-MS) was using
a 10 g/L tuning fluid (including "Li, ®Co, '"*In and **®U). A vegetable standard reference sample (GBW 10014/
GSB-5 cabbage, China) was used for quality control which were determined for the eight trace element contents.
Pb and Ni were tested using in ordinary mode of ICP-MS, while Zn, Cd, Cr, As, Hg and Cu were tested by CCT
mode. The detection limit of As, Cd, Cr, Cu, Hg, Ni, Pb and Zn were 0.01, 0.001, 0.20, 0.003, 0.05, 0.02 and
0.02 mg-kg™! respectively. The recovery of trace elements was 94-104%, while RSD ranged from 0.01 to 5.01%
for reference crops.

Nemerow comprehensive pollution index calculation. The Nemerow comprehensive pollution
index (NCPI) was calculated to evaluate the contamination status of trace elements in the soils'** (Eq. 1). Where
C, is the pollution value of the trace element in the sampling site i. S; is the local background value of the target
soil trace elements. The background values of the eight trace elements in Xinjiang are: As (11.20), Cd (0.12), Cr
(39.6), Hg (0.02), Pb (13.5), Cu (35.8), Zn (76.8), Ni (26.4) (mg kg™')*. The classification grades obtained using
NCPI are shown in supporting information Table $4%.

A\ 2 A\ 2
NCPI = \/(C’) + (9> (1)
Si ave Si max

Health risk assessment of crop ingestion.  The dietary consumption of crops containing trace elements
is considered as the major source of hazardous element exposure in humans'***%. The average daily dose (ADD)
(mg kg™' day™) of trace element via dietary consumption was assessed based on the U.S. Exposure Factors
Handbook (Eq. 2)*7%. Where C is the average content of trace elements in the edible parts of crops (mg kg™);
IngR is the daily intake of the edible parts of crops (Adult: 450 mg-day™’; Child: 230 mg-day™); EF and ED are
the exposure frequency (365 days-year™), and the average human exposure time (years, Adult: 24; Child: 6),
respectively; BW and AT are the body weight (Adult: 53.1 kg; Child: 15 kg) and the average exposure time
(Adult: 24 x 365 days; Child: 6 x 365 days), respectively. AT=ED x 365 (days) for a non-carcinogenic effect, and
AT=70x 365 days for a carcinogenic effect were used.

C x IngR x ED x EF
X
BW x AT

ADD = 1076 (2)

The hazard quotient (HQ) is used to calculate the non-carcinogenic risk of residents consuming crops (Eq. 3).
Where R/D is the estimated maximum permissible risk to humans through daily exposure: As (3.00x10™%),
Cd (1.00x 10%), Cr (3.00 x 10*), Hg (3.00 x 10~), Pb (3.50 x 10~%), Cu (4.00 x 10-2), Zn (3.00 x 10~!) and Ni
(2.00x107?) (mg kg™ day ™). HQ<1 indicates that potential non-carcinogenic effects are unlikely to occur,
whereas HQ > 1 suggests their occurrence®.

1 APD

For multiple trace elements, the hazard index (HI) is the sum of the HQ values of the individual element
(Eq. 4). HI<1 and HI>1 indicate potential risks do not occur and possibly occur, respectively. The greater HI
indicates the higher probability of the occurrence of potential risks. HI > 10 indicates the occurrence of chronic
toxic effects®>*”. Based on previous studies, Cd, As, Cr and Pb are the most essential elements that causing poten-
tial risks, especially carcinogenic risk, thus HI is the sum of these four trace elements'’.

4
HI = Z HQ; 4)

i=1

Carcinogenic risk can be evaluated by the following Egs. (5) and (6)¥. Where cancer risk (CR) and ADD;
are the probability of an individual developing cancer, and the daily intake dose of carcinogens (mg-kg™-day™*),
respectively; Slope factor (SF) is the carcinogenic slope factor of the carcinogenic pollutant (mg-kg™'-day™). SF
of Cd, As, Cr and Pb are 6.10, 1.50, 0.50 and 0.0085 mg-kg'-day™!, respectively®®. TCR is the sum of the cancer
risk index (CR) of the individual toxic trace elements. As mentioned above, TCR is the sum of CRs of Cd, As, Cr
and Pb, as they are carcinogenic elements.

CR; = ADD; x SF; (5)
4
TCR = Z CR; )
j=1
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Statistical analysis. The statistical characteristics of the trace element contents of soils and crops in three
farmlands were expressed as count distribution, including minimum and maximum values, mean, and standard
deviation (SD). The exceedance rates were also included to show the extent of trace element contamination
for both the farmland soils and crops. One-way analysis of variance (ANOVA) was performed to examine the
differences in trace element contents, CEC, pH and SOM among three types of farmland soils and crops. If the
variance of the above indicators was homogeneous, then least-square mean separation with Duncan’s correction
was used to test the differences among different soils or crops. Otherwise, if the variance was heterogeneous,
Tamhane’s T3 test was used to test the differences. Principal component analysis (PCA) and Pearson correlation
were used to identify the major source of trace element pollution in the three types of farmland soils. General-
ized linear models (GLM) were used to test the potential relationship among soil properties, plant properties,
and trace elements in soils and crops. Plant properties included crop type (grain, vegetables, melon and fruit),
and growth time. Growth time was the length of time from crop planting to maturity, which was obtained from
the Flora of China database (http://frps.iplant.cn/) and farmer surveys (supporting information Table S1). In all
process of data analysis, the limits of detection (LOD) values were assigned to the trace element content when
concentrations of the given samples were below LOD. All statistical analyses were conducted using the R soft-
ware package (Version 3.4.2).

Results

Trace element contamination status and source identification of farmland soils.  The statistical
characteristics of the trace element contents in the three types of farmland soils are detailed in Table 1. Unlike the
seven metals (Cd, Cr, Cu, Hg, Ni, Pb and Zn) (p>0.05), Kolmogorov-Smirnov test showed As was not complied
with normal distribution (p <0.05). The standard deviation (SD) in As seem remarkably high (Table 1). These
are probably due to the wide range of locations for the samples collected. Difference in the soil trace element
contents derived from rock in soil among different places might cause high SD and non-normal distribution.
The contents of trace elements differed among the three farmland soils. Specifically, the mean soil contents of As,
Cd, Cr, Hg, Pb and Zn in the grain fields were larger than their background values, the exceedance rate for these
elements were 46.00%, 80.95%, 79.36%, 80.95%, 90.47% and 88.89%, respectively. For orchard soils, only 4 of
trace element contents were higher than soil background values (for As, Cd, Cr and Pb at 11.21, 0.15, 43.01 and
18.83 mg-kg™ respectively). The exceedance rates of these elements were 40%, 92.6%, 72.6% and 100%, respec-
tively (Table 1). In vegetable patch soils, the mean contents of Cd, Cr, Hg, Pb and Zn exceeded soil background
values and their exceedance rates were 82.49%, 55.49%, 96.73%, 93.77% and 81.90%, respectively.

The NCPI results showed that no soil samples were in the categories of security and warning pollution status
(NCPI<1.00), while proportions of soil samples in the slight (1.0 < NCPI<2.0), moderate (2.0 < NCPI<3.0) and
heavy (NCPI>3.0) pollution categories accounted for 44.44%, 22.22% and 33.34% of the total soil samples in
grain field soils, 64.44%, 35.56% and 0.00% in orchard soils, and 7.42%, 29.08% and 63.50% in vegetable patch
soils, respectively (Fig. 1). One-Way ANOVA results showed that Cu, Hg and Zn contents were the highest in
vegetable patch soils, whereas As, Cr and Pb contents were highest in grain field soils, but Ni was at similar
levels among three farmland soils (Table 1 and supporting information Table S5). The mean value of NCPI in
vegetable patch soils (4.38 +2.42) was significantly higher than that in grain field soils (2.90 +1.71) and orchard
soils (1.87 +0.29) (p<0.05) (Fig. 1).

Pearson correlation and principal component analysis (PCA) results indicated that pollution source of trace
elements differed among three farmlands (Table 2). More specifically, in grain field soils, PC1 accounted for
31.88% of the variance and had higher loadings of As, Cd, Pb and Cu. PC2 explained 26.89% of variance and was
dominated by Cr and Ni. Hg and Zn composed the greatest loading for PC3, which explained 20.00% of variance.
The mean contents of Cu and Ni were lower than the background values (Table 1). After removing the results with
content values below the background value, our results found that As, Cd and Pb have the same pollution sources,
while Hg and Zn originated from the same sources, but Cr was imported from another source (Tables 1 and 2).
In orchard soils, PC1 had higher loadings of Cr, Pb, Cu and Ni, accounting for 45.13% of variance (Tables 1 and
2), whereas PC2 and PC3 contained Cd, Hg, Zn (PC2) and As (PC3), and accounted for 17.00% and 13.32% of
variance, respectively. After removing the trace elements with content values below the background value (Cu
and Niin PC1, and As in PC3)(Table 1), Cr and Pb originated from the same source, whereas Cd, Hg and Zn were
from another source (Tables 1 and 2). In vegetable patch soils, PC1, PC2 and PC3 accounted for 36.58%, 23.34%
and 13.10% of variance, respectively. PC1 had higher loadings of Cd, Cr and Ni, whereas PC2 contained As, Hg
and Pb, but PC3 was dominated by Cu and Zn. Due to the low content compared with background values, Cu,
Zn and Ni were removed from the principal components (Table 1). Cd and Cr were considered to be from the
same source, whereas As, Hg and Pb were produced by a different pollution source (Tables 1 and 2). Within all
of the principal components (PC) of three farmland soils, the significance of correlation between all related trace
elements was less than 0.05 (Table 2), indicating our classification of the source identification was reasonable.

Trace element contamination status and health risk of crops. About 92% of crop samples con-
tained trace element contents below the Risk Control Standard for China. Trace element contents also differed
among grain, vegetables, melon and fruits. According to the Risk Control Standard of trace elements in crops in
China issued by the China Health Ministry (Table 3), none of As, Cd, Hg, Cu, Ni, Zn and Pb contents in grains
exceeded the standard, whereas 4.76% of the total number of samples with Cr exceeded the standard. In vegeta-
bles, the contents of As, Cd, Cu, Hg, Ni and Zn of all samples were lower than the China’s Risk Control Standard,
while 1.18% and 0.89% of the samples with Cr and Pb were exceeded, respectively.

One-Way ANOVA results showed that Cd and Hg contents were significantly higher in grain, followed by
the contents in melon and fruits, with the lowest in vegetables. In contrast, Cr and Pb contents were the highest
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Trace elements and Standard deviation | Exceedance rate
Farmlands soil properties Min Max Mean Background value | (SD) (%)
As 0.37 75.3 18.22A 11.20 20.51 46.00
Cd 0.06 0.36 | 0.18A 0.12 0.08 80.95
Cr 20.90 61.90 | 43.95A 39.60 7.64 79.36
Cu 13.10 36.20 | 27.56B 35.80 5.09 1.58
Hg 0.007 0.18 | 0.03B 0.02 0.02 80.95
Grain field N=63 Ni 12.90 3420 |23.35A 26.40 3.99 12.70
Pb 2.52 37.50 | 21.11A 13.50 6.40 90.47
Zn 46.10 | 156.00 | 106.61A | 76.80 22.73 88.89
pH 7.61 1420 | 8.31AB / 3.17 /
CEC 1.10 24.30 | 8.29B / 4.72 /
SOM 9.04 58.40 |21.44B / 9.13 /
As 3.57 24.10 | 11.21B 11.20 4.23 40.00
Cd 0.04 0.24 | 0.15B 0.12 0.03 92.60
Cr 34.50 56.40 | 43.01A 39.60 5.17 72.59
Cu 13.10 46.10 | 23.95C 35.80 6.69 6.67
Hg 0.01 0.05 | 0.018B 0.02 0.008 62.96
Orchard N=135 Ni 16.90 33.40 | 22.58A 26.40 3.33 14.81
Pb 14.60 2550 | 18.83B 13.50 2.42 100
Zn 46.10 | 128.00 | 75.48B 76.80 22.32 38.52
pH 7.64 13.40 | 8.70A / 1.03 /
CEC 0.40 14.60 | 7.17B / 3.45 /
SOM 9.41 43.30 | 23.87B / 8.56 /
As 0.37 98.70 | 7.15C 11.20 9.67 13.05
Cd 0.04 032 | 0.17A 0.12 0.05 82.49
Cr 20.90 64.30 | 40.48B 39.60 8.69 55.49
Cu 20.50 76.00 | 32.74A 35.80 8.17 26.11
Hg 0.007 0.25 | 0.08A 0.02 0.05 96.73
Xe:g;a;’le patch Ni 1290 | 4447 |23.38A 2640 5.20 2937
Pb 2.52 38.80 | 18.06C 13.50 3.93 93.77
Zn 59.30 |244.00 | 99.04A 76.80 31.41 81.90
pH 6.80 14.30 | 8.91B / 322 /
CEC 0.40 29.30 | 15.12A / 5.30 /
SOM 3.68 57.45 | 40.94A / 29.20 /

Table 1. Statistical analysis of eight trace elements (mg-kg™) and soil properties (pH; CEC, cmol(+)-kg™"; and
SOM, g-kg™) in three farmland soils. The different capital letters after the Mean values indicate a significant
difference (p <0.05) in trace element content or soil properties among the three farmlands using One-way
ANOVA, whereas same capital letters show no significant differences (p > 0.05). Soil properties had no
background values thus “/” are used in the table below.

in vegetables, followed by the contents in melon and fruits, and the lowest in grain. Zn was highest in grain,
followed by vegetables, and the lowest in melon and fruits. As and Cu content were not significantly different
among three crops (p <0.05) (Table 3 and supporting information Table S5).

There was no non-carcinogenic risk for adults based on the HIs and HQs in the various trace elements of three
crops, i.e., all HQs were < 1 and HIs were <1 (Fig. 2). However, for children, the HIs of the three crops were > 1
(Fig. 2). Among the eight trace elements, Cr has the largest HQ, additionally its HQs were > 1 for grain, melon
and fruits for children (Fig. 2).

Among three crops, grain has the highest HIs for both adults and children, whereas melon and fruits were
moderate, and vegetables were the lowest (Fig. 2). CRs of Pb, Cr, Cd and As in three types of crops for adults,
were all below the maximum acceptable risk level of the International Commission of Radiological Protection
(5.00x 107) (Fig. 2). TCRs of three types of crops in adults was also < 5.00 x 10~ (Fig. 2). However, TCRs of three
crops for children were >5.00 x 107>. Among four carcinogenic elements, the carcinogenic risks of Cr were obvi-
ously higher than those of Cd, As and Pb for three crops (Fig. 2). CRs of Cr in three crops were >5.00 x 10~° for
children (Fig. 2). CR of Cd in vegetables was>5.00 x 10~ for children, while grain, melon and fruits were not
(Fig. 2). CR of Cr in grain for children was higher than that in vegetables, melon and fruits (Fig. 2).

Influencing factors of trace element accumulation in crops. GLM results showed that all R* of
regression equation >0.10, while all p value <0.001. The content of As, Cr, Cu, Pb, Zn and Ni in the crops were
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Figure 1. Count distribution and the difference of soil NCPI among three farmland soils. S, AL, SP, MP and HP
indicate security, alert level, slight pollution, moderate pollution and heavy pollution, respectively.

positively correlated with their content in farmland soils (p <0.1), whereas Cd and Hg contents correlations were
not significant (p>0.1). The number of the significant correlated pairs in relationships of pH, CEC, SOM and
soil NCPI against crop trace element content were 5, 5, 1 and 3, respectively (p<0.1). Additionally, plant type
was found significantly related with eight trace element contents in crops (p<0.1). Whereas growth time was
also significantly related with the contents of Cd, Cr, Hg, Pb, and Zn in crops (p<0.1) (Fig. 3 and Supporting
information Table S8).

Discussion

Differences in trace element contamination status and pollution risk among three farmland
soils. NCPI results of all three farmland soils were higher than 1 (Fig. 1), suggesting all soil samples suf-
fered from trace element contamination. This was consistent with previous studies that remarkable industri-
alisation and urbanisation, and the overuse of pesticides and fertilisers, caused soil trace element pollution in
Xinjiang'**%. The exceedance rates of Cd, Cr, Hg, Pb and Zn were higher than that of As, Cu, and Ni in three
farmland soils (Table 1), suggesting they were the major pollutants. This was due to the fact that most of these
elements in farmland were introduced from anthropogenic activities and easily affected by human">". For
example, automobile exhaust and industrial emissions, waste incineration, sewage irrigation and the overuse of
fertilizers and pesticides all increased their contents in farmland!1%13%,

Cr, Cu, Hg, Pb, Zn and Ni contents in all farmland soils were below the Risk Control Standard of soil
trace element contamination of agricultural land in China (GB 15618-2018) (details in supporting information
Table S6)°, whereas a few samples were exceeded for As and Cd (<5%). These showed that although most of
soils were contaminated by trace elements, the pollution status does not reach harmful levels to human health.
In fact, compared with other industrial developed areas in China, trace element contents in farmland soils of
Xinjiang was low"”*?. For example, Zn, Pb, Cr and Cd contents in farmland soils of Beijing were 81.8, 18.5,
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Correlation analysis PCA
As Cd Cr Hg Pb Cu Zn Ni PC1 PC2 PC3
Grain field 31.88% | 26.89% | 20.00%
As 1 0.73 -0.38 -0.46
Cd 0.59** 1 0.89 0.08 -0.14
Cr -0.32* 0.02 1 -0.02 0.97 -0.06
Hg -0.19 -0.13 | -031* |1 0.02 -0.36 0.78
Pb 0.74** 0.43** | 0.02 -0.28* |1 0.68 -0.09 —-0.42
Cu 0.40** 0.69** | 0.05 0.15 0.09 1 0.85 0.14 0.36
Zn -0.37** | -0.21 |0.18 0.39** | -0.22 |0.20 1 -0.01 0.22 0.75
Ni -0.36** |0.10 0.93* -0.20 -0.13 ]0.21 0.21 1 0.05 0.97 0.10
Orchard 45.13% | 17.00% | 13.32%
As 1 0.16 0.08 0.92
Cd 0.06 1 0.21 0.75 0.04
Cr 0.18* 0.31** |1 0.90 0.05 0.16
Hg 0.21* 0.52** 10.15 1 -0.04 0.85 0.27
Pb 0.25* 0.30* | 0.54"* |0.01 1 0.78 0.15 0.05
Cu -0.04 0.33** | 0.41** | 0.30" | 0.49** |1 0.60 0.50 -0.03
Zn 0.04 0.53** | 0.21* 0.49** 1 0.50** | 0.67** |1 0.37 0.78 -0.19
Ni 0.14 0.36** | 0.91** 0.30** 0.51** | 0.54** 1045 |1 0.87 0.26 0.08
Vegetable patch 35.58% | 23.34% | 13.10%
As 1 -0.05 0.76 0.18
Cd 0.17** 1 0.58 0.40 0.17
Cr 0.02 0.43*% |1 0.94 -0.01 -0.06
Hg 0.20** 0.29** | 0.01 1 —-0.04 0.63 0.23
Pb 0.49** 0.46** | 0.46** | 0.29** 1 0.42 0.73 -0.04
Cu 0.20** 0.29%* | 0.18** 0.39** 028" |1 0.16 0.22 0.87
Zn 0.42** 0.19** | 0.06 0.16** | 0.09 0.69** |1 -0.01 0.16 0.91
Ni -0.04 0.41** | 0.85** -0.06 0.40** | 0.11* 0.02 1 0.94 -0.09 0.02

Table 2. Pearson correlation among trace elements and matrix of the principal component analysis (PCA)
loadings for three farmland soils. KMO indexes of grain field, orchard, and vegetable patch were 0.68, 0.61
and 0.66 in PCA, respectively. All p values from Bartlett’s Test of Sphericity <0.001. The eigenvalues> 1 were
extracted. **Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level
(2-tailed).

75.7 and 0.18 mg-kg™!, respectively®. The Cu, Zn, Pb, Cr, Hg and Cd contents in farmland soils of Shanghai were
31.4,106.2, 26.4, 85.6, 0.13 and 0.20 mg-kg™!, respectivelyﬁ. The contents of Cu, Zn, Pb and Cd in farmland
soils of Nanchang were 33.2, 87.6, 45.5 and 0.66 mg-kg™, respectively®. This difference may be attributed to the
lower levels of economic development and shorter cultivation periods®*. Xinjiang is located in an economically
underdeveloped region in the inland northwest, China, the lower industrial and traffic conditions introduced
less trace elements into the farmland soils compared with the central and eastern China®*!. In addition, most
of cultivation periods in Xinjiang farmland were shorter than 30 years as major land development along with
population migration was carried out after 1980s*>*2. The shorter cultivation periods also resulted in fewer trace
elements into farmland soils.

Our results showed that NCPI varied significantly among three farmland soils. Vegetable patch soil has
higher pollution level compared with the other farmland soils (Fig. 1). This may be caused by the differences
in planting modes among the three farmlands®>**. In order to increase yields and control pests, farmers have
applied more manure fertilisers and pesticides, resulting in a higher level of soil trace element pollution in
vegetable patch*****!. One-way ANOVA results showed that the contents of seven trace elements were signifi-
cantly different among three farmland soils except Ni (Table 1 and supporting information Table S5). This may
be due to the multifactor functioning such as pollution source and the interaction between plants and soil“**°.
For example, Zhu et al.**, has shown that variance in plant accumulation capacity may cause variability of soil
trace element content among different farmlands. Different pollution sources can also cause changes in trace
element content of farmland soils between different villages'. In this study, the PCA and Pearson correlation
results indicated different pollution sources of trace elements among farmlands (Table 2). Use of plastic mulch
and chemical fertiliser may have resulted in an increase of Cd, As and Pb in grain fields as these metals may be
introduced during production of the plastics and fertilisers*®*’. The intensive agricultural mechanisation may
also have contributed to soil Hg and Zn accumulation'**%. The grain was mainly cultivated using mechanisa-
tion given the larger areas of farmland in Xinjiang. Large diesel- or gasoline-powered dispensers were used to
harvest crops and spray pesticides. In these process, Hg and Zn from farm machinery tyres were likely added to
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Exceedance rate
Farmlands Trace elements | Min (mgkg™) | Max (mgkg™) |Mean (mgkg™') |RCS SD (mgkg™) | (%)
As <0.01 0.08 1.78x 102 A <0.70 1.48x 1072 0.00
Cd <0.001 0.02 3.17x107° A <0.05 4.42x1073 0.00
Cr 0.03 1.98 037 B <1.00 0.34 4.76
Grain N—63 Cu 0.52 2.39 148 A <10.00 |0.32 0.00
Hg <0.003 0.01 2.13x1073 A <0.02 2.92x1073 0.00
Ni <0.05 0.05 0.03x10%B <0.40 0.01 0.00
Pb <0.02 0.20 4.01x107%B <0.40 4.81x107 0.00
Zn 0.73 15.80 10.21 A <50.00 |4.10 0.00
As <0.01 0.15 1.68x102 A <0.50 1.94x1072 0.00
Cd <0.001 0.07 4.03x10° A <0.03 8.67x107° 222
Cr <0.05 3.44 0.26 B <0.50 0.34 11.11
Melon and fruits | Cu <0.20 3.47 1.06 A <10.00 |0.53 0.00
N=135 Hg <0.003 0.01 1.50x 107 A <001 |223x103 0.00
Ni <0.05 0.33 0.02 A <0.40 0.06 0.00
Pb <0.02 0.18 0.06 AB <0.20 0.04 0.00
Zn 0.23 6.12 1.36 C <5.00 1.08 1.48
As <0.01 0.31 0.02 A <0.50 0.03 0.00
Cd <0.001 0.04 8.33x107°B <0.05 7.56x1073 0.00
Cr <0.20 0.73 0.09 A <0.50 0.08 1.18
Vegetables n =337 Cu <0.003 3.22 094 A <10.00 |0.56 0.00
Hg <0.05 0.64*10-2 1.76x107*B <0.01 0.85x107* 0.00
Ni <0.02 0.15 2.84x1072B <040 | 1.71x1072 0.00
Pb <0.02 0.26 0.06 A <0.20 0.04 0.89
Zn 0.49 8.37 299B <20.00 |1.31 0.00

Table 3. Statistical analysis of eight trace elements in three crops. The different capital letters after the Mean
values indicate a significant difference (p <0.05) in trace element content or soil properties among the three
farmlands using One-way ANOVA, whereas same capital letters show no significant differences (p>0.05). Risk
Control Standard (RCS) is regulated by the China Health Ministry (supporting information Table S7).

soil"?’. Cr may have accumulated through the atmospheric settlement and irrigation'*%. In orchards, Cr and Pb
concentrations were strongly correlated indicating same source (Table 2). It is recognised that Cr and Pb may
have originated from atmospheric settlement and transportation>!4. The orchards are typically closer to human
settlements compared with grain fields and vegetable patches, leading to that they are often close to industrial
waste gases and automobile exhaust. Similar to grain soils, Cd, Hg and Zn in orchards were mainly introduced
from the mechanised planting in large areas'®*. The use of large diesel- or gasoline-powered dispensers to spray
pesticides and apply phosphate fertiliser also contributed to the input of Cd into soils***5. Whereas, in vegetable
patches, high trace element content was likely due to the overuse of manure and pesticides, as vegetables were
vulnerable to pests and diseases. For example, organic fertilisers such as livestock and poultry feces were found
to contain large amounts of Cd and Cr24%_ As, Hg and Pb were common constituents of many pesticides, such
as Chlorothalonil and Tuzet"'.

Differences in trace element contamination status and health risks among three crops. The
contents of As, Cu, Hg, Zn and Ni of all crop samples were lower than the Risk Control Standard in China,
whereas a few samples of Cd, Cr and Pb exceeded the standard levels (Table 3). Similar result was reported from
some previous studies that the vast majority of crop samples in Xinjiang were safe for human consumption"**=.
However, trace element contents and health risks varied among the three types of crops (Table 3 and Fig. 2).
These differences may be attributed to different crop environmental adaptability and their capacity of element-
enrichment?>?"!, For example, grain is known for having larger enrichment coefficient for Cr, Hg and Zn,
whereas vegetables having a higher capacity for enrichment for Cd and Pb (Supporting information Fig. S2).
Besides, varied agricultural activities, soil physiochemical properties and soil trace element contents also prob-
ably have also contributed to the variability in crop trace element contents and health risks'"'****, In fact, we
found higher content of Cd in grain field resulted in more Cd absorbed into grains than vegetables, melon and
fruits (Fig. 1 and Table 3).

HIs and HQs results showed that children were more susceptive for potential non-carcinogenic risks than
adults. At the early stage of life, the functions of various tissues and organs, especially the detoxification and
excretion functions of the liver and kidney, were relatively weaker because they are still in the period of growth
and development. Thus, children are more sensitive to the toxic effects of trace elements'?. Among eight trace
elements, Cr has the largest HQ, and its HQs were > 1 for three crops for children, suggesting it was the major
contributor to the non-carcinogenic risk for children (Fig. 2). The high HQ of Cr might cause abnormal thyroid
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Figure 2. Non-carcinogenic and carcinogenic risks of three types of crops for adults and children. Red lines
are thresholds of occurrence of potential non- and carcinogenic risks. The thresholds of non-carcinogenic and
carcinogenic risks are 1.0 and 5.0x 107>

artery, polycythaemia, over production of red blood cells and right coronary artery problems for children after
the ingestion of crops®~.

The CRs results indicated that the edible part of crops in Xinjiang will not cause a cancer risk to adults, while
crop ingestion may cause unacceptable risks for children'. Additionally, Cr has the largest carcinogenic risks
compared with the other carcinogenic metals. These results suggest that Cr was the major contributor to carci-
nogenic risks for children'®. The ingestion of local crops might cause lung cancer and nasopharyngeal cancers
for children due to high CR of Cr*% The major cause of Cr carcinogenic risks (CRs of Cr in three types of crops
were >5.00 x 107°) may be related to the overuse of pesticides and mixed farmyard manure®®?’. HIs, TCRs and
CR of Cr in grains were much higher than other crops (Fig. 2). These indicated that ingestions of grains had
higher carcinogenic risk than vegetables, melon and fruits (Fig. 2). This might be explained by the difference of
physiological properties among three crops. As grain, in this case corn, has a longer growth time, allowing more
Cr from soil be accumulated in it (supporting information Table S1)!#**. Corn also has a higher dry matter ratio
compared with vegetables, melon and fruits, hence they were able to accumulate more Cr within their body due
to higher conception of grain on dry weight*”*%. This result contradict with previous finding that vegetables,
especially leafy vegetable, post a higher health risk than grain because of faster growth rate and larger absorb-
ing ability of trace elements***#%. This is probably due to the different influence of soil environment on plant
properties between our studied and the other regions. For example, in the low pH soil environment, which is
the typical object of most of previous studies, the abundant hydrogen ions would promote the release of trace
element ions from hydroxyl surface of clay minerals, thus increasing the quantity and activity of trace element
ions?®?. The advantages of growth rate and absorbing ability guarantee vegetables to obtain more trace element
ions from soil, make a higher health risk in it compared with grain®. On the contrary, in the Xinjiang soil con-
taining high saline-alkali (pH > 6.8 in this study), trace element ions will be steadily adsorbed on the surface of
clay minerals due to high soil pH, very difficult for plant to intake, constrain the ability to accumulate them in
the fast growing vegetables®. However, a longer growth time would be beneficial for grain accumulating more
trace elements in their body*”*%. In order to reduce the carcinogenic and non-carcinogenic risks, we recommend
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Figure 3. The relationships of soil trace elements, soil physicochemical properties, plant types and growth
time against trace elements in crop calculated using generalized linear models (GLM). Arrows indicate that the

factors have significant effects on trace elements in crops. ***p <0.001; **p <0.01; *p<0.05;p <0.1.
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diet management of children in Xinjiang should be implemented. Consumption of vegetables, fruits and melon
may be increased, while intakes of grains should be reduced.

Investigation of influencing factors for trace element accumulation in crops. GLM results
showed that the contents of As, Cr, Cu, Pb, Zn and Ni in farmland soils determined their contents in crops, while
soil Cd and Hg did not (Fig. 3 and Supporting information Table S8). The soil Cd and Hg concentration is not
the determining factors for crop concentration is due to the low needs and storing capacity in plant body'#1>4,
In this study, Cd and Hg were the elements with the lowest concentrations in crops (Table 3), hence, their limited
absorption from farmland soil may have little impact on crops. This can also be evidenced by the number of
pairs of trace elements that significantly correlated both in soil and crops. The crop Cr and Hg contents have the
minimum number of trace element pairs that significantly correlated in both soil and crops (both numbers were
2, whereas for crop As, Cr, Cu, Pb, Zn and Ni contents, the pair numbers were 5, 3, 7, 3, 5 and 5, respectively)
(p<0.1) (Fig. 3 and Supporting information Table S8). This result indicated that crop Cr and Hg were not easily
affected by other soil metallic elements potentially due to their low contents. In addition, connection between
the content of a given trace element in crops and other soil element contents varied with the types of trace ele-
ments. For example, the As content in crops was significantly correlated with soil Cd, Hg, Zn and Ni (p<0.1),
but was not associated with soil Cr, Cu and Pb. The Cd content in crops was significantly associated with soil
Cr, Hg and Cu (p <0.1), whereas it was not correlated with the rest of the soil trace elements (p >0.1) (Fig. 3 and
Supporting information Table S8). This indicated that complex correlations existed in trace elements between
soil and crops, which may be caused by competition between elements or plant selectivity for trace elements, and
pollution source of soil trace elements'>!'>!. A given trace element in crops may have a similar relationship with
these elements where it has originated from the same pollution source®.

Trace element contents in the edible part of crops were also affected by pH, SOM, CEC, and soil contamina-
tion status (NCPI) (Fig. 3 and Supporting information Table S8). This was most probably because pH, SOM,
CEC and NCPI affect the valence of soil trace elements and the absorption capacity of plant roots**?”. CEC and
pH were significantly correlated with five trace elements in crops (pH: As, Cd, Cr, Pb and Zn; CEC: As, Cd, Pb,
Zn and Ni), while NCPI and SOM were associated with three (Cu, Zn and Ni) and one (Cu) metals, respectively.
These indicated that the influence of pH and CEC on trace element content in crops is higher than that of SOM
and NCPI. Among these biotic and abiotic properties, plant type was found significantly related with all trace
element contents in crops (p <0.1), indicating that, compared with soil trace element contents and soil proper-
ties, it might be more effective in reducing health risks caused by trace element pollution. This finding is novelty
and was rarely considered in the practice for controlling trace element contamination in crops>'**. Currently,
large number of studies consider that soil trace element pollution is the most negative important factor of crop
safety*®%%* Reducing trace element contents in farmland was often seen as the primary method for minimizing
the health risks associated with consumption of metal and metalloid contaminated crops*®>*. In this study, we
identified that plant type has a greater effect on the trace element contents in the edible part of the crop than soil
trace element contents (Fig. 3 and Supporting information Table S8). Which suggested that, planting different
crops in trace element contaminated soils might be an effective approach to reduce the health risks. For example,
in saline-alkali soils of our studied regions, cultivating vegetables and fruits on high trace element contaminated
soils, while planting grains on low trace element polluted soil might may decrease potential risk to human health
via food intake. However, R? of our results of GLM were relatively low, except for Zn. This may also indicate that
the content of crop trace elements was determined by the combined action of multiple factors*>?”**. More work
needs to be done in the future to clarify trace element contents in crops and their influencing factors.

Conclusions

The 535 sampling points were selected to study whether trace element contamination status and health risks dif-
fered among three farmlands and three crops, and which factors affecting the change of trace element contents
among crop in Xinjiang. The results showed that majority of crop samples (91.97%) were safe in terms of trace
element contents based on China’s Risk Control Standard, whereas all farmland soil samples were considered to
be polluted. Grains from sampling sites represented higher non-carcinogenic and carcinogenic risks compared
with vegetable, melon and fruits, but pollution levels in their grown soils showed the opposite pattern. The
ingestion of grains brought higher non-carcinogenic and carcinogenic risks than vegetables, melons and fruits.
Non-carcinogenic and carcinogenic risks associated with various trace elements caused by the ingestion of the
edible part of crops for children were higher than adults. Increasing the consumption of vegetables, fruits and
grains, while reducing the intakes of grains, should be adopted to reduce the carcinogenic and non-carcinogenic
risks for children. The contents of As, Cr, Cu, Pb, Zn and Ni in the edible part of crops were found to be affected
by its corresponding soil content, while Cd and Hg were not. pH, SOM, CEC, soil NCP]I, plant type and growth
time also have influences on the trace element content in the edible part of crop. Compared with other factors,
plant type was more effective in reducing health risks caused by trace element pollution, indicating that planting
different crops in trace element contaminated soils could be an effective way to reduce the health risks. However,
Xinjiang is a very big region in China, results obtained from this study (only 535 sites) may not be completely
representative of the trace element contamination status for both soils and crops. However, it would be interest-
ing to whether the recommended approach will work or not in practice.
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