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Research about farmland pollution by heavy metals/metalloids in China has drawn growing attention. However,
there was rare information on spatiotemporal evolution and pollution levels of heavy metals in the major grain-
producing areas. We extracted and examined data from 276 publications between 2010 and 2021 covering five
major grain-producing regions in China from 2010 to 2021. Spatiotemporal evolution characteristics of main
heavy metals/metalloids was obtained by meta-analysis. In addition, subgroup analyses were carried out to study
preliminary correlations related to accumulation of the pollutants. Cadmium (Cd) was found to be the most
prevailing pollutant in the regions in terms of both spatial distribution and temporal accumulation. The Huang-
Huai-Hai Plain was the most severely polluted. Accumulation of Cd, mercury (Hg) and copper (Cu) increased from
2010 to 2015 when compared with the 1990 background data. Further, the levels of five key heavy metals (Cd,
Cu, Hg, lead [Pb] and zinc [Zn]) showed increasing trends from 2016 to 2021 in all five regions. Soil pH and mean
annual precipitation had variable influences on heavy metal accumulation. Alkaline soil and areas with less
rainfall faced higher pollution levels. Farmlands cropped with mixed species showed smaller effect sizes of heavy
metals than those with single upland crop, suggesting that mixed farmland use patterns could alleviate the levels
of heavy metals in soil. Of various soil remediation efforts, farmland projects only held a small market share. The
findings are important to support the research of risk assessment, regulatory development, pollution prevention,
fund allocation and remediation actions.

1. Introduction

Heavy metals in farmland have drawn growing attention for their
potential threat to human health and ecosystem safety [1-3]. China
has been confronted with growing challenges to protect its farmland
from heavy metals pollution since 1990 [4]. In 2014, the Ministry of
Environmental Protection of the People’s Republic of China (MEP,
Currently the Ministry of Ecology and Environment [MEE]) and the
Ministry of Land and Resources of China (MLR, currently the Ministry
of Natural Resources [MNR]) published Report of National Soil
Pollution Investigation [5]. This document reported that 16.1% of the
farmland soil exceeded the soil quality standards (GB 15168-1995).
Among the polluted sites, 82.8% were contaminated by eight heavy
metals/metalloids, including cadmium (Cd), mercury (Hg), arsenic
(As), lead (Pb), chromium (Cr), copper (Cu), nickel (Ni), and

* Corresponding authors.

zinc (Zn). To control the risk of soil pollution and protect the quality
and safety of agricultural products, China upgraded its national
farmland soil quality standards from GB 15168-1995 [6] to GB
15168-2018 [7]. The previous standard (GB 15168-1995) was set for
all kinds of soil and named “Environmental quality standard for
soils”. It classified the soil quality into three levels based on the heavy
metal content (the most polluted as Level 3). The new standard (GB
15168-2018) was named “Soil environmental quality—Risk control
standard for soil contamination of agricultural land”, and mainly
focused on farmland protection and food safety. The new standard
sets risk screening values (corresponding to Level 2 in the previous
standard) and risk intervention values of heavy metals for different
crop lands. Therefore, systematic investigation and updates on the
spatiotemporal evolution of heavy metals in China’s farmland are
highly in need.
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Some previous studies in China have been focused on heavy metals in
farmland, they have been confined with limited scopes and relatively
small study areas, including Tangshan, Hebei [8], Xuzhou, Jiangsu [9],
and Beijing [10]. Given the massive scale and diverse agricultural prac-
tices in China, there are growing calls for information in large spatial
scales and extended span of time. To this end, Huang et al. [11]
attempted to find out the status of agricultural soil pollution by heavy
metals in China using a meta-analysis approach, and Yuan et al. [12]
systematically compared the heavy metal pollution in farmland and
urban soils in China over the past 20 years. In China, major
grain-producing regions are playing important roles in food production,
large-scale agriculture, water and fertilizer application, etc., and should
be systematically investigated. San-Jiang Plain (referred as SJ), Song-Nen
Plain (SN), Huang-Huai-Hai Plain (HHH), Sichuan Basin (SC), and the
area covering the middle of Yangtze River and Jiang-Huai Region (JH)
are five important major grain-producing regions [13,14] (Fig. 1). Ac-
cording to China Statistical Yearbook 2020 [15], the five major regions
were responsible for 42.75% of the total farming output in China,
47.30% of sown area of crops, 60.50% of grain output, 47.80% of irri-
gated area and 68.52% chemical fertilizers usage. The background values
of heavy metals, soil pH, precipitation, temperature, and farmland use
pattern in these five regions varied greatly. However, correlations be-
tween those preliminary factors and heavy metals pollution were still
unclear. In the previous studies, national average values were often
adopted as the only standard without consideration of the discrepancies
on background heavy metal between regions [11,12]. The regional heavy
metals background values from The China Environmental Background
Values of Soil (published in 1990) [16] can be used to give a more
region-specific spatiotemporal study. The region-specific investigation
can help us understand more on risk assessment, regulatory develop-
ment, pollution prevention, fund allocation and remediation actions for
these major grain-producing regions.

Meta-analysis is a method to obtain a general understanding of the
effect size against preliminary correlations [17]. Moreover, it examines
differences between groups per subgroup analyses [18]. In recent
years, meta-analysis has been widely used in the ecology and
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agriculture fields [19-23]. Meta-analysis was used to analyze the sit-
uation of heavy metal pollution in China in a large-scale and extended
span of time [11,12,24]. These studies focused on using this approach
to analyze the bias of publications and data sensitivity. They used
different pollution indices to illustrate the heavy metal pollution
levels, and compared the mean heavy metal values with current
standards. However, different pollution indices had different thresh-
olds. In addition, most of previous publications only focused on
reporting mean concentration values with standard deviations of
heavy metals without normalized analysis. Meta-analysis can demon-
strate overall status of heavy metal pollution using a statistically uni-
form threshold (effect size) with both means and standard deviations
[25]. Abundant data about heavy metals in the Chinese farmland has
been published in the last two decades. However, there was no thor-
ough study on the spatiotemporal evolution of heavy metals in these
major grain-producing regions. To fulfill this knowledge gap,
meta-analysis can be applied to systematically investigate the level and
evolutional trend of heavy metal pollution in these regions.

The objectives of this work were to: 1) provide an updated overview
on the spatiotemporal evolution of heavy metal pollution in the five
major grain-producing regions over the past 12 years through meta-
analysis; 2) examine the evolution trends of eight major heavy metals
between 2010-2015 and 2016-2021; 3) explore the relationship be-
tween some preliminary factors and the status of heavy metals by
computing data of disparate subgroups; 4) summarize the policies and
measures against heavy metal pollution in China. In general, the findings
will provide an update on the status of heavy metal pollution on a large-
scale in China’s main agricultural regions and may facilitate prediction of
the future trends.

2. Materials and methods
2.1. Literature selection and data extraction

To obtain mean values and standard deviation data of the total
amount of heavy metals in the five major producing regions, we
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Fig. 1. Location of five major grain producing areas and their contributions to the total agricultural production in China. SJ, Sanjiang Plain; SN, Songnen Plain; HHH,
Huanghuaihai Plain; SC, Sichuan Basin; JH, an area covering middle of Yangtze River and Jianghuai Region.
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conducted a comprehensive literature search in September 2021 on the
Web of Science and China National Knowledge Infrastructure using key
words “heavy metal*” (or using individual heavy metal) AND (“soil” OR
“farmland” OR “arable land”) AND “China” (or names of the five major
regions) with a publication date of “2010-2021". As a result, 439 articles
were found and then screened for those reported in the five major re-
gions. From the resulting 331 articles, we adopted those that reported
data with both mean values and standard deviations of heavy metals in
the top 0-20 cm soil. Consequently, a total of 276 articles were used as
the raw data source in the meta-analysis. According to the 331 articles,
the HHH region had the most cases (134), while the SJ region had only 8
cases (Fig. 2). We extracted 1778 pairs of means and standard deviation
for the experimental group. The background values of each area were
extracted from the China Environmental Background Values of Soil for
the control group [16].

From the 276 studies, we extracted the key factors related to the soil
pollution, including soil pH and farmland use pattern. In addition, we
acquired data of mean annual precipitation (MAP) and mean annual
temperature (MAT) from the China Statistical Yearbook (2010-2020)
[15] to conduct the subgroup analyses.

2.2. Meta-analysis

To obtain the general distribution and evolution trend of heavy
metals in the farmland, we compared the data extracted from the liter-
ature with different background values by meta-analysis. Generally, the
response ratios were used to calculate the effect size when two groups of
data are non-negative [26]. Firstly, the log response ratios were calcu-
lated via Eq. 1 along with its variances (Eq. 2). Secondly, the
random-effect model was used to calculate the effect size and confidence
interval (CI) of each study (Egs. 3 and 4). The weight of individual study
was not identical due to varied study areas and sample size. Although
both fixed- and random-effect models can be used to calculate the weight
[27], the random-effect model was chosen based on the Q statistic test
(Eq. 5) of the literature heterogeneity [28], where a P-value of <0.001
reveals a heterogeneous case [25]. Thirdly, the resulting effect size (Eq.
1) and confidence interval (Eq. 5) from each single study were used to
compute the sum. Finally, we classified data with diverse factors in
different groups to conduct subgroup analysis. The R studio with a
metaphor package was used to analyze the data.
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Fig. 2. Available studies in the open literature on heavy metals pollution in the
five major grain-producing regions of China. n, numbers of selected literature.
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InR=In(Xg / Xc) 1)
where InR is the effect size of each study, R is the response ratio, Xg is the
mean value of experimental groups, and X¢ is the mean value of the
control groups.
2 2
Vink = Sé/nEXE + Sf;/ncxc (2)
where Vi is the variance of the effect size, Sg is standard deviation of the
experimental groups, Sc is the standard deviation of control groups, ng is
the number of samples for experimental groups, nc is the number of
samples for control groups, and Xg and X¢ have the same meaning as in
Eq. 1.
3)

W[:1/6i+0'?

where w; is the reciprocal of variance of a single study, oy is the between-
study variance, and o; is the within-study variance.

Closq, = (;4— 1.96+/var(u) ;;4+1.96\/var(u)) 4)
where Clgsy, is the confidence interval of each study, u =

P wili/ 3F  wi, u is the true mean effect size over all studies, L; is the
effect size estimated in a single study.

Q= ZL]W’L? - Zf:lw’l"'/ Z;Wf

where Q is the statistic of Q-test, w; and L; are the same as in Eq. 4.

()

2.3. Publication bias test and adjustment

Publication biases may exist due to the large and diverse pool of the
source data, [29,30]. To evaluate the degree of the publication bias, the
Egger’s test was conducted on the source data [31]. A Pg-value of <0.05
from the Egger’s test indicates a significant publication bias. Tables S1
and S2 show the resulting Pg values, where 30 data from the five major
regions showed significant publication bias.

Furthermore, we used the trim-and-fill method to adjust the publi-
cation bias for the subsequent meta-analysis [32]. It aims to add or delete
studies in the database until it becomes symmetric [33]. Tables S3 and S4
present the adjusted results through the trim-and-fill method. It is note-
worthy that some dataset results may still bear with significant publi-
cation biases (Pg < 0.05) even with the trim-and-fill method adjustments.
However, the biases after the adjustment do not affect the effect sizes,
indicating that results are robust.

2.4. Assessment of soil pollution levels

We chose the monomial pollution index (P;) to assess the pollution
levels:

Pi=GC/S; (6)
where C; is the concentration of metals (mg/kg), S; is the background
concentration (mg/kg). The resulting pollution levels based on the P;
values are presented in Table 1.

Table 1
Pollution level classification according to P;.

P; Pollution level
P;<1.0 clean

1.0<P; <20 trace

20<P; <30 light
3.0<P;<5.0 moderate

P; > 5.0 severe
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2.5. Weight calculation

We aimed to examine the current status of heavy metal pollution
against the latest Chinese regulatory standards (Table S5) by considering
the characteristics of the studied regions. Proper weighting factors were
determined per Eq. 7 for each area to obtain sound mean values of the
heavy metals from the data we extracted. Generally, a case with larger
study regions (A;), more samples (N;) and smaller variances (SD;) is more
reliable to infer the general level, and thus, was assigned a greater weight
[11].

"= A; X Ni
w.!'=A;
! SD,

@)
where w;' is the weight of individual study.

3. Results and discussion

3.1. Spatiotemporal evolution of heavy metal pollution in five major grain-
producing regions: 2010-2021 vs. 1990 background data

Changes can be observed for the 8 primary pollutants in the five
major grain-producing regions from 2010 to 2021 when compared to the
benchmark values of 1990 (Fig. 3). While the variations differed among
the different areas, Cd, Hg, Pb and Cu showed the most aggressive in-
crease (with more than 2 red markers in Fig. 3), with Cd being the worst
in terms of both number of impacted regions and effect size (with 4 red
markers and large effect size). Based on the number of regions where the
pollutants showed an increasing trend, the impact severeness of the
pollutants is ranked in the order of: Cd (4 regions) > Cu (3) > Hg (2) =Pb
(2) > Zn (1) = As (1) > Ni (0) = Cr (0). The highest increase of Cd (up to
1.73 [1.42-2.04] in SC when compared to the 1990 background levels)
was found in SN, HHH, SC and JH regions, indicating that Cd was the
most severe heavy metal pollutant in those regions (Fig. 3). Interestingly,
regions in the north (SJ, SN and HHH) faced lighter Cd pollution than in
the south (SC and JH). Notable accumulation of Cu was found in three
major regions (SJ, HHH, and JH) with a much smaller ratio than for Cd.
The increase of Hg in HHH and SC was more significant than other
metals. All the effect sizes of Hg exceeded the ratio of 0, though its in-
crease was not significant in SJ, SN, and JH. These results indicate that

SJ SN HHH SC JH
Cdf ;0 ! i . i o i . i +4{Cd
Mot e || e || i o || e {H
As - ‘i* % E* i :w 1As
Pb | E i io + io 1Pb
R | | I R
Cut Eo :w Eo # i o 1Cu
NiE o s . s ni
Znt H—EH i . , o Aqzn
-Ol.8 0{0 0:8 -0‘.5 0!0 0{5 -;.0 (;‘0 1].0 -1I.6 0!0 1{6 OTO 0:7 1?4

In (Heavy metal amount of 2010-2021 : background)

Fig. 3. Effect sizes of 8 metals during 2010-2021 normalized to the background
(1990) levels. X-axis means the response ratio of heavy metal amount of past 12
years: background in a natural log scale. Values are effect sizes with 95% con-
fidence intervals (CIs). A ratio of 0 (or CIs overlapped with 0) means statistically
no significant difference between the 12-year data and the background levels. A
ratio larger than 0 (marked in red) indicates an increase of a pollutant compare
with the background levels, and whereas a ratio smaller than 0 (green) indicates
a decrease.

222

Eco-Environment & Health 1 (2022) 219-228

Hg in most cases showed an increasing trend when compared to the
background levels, though these data showed great variances among
studies. The accumulation of Pb was significant in HHH and JH, while a
decrease of Pb was found in SJ and SN. The levels of both Zn and As
increased in one of the five regions, while Zn decreased in SN and As
decreased in SC. In contrast, Ni displayed no significant changes in all the
five major grain-producing regions. Cr decreased in JH without signifi-
cant differences when compared with the background levels in other four
regions. HHH was most polluted with five heavy metals (Cd, Hg, As, Pb,
and Cu) showing a growing trend, followed by JH (4), SC (3), SN (1), and
SJ (1). It is noteworthy that some reduction of heavy metal concentration
was found in SN (Pb and Zn), SJ (Pb), SC (As) and JH (Cr).

The results indicate that Cd pollution is the most severe issue for the
farmland, which is consistent with other reports [1,34-36]. The MEP
(currently MEE) reported that Cd showed the highest over-standard rate
(7.0%) followed by Ni (4.8%), As (2.7%), and Cr (1.1%) in Chinese soil
[5]. The MEE also set the lowest limitation for Cd (0.3 mg/kg in paddy
land with a pH < 5.5) as a national soil risk control standard (0.5 mg/kg
for Hg under the same conditions) (Table. S5). Huang et al. [11]
reviewed the literature published from 2005 to 2017 and indicated that
Cd had the highest exceedance ratio (29.4%) when compared to other
heavy metals (all of them were under 0.1%) in Chinese farmland. Our
results of the Cd pollution status in the five major farmland regions agree
with these reports. In addition, there were no significant differences
between the amount of Cd in SJ region and background values (Fig. 3).
Since the sample sizes for the SJ region were the smallest and the data in
SJ showed larger variance among studies, all the results for SJ were
uncertain.

Our results show that Cu accumulation in most major farmlands was
much worse than that in previous work. Some studies claimed that the
contamination of farmland by Cu was minor in the southern China, while
no Cu contamination was detected in the north [11,12,24]. It was found
that one pitfall of these prior studies was the evaluation of the pollution
status of Cu based on national average background (22.6 mg/kg), which
can deviate largely geographically. To overcome the drawback, this work
used the background values that are specific for each major region
(Table S6). The average regional background values of Cu were 20 mg/kg
in SJ, 19.76 mg/kg in SN and 21.48 mg/kg in HHH, all of which were
below the national average. Those regions are all located in the northern
China. Namely, the new data showed that severe Cu pollution in both
northern and southern farmlands.

As one of the most widely investigated heavy metals, Hg is extremely
poisonous to humans and its pollution in farmland has been under close
scrutiny [37,38]. Yuan et al. [12] indicated that Cd and Hg were the
major pollutants in Chinese farmlands, because both had higher
geo-accumulation indices than control groups (Cd as 76.99%, Hg as
59.31%, Zn as 31.49%, Cu as 30.65% and Pb as 29.72%). Ren et al. [24]
surveyed data from 1998 to 2019 and showed that only Cd and Hg had a
positive geo-accumulation index (numbers of As, Pb, Cr, Cu, and Zn were
negative). The results of this work also found Hg pollution was signifi-
cantly severe in HHH and SC (Fig. 3). In other major producing areas (SJ,
SN, and JH), the Hg concentration also exceeded the background values,
though the data had larger variance between studies.

Researchers have also paid substantial attention to Pb and Zn pollu-
tion issues [39,40]. Huang et al. [11] reported that in addition to high
Cd-levels (exceedance percentage 29.4%), significant exceedance
percentages were found for Hg (0.07%), Zn (0.07%) and Pb (0.06%). Ren
et al. [24] retrieved 112 county-level study cases and concluded that Pb,
Cu and Zn had increased more seriously in Chinese farmlands. Our study
also found Pb and Zn showed more severe pollution status when
compared with other metals (Cr, Ni and As) in these five major producing
regions.

Our results indicate that Cr pollution of the farmlands was less severe
than other metals in the five regions. This observation agrees with the
previous study that the exceedance percentage of Cr was the lowest
among 8 heavy metals (0.007% for Cr and higher than 0.01% for all other
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heavy metals) [11]. Li et al. [22] summarized literature data from 1989
to 2016 and reported that Cr concentration decreased more significantly
in farmlands in southern China than in northern China. Likewise, we also
found the concentration of Cr decreased in JH region (located in southern
China). However, it is noteworthy that the background value of Cr
(70.59 mg/kg) in JH was much higher than the national average
(61 mg/kg) (Table. S6). In addition, our results show that Ni and As were
similar to Cr in the effect size and geographic distribution. Yuan et al.
[12] indicated that Cr, Ni and As had smaller P; values than other heavy
metals (1.04 for Ni, 1.01 for Cr and 0.97 for As, while more than 1.2 for
other metals). We also found that the concentration of As showed no
significant difference from the background values in SJ, SN, and JH, and
even decreased in SC. Although the amount of As increased in HHH, the
effect size and CI were close to O (Fig. 3), suggesting a smaller increase
than in other cases. In general, the pollution of Cr, Ni and As appeared
largely alleviated in the five major grain-producing regions during the
past 12 years.

3.2. Spatiotemporal evolution of heavy metals pollution in five major
grain-producing areas: 2010-2015 vs. 2016-2021

To examine the spatiotemporal evolution trends of the eight heavy
metals, we split the data into two groups, i.e., data from 2010 to 2015 and
2016 to 2021. The Z-test was carried out to assess the variation between
the data from these two groups, where a P-value > 0.05 indicates no
significant difference between the two periods (Fig. 4). The spatiotem-
poral evolution of the heavy metals pollution was then assessed based on
three aspects: 1) the meta-analysis of the data; 2) the mean values and
SDs of the metal concentrations; and 3) the exceedance percentages of
the metals against the 1990 background values or risk control standards.

Changes in amounts of the eight metals in the five regions over the
two periods are shown in Fig. 4. It is evident that 67.5% of the data
showed no significant difference (grey), 25% showed an increasing trend
(red), and only 7.5% showed a mild decrease (green). The most consis-
tent increase was observed for HHH, where five of the eight pollutants
increased (red blocks in Fig. 4). In addition, elevated Cd, Pb, and Zn were
found in two regions, Hg, As, Cu, and Ni in one region, and Cr showed no
significant differences in any region. Meanwhile, the mean values of all
the heavy metals exceeded the 1990 background values during the two
periods (Fig. S2). Figs. S3 and S4 give the exceedance percentages of the
heavy metals in the five areas compared with background values/risk
control standards. Compared with the background values (Fig. S3), all

SJ SN HHH SC JH
cdf .. ° ° [~ . ~..]cd
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Fig. 4. Changes of heavy metals pollution from the period of 2010-2015 to
2016-2021. Values are effect sizes with 95% CIs. Blocks marked in grey indicate
no significant changes in the mean metal levels between two periods, those
marked in red indicate an increase from the (2010-2015) to (2016-2021), and
those marked in green suggests the pollution levels were alleviated.
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heavy metals increased during at least one of the periods. Compared with
the risk control standards (Fig. S4), the exceedance percentages were all
under 20% except for Cd in HHH, SC, and JH and Zn during 2016-2021
in SJ.

Cd: The results revealed that Cd was the most challenging pollutant,
and the trend of Cd pollution intensified during 2016-2021 in HHH and
JH. This conclusion is based on three aspects. First, according to meta-
analysis (Fig. 4), effect sizes of Cd in 2016-2021 were higher than
those in 2010-2015 in the two regions. For SN and SC, although there
was no statistically significant difference in the effect sizes between the
two time periods, the effect sizes of 2016-2021 were all larger than those
of the 2010-2015 data. Second, the mean values and SDs of the Cd levels
in 2016-2021 were significantly higher than those in 2010-2015
(Fig. S2). Third, the exceedance percentages of the Cd levels against the
background values or risk control standards showed an increasing trend
during 2016-2021 (Figs. S3 and S4). Earlier, Huang et al. (2019)
observed that the Cd levels in agricultural soil in China showed an up-
ward trend during 2004-2016. Our work suggests that this trend
continued during 2016-2021.

Although the Cd level in SJ showed a decreasing trend, the mean
values of Cd exceeded the 1990 background values in all five regions.
Moreover, except for SJ, the mean values of Cd all exceeded the risk
control standards in 2016-2021. Compared with background values
(Fig. S3), the increase in the Cd levels in four out of the five regions
(except for SJ) was higher than those of other metals. Accordingly, in
reference to the risk control standards (Fig. S4), the exceedance per-
centages of Cd (up to 79%) were the largest of all the metals (<30% for
all heavy metals, except 100% for Zn during 2016-2021 in SJ), and
exhibited the highest increasing trend during the two periods in four
areas (SN, HHH, SC, and JH region).

Pb: Based on the meta-analysis (Fig. 4), the Pb levels increased during
2016-2021 in SJ and HHH, and the small gaps between two effect sizes
suggested that the increases were rather modest. Similar trends were
found with the mean values and sample exceedance percentages
(Figs. S2-S4). After extracting information from more than 1900 pub-
lished articles, a study conducted by Shi et al. [41] found the concen-
tration of Pb in agricultural soil across China increased rapidly from 1979
to 2000, followed by a subsequent slow upward trend from 2001 to 2016.
Our results showed that this slow upward trend continued during
2016-2021 in SJ and HHH.

Zn: The spatiotemporal evolution of Zn displayed a worsening trend
from 2010 to 2015 to 2016-2021 in two (SJ and HHH) out of the five
regions (Fig. 4), although the 12-year average showed no severe change
when compared to the 1990 baseline data (1 red dot in Fig. 3). Mean-
while, the mean values of Zn (Fig. S2) showed increasing trends during
2016-2021 in all the five regions compared to the background values
(Fig. S3), and the Zn levels all exceeded the risk control standards
(Fig. S4). Huang et al. [11] found the concentration of Zn in farmlands in
China increased during 2004-2012 and then decreased during the
2012-2016 period, while Yuan et al. [12] indicated Zn in farmlands
declined gradually between 1999 and 2019 in China. However, the data
from our study suggested an increasing trend of Zn pollution during
2016-2021 in the major farmlands in China.

Hg: The accumulation of Hg in SC during 2016-2021 was more
profound than that during 2010-2015. Meanwhile, a decreasing trend
was found in SJ (Fig. 4). Although significant Hg accumulation was
observed in SC, the mean values of Hg were all under the risk control
standards (Fig. S2), with only one sample exceeding the threshold during
2010-2015 in HHH and another during 2016-2021 in JH. Wang et al.
[42] surveyed 444 articles published during 2005-2015 and concluded
that Hg concentration in farmland soil was higher in southern China than
that in the north. Our results suggested that this distribution remained
true in the most recent 6-year period.

Cu: The spatiotemporal evolution of Cu showed a worsening trend in
HHH, but alleviated in SC (Fig. 4). The mean value and SD of Cu (Fig. S2)
were higher than the risk control standards during 2016-2021 in JH.



M. Wen et al.

Compared with the background values (Fig. S3), the exceedance per-
centages of Cu increased in HHH and SC, though a slight decrease in JH.
Considering the results from both meta-analysis and exceedance per-
centages, the Cu accumulation in HHH was remarkable. Based on 482
published papers from 2004 to 2017, Liu et al. [43] found a larger spatial
cluster of Cu in Hunan and Fujian provinces, while a smaller cluster in
Chongging. Our results showed that the accumulation of Cu had no sig-
nificant difference in JH, which includes part of Hunan and Fujian, and
decreased in SC, including Chongqing, suggesting that this spatial dis-
tribution continued to grow in the recent six years in SC.

As, Cr, and Ni: Overall, the pollution status of Cr, Ni, and As
appeared not as severe as the other heavy metals (Cd, Hg, Pb, Cu, Zn)
during 2016-2021 in the five regions (Fig. 4). However, As exhibited a
severe increase in HHH (with a big gap between effect sizes of two time
periods). A significant increase in Ni was only found in SJ region,
whereas no significant difference was found for Cr between those two
periods. Fig. S2 shows that the mean values and SDs of Cr and Ni were all
under the risk control standards. Compared with the 1990 background
values (Fig. S3), the levels of Ni showed a diminishing trend during
2016-2021 in three regions, and the levels of Cr and As decreased
significantly in JH and SJ, respectively. With regard to the risk control
standards (Fig. S4), both Cr and Ni appeared to be within limits in all
five areas. However, some samples showed that during 2016-2021,
exceedance percentages of As accumulated from 0% to 22% in HHH.
Gong et al. [44] investigated 1684 sites collected from 1985 to 2016 and
concluded that the growth rate of As pollution in Chinese farmlands
slowed down during 2012-2016. Our study suggested that this trend
continued during 2016-2021 in these major agricultural areas except
for HHH.

With data from 3672 soil samples (extracted before 2016) in China,
Zhang et al. [14] reported that Cd, Ni, Cu, Zn, and Hg were the primary
heavy metals found in the five major grain-producing areas, accounting
for 17.39%, 8.41%, 4.04%, 2.84%, and 2.56%, respectively of total heavy

(a)

0.0

Eco-Environment & Health 1 (2022) 219-228

metals pollutants. While in our study with the data after 2016, combining
the results of meta-analysis, weighted mean values and SDs, and ex-
ceedance percentages, the pollution levels of Cd, Hg, Cu, Pb, and Zn
appeared exacerbated during 2016-2021 in the five regions.

Based on the number of red blocks in Fig. 4 and other results, the
severity of metal pollution follows the order of HHH > SJ > JH >
SC > SN. In HHH, five heavy metals kept increasing, and the difference
between the effect sizes of the two periods was the largest. The results
indicated that the concentrations of three pollutants increased in SJ, but
the sample size (n = 8) was much smaller than those from other regions.
In general, HHH, SC, and JH all showed a severely increasing trend
during 2016-2021. The results agree with those by Ren et al. [24], who
reported that the main trend of the standard deviational ellipse changed
significantly in the “east-to-west” direction during 2013-2019.

3.3. Relationships between heavy metals pollution and some key factors

Preliminary correlations exist between the accumulation of heavy
metals and some key factors [45,46]. To examine the relationships, the
data from the five regions were combined and reorganized based on the
soil pH, MAP, MAT, and farmland use pattern. As shown in Fig. 5,
compared with the 1990 background values, concentrations of Cd, Hg,
Cu, Pb, and Zn all increased, with Cd having the sharpest increase with a
value of 1.17 (1.05-1.29), followed by Hg (0.43 [0.28-0.58]), Cu (0.23
[0.16-0.301), Pb (0.18 [0.12-0.24]), and Zn (0.13 [0.06-0.20]). Con-
centrations of As and Ni exhibited no significant difference from the
background values, whereas Cr demonstrated a significant decline with
an effect size value of —0.05 (—0.01 to —0.09).

3.3.1. Relationships between heavy metals pollution and soil pH, MAP, and
MAT

According to GB 15168-2018 [7] (Table. S5), soil pH data extracted
from 276 publications were classified into three groups: acidic
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(5.5 < pH < 6.5), neutral (6.5 < pH < 7.5), and alkaline (7.5 <
pH < 8.5). As shown in Fig. 5, the soil pH critically impacted the
accumulation of heavy metals in all five regions (most values > 0). For
Cd, Hg, and Pb, more significant increases were observed under more
alkaline conditions, with effect size values being 1.6 (1.25-1.95), 0.66
(0.11-1.21), and 0.33 (0.04-0.62), respectively, in reference to the
1990 background levels. Significant positive values were also found for
Cu (0.33 [0.16-0.50]) and Zn (0.17 [0.05-0.29]) under neutral soil pH
conditions. However, no significant difference was observed for Cr, As,
and Ni, suggesting these metals/metalloids were not closely related to
soil pH. Because the soil in HHH was mainly alkaline, while the soil in
other areas was acidic or neutral, the data of HHH contributed more to
these results. To demonstrate the change in pollution levels with
various ranges of soil pH in different regions (Fig. S5a), we used the
mean values and calculated the pollution levels with Eq. 6 in the
different pH ranges. The moderate to severe (red to dark red) pollution
levels were mainly found for Cd and Hg in HHH and SC (Fig. S5a). In
particular, severe Cd pollution was found in HHH under neutral or
alkaline conditions. In the SC region (with no data within
7.5 < pH < 8.5), Cd and Hg pollution levels turned more severe with
acidic soil than neutral.

To test the relationships between heavy metals pollution and pre-
cipitation, we classified MAP into five ranges: 400-600, 600-800,
1000-1200, 1200-1600, and 1600-2000 mm (Fig. 5). For Cd and Cu,
significant accumulations were found in all MAP ranges except for
1600-2000 mm for Cu. Both metals were substantially increased with
1200-1600 and 400-600 mm. Hg, As, Pb, and Ni tended to accumulate
more with 400-800 mm, whereas Cr decreased in 1000-1600 mm, and
no significant change was found in other ranges. Zn accumulated in
1000-2000 mm, especially in 1600-2000 mm (0.46 [0.19-0.73]). The
pollution levels of Cd were moderate with a MAP of 400-800 mm in HHH
(marked in red), and turned moderate to severe (dark red) with a range of
1000-2000 mm in SC and JH (Fig. S5b).

MAT was mainly 0-10 °C in SJ and SN, 10-15 °C in HHH, and
15-20 °C in SC and JH. Cd, Hg, Pb, Cu, Ni, and Zn showed higher
accumulations in the MAT range of 10-15 °C or 15-20 °C. No signif-
icant difference with the background levels was found under various
MAT ranges for As, suggesting MAT might not significantly affect the
As pollution status. In contrast, Cr showed a significant decrease in
0-5 °C (—0.11 [-0.02 to —0.2]). As shown in Fig. S5c, the Cd pollu-
tion levels turned from moderate to severe in HHH, SC, and JH in
10-20 °C.

Previous studies have demonstrated that soil pH greatly influenced
the concentration and phyto-availability of heavy metals in farmland
soil [47,48]. With increasing soil pH, the mobility and solubility of
cationic heavy metals (Cd?*, Hg?*, cu®", Pb?", and Zn?") decreased
[48,49] due to more favorable adsorption and high surface precipi-
tation. In HHH, the soil pH ranged between 6.5 and 8.5, and MAP
between 400 and 800 mm. Generally, these immobilized heavy metals
tend to remain stable under basic soil conditions (6.5 < soil pH < 8.5)
and low levels of MAP (400-800 mm). Therefore,Cd, Hg, Pb, Cu, Zn
severely accumulated under neutral or alkaline soil conditions (data of
HHH took the greatest weight in the overall results) (Fig. 5), and the
pollution levels of Cd (Fig. S5a-b) were more severe with basic soil pH
and low MAP in HHH. In addition, acid deposition was more common
in SC and JH than in the other regions [50]. Under acidic soil condi-
tions, heavy metals tend to be dissolved as mobile ions, and a higher
MAP would result in a lower accumulation of the metals. However, in
our results, a higher MAP did not appear to lead to decreased heavy
metal concentrations in soil. This may be because more heavy in-
dustries are present in these southern regions (SC and JH) than in
HHH [11], and a larger MAP could transport more heavy metals from
the industrial sites to the farmland and/or promote atmospheric
deposition of metals-laden industrial waste gases. This is supported by
the fact that researchers have observed that atmospheric deposition
could contribute up to 86% to the total soil Cd in farmland in SC [14].

225

Eco-Environment & Health 1 (2022) 219-228

3.3.2. Relationships between heavy metals and farmland use patterns

To investigate the relationships between farmland use patterns and
heavy metals accumulation in the five major areas, we divided the data
into four groups based on the type of species: mixed (> two patterns),
vegetable, paddy, and upland. The accumulation of heavy metals (except
As) varied greatly under different farmland use patterns. As shown in
Fig. 5, Cd (2.12 [1.62-2.62]), Hg (1.97 [1.62-2.32]), Pb (0.42
[0.03-0.81]), and Zn (0.43 [0.13-0.73]) accumulated most severely in
upland cropping soils, Cd (0.98 [0.56-1.40]) and Pb (0.15 [0.02-0.28])
showed a significant increase in the paddy soils, and Cu (0.47
[0.17-0.771) and Zn (0.29 [0.09-0.49]) in the vegetable-growing soils.
Only Cr showed a decreasing trend (—0.15 [—0.02 to —0.28]) in the
vegetable-growing soil. Some heavy metals (Cd, Hg, Pb, and Zn)
increased in mixed-cropping soils, but the values were lower than those
in the upland cropping soils. This observation suggested that, compared
with single farmland use pattern, mixed patterns might help alleviate
levels of heavy metals in soil.

Previous studies demonstrated that heavy metals in farmlands accu-
mulated differently in farmland use patterns. Based on 81 samples, Xu
et al. [51] found that accumulation of Cd followed the order of vegetable
(rape field) > paddy (paddy field) > upland (wheat field). While Cu
pollution was more severe in vegetable fields than in paddies. Huang
et al. [52] observed that higher contents of Cu and Zn in vegetable fields
than in upland fields, due to the long-term use of excessive chemical
fertilizers and organic manures in vegetable fields. Bai et al. [53] re-
ported that the accumulation of total heavy metals was in the order of
greenhouse field > vegetable field > upland field > forest field, and
addressed the main reason for the varied application of fertilizer and
pesticides in different patterns. In this study, we found that in five major
farmland areas, the accumulation of Cd and Zn was more significant in
upland fields than in vegetable fields, while a higher amount of Pb was
found in the upland field than in the paddy field. Meanwhile, the accu-
mulation of Cd, Hg, Pb, and Zn showed alleviated in mixed land use
patterns than in upland fields, suggesting that mixed patterns might help
alleviate heavy metal levels in soil. Moreover, Yang et al. [54] found that
after one-year of cultivation in varied farmland patterns, the levels of Cd
and Pb in the soil were reduced by at least 31.5 g/ha and 268.7 g/ha.

Moderate to severe pollution levels were mainly found for Cd in HHH,
SC, and JH (Fig. S5d). In HHH, the pollution levels of Cd appeared more
severe in soil with mixed-cropping patterns or upland farmland use
pattern. In JH, the Cd concentration was higher in the vegetable-growing
and paddy soils. While in JH, the pollution levels of Cd were rated
moderate or severe with all kinds of species.

3.4. Control and prevention policies and measures of soil pollution by
heavy metals in China

An overview of actions taken by policymakers in China to reduce the
risks posed by soil pollution from 1958 to 2022 is given in Fig. S6,
including national soil surveys, national standards & laws, and research
& development related to heavy metals.

National soil surveys: China first started to monitor concentrations
of heavy metals in soil in the middle of the last century. The first National
Soil Survey was conducted from 1958 to 1960, which initiated the
buildup of a soil science database and the first agricultural soil classifi-
cation system in China [55]. After nearly 20 years of interruption, the
second National Soil Survey was carried out during 1979-1985, which
collected information on soil nutrients and various soil improvement
measures [56-62]. Based on the data from these two national surveys,
the China Environmental Background Values of Soil were established in
1990 [16], which included the background values of heavy metals at the
provincial scale. During 2005-2014, a Survey of National Soil Pollution
Status was performed [5], and the resulting report was published in
2014, listing the exceedance ratios of eight heavy metals (Cd at 7.0%, Hg
at 1.6%, As at 2.7%, Cu at 2.1%, Pb at 1.5%, Cr at 1.1%, Zn at 0.9%, and
Ni at 4.8%). It also pointed out that farmland pollution was more severe
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in the south than in the north. In addition, Cd, Hg, As, and Pb concen-
trations in soils increased gradually from the northwest to the southeast,
and from northeast to southwest of the country. In 2022, the third Na-
tional Soil Survey was launched [63], aiming to thoroughly examine soil
quality, soil types and their distribution, present and possible future
conditions of soil resources.

National Standards and Laws: To regulate the pollutants discharged
into farmland systems, China enacted a series of national standards. The
first national standard for irrigation water quality control was enacted in
1985 (GB 5084-85), and then amended in 1992, 2005, and 2021, to limit
seven heavy metals (Hg, Cd, As, Cr, Pb, Cu, and Zn) [64]. In addition, in
2007, GB 20922-2007 was established, which specifies the urban recy-
cling irrigation normative references, terms and definitions, quality re-
quirements, other requirements, and monitoring and analytical methods.
It sets standards for Hg, Cd, As, Cr, and Pb in irrigation water when
applied to four classes of crops (fiber crops, dry grain, wet grain, and
open-air vegetables) [65]. Then in 1995, soil quality regulations (GB
15168-1995) were established [6], which specify the maximum con-
centrations for eight heavy metals according to the soil pH. The standards
were further amended in 2018 (GB 15168-2018) [7], establishing risk
screening values and risk intervention values for heavy metals in upland
and paddy farmlands. In addition, two standards (GB/T 36783-2018 and
GB/T 36869-2018) were established regulating the allowable levels of
heavy metals in soils for root stalk vegetables and rice fields with varying
organic matters [66,67].

In recent years, the Chinese government has taken additional steps to
mitigate or prevent soil pollution by heavy metals [68]. The 2015
amended Environmental Protection Law prohibits the application of
heavy metals to soils during agricultural production [69]. In 2016, the
Soil Contamination Prevention and Control Action Plan, also known as
the “Soil Ten Plans”, was released [70]. Moreover, the Soil Pollution
Prevention and Control Law of the People’s Republic of China was
promulgated in 2019, creating a specific regulatory framework for soil
pollution control [71].

Research, Development, and Deployment: The Chinese govern-
ment has also enacted an ambitious research, development, and
deployment (RD&D) agenda to promote the development of innovative
technologies for pollution mitigation and prevention. During the 12th
Five-Year Plan (2011-2015), the government laid out a prevention and
control system for heavy metals [72]. The 13th Five-Year Plan
(2016-2020) established a goal to cut heavy metal emissions from major
industries by 10% by 2020 compared with the 2013 level [73]. Recently,
the 14th Five-Year Plan (2021-2025) required that heavy metal emis-
sions be further decreased by 5%, compared with 2020, by 2025 [74].

Driven by these Five-Year Plans and the RD&D, various measures
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have been taken to protect agricultural soil quality. For example, a
“VIP + N” technology system (V, low cadmium rice variety; I, irrigation
in whole growth period; P, soil pH; N, auxiliary measures) for Cd
reduction was first initiated in Hunan province in 2014. Since then, the
average Cd content in rice was reduced by >60% with improved quality
and production [75].

The market of farmland remediation: In 2021, approximately 3600
site remediation projects were implemented in China at an expenditure
of 15.7 billion RMB. These remediation projects included watersheds,
landfills, mines, farmland, groundwater, land for construction, and
others. As shown in Fig. 6a and b, only 5.8% of projects (210 projects,
details can be found in Table S13) and 3.4% of project funding (527
million RMB) were devoted to farmland remediation. For the five major
grain-producing areas (Fig. 6¢), there were fewer projects in SJ and SN
than in the other three regions, and these projects were generally of
smaller size. HHH had the largest number of remediation projects, but
the total funding was lower than for JH and SC. This contradicts our
findings in this study that HHH showed the most severe heavy metals
pollution, which demands more remediation investment. The total cost of
remediating all contaminated land in China to fit crops or livestock was
estimated at about 5 trillion RMB [76]. As such, a huge amount of in-
vestment and more cost-effective technologies are urgently needed.

4. Conclusions and perspectives

In this study, we extracted and analyzed data from 276 publications
during 2010-2021 and used meta-analysis to obtain an overall spatio-
temporal evolution profile of eight priority heavy metals in five major
grain-producing regions in China. The key findings are summarized as
follows:

1) Compared with the region-specific background values, five heavy
metals (Cd, Hg, Cu, Pb, and Zn) represented the most severe pollutants in
the five regions, and the pollutant concentrations followed the order of
Cd > Cu > Pb > Zn > Hg. Cd showed the largest effect size values, highest
exceedance percentages to the regulatory limits, and most severe pollu-
tion levels. Cu increased in both northern and southern farmlands
compared with the 1990 background values. Of the five areas, the HHH
region exhibited the most severe pollution status, with five kinds of
heavy metals (Cd, Hg, As, Pb, and Cu) severely accumulated.

2) Levels of Cd, Hg, Cu, Pb, and Zn showed certain increasing trends
during 2016-2021 in some areas compared to 2010-2015 and the 1990
background levels. Cd was the number one pollutant with the largest
difference between the two effect sizes of the two periods and exceedance
percentages compared with the risk control standards. The highest ac-
cumulations of Cd, As, Pb, Cu, and Zn were all found in HHH.

c) Status of remediation projects for agricultural soils in five major producing areas
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Fig. 6. Proportion of farmland remediation projects in total remediation projects in five major grain-producing areas in 2021 in terms of (a) project numbers and (b)

project funding values. (c) Status of remediation projects for agricultural soils.
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3) Subgroup meta-analyses revealed that the pollution levels of Cd
were more severe with alkaline soil and lower MAP in HHH, while more
severe with acidic soil and higher MAP in SC and JH. Compared with
single species in the upland crop pattern, smaller effect sizes of some
heavy metals were found in soils used for mixed-cropping systems,
indicating that mixed farmland use patterns could help alleviate the
accumulation of heavy metals in soil.

4) With new environmental regulations enacted and more remedia-
tion and prevention actions taking place, the upward accumulation
trends of some metals (e.g., As and Cr) appeared to have slowed down.
However, farmland remediation projects make up only a small share of
the overall remediation market in terms of the number of projects and
overall expenditures. In addition, more investment should be geared
towards regions such as HHH that show high levels of pollutants and a
fast accumulation trend.

The findings from this work provide an improved understanding of
the status and trend of heavy metals in major Chinese farming regions.
The information is essential for guiding sound risk assessment, regulatory
development, pollution prevention measures, funding allocation, and the
best remediation practices.
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