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Abstract: Identifying the current status of the heavy metal(loid) input of agricultural soils is vital for
the soil ecological environment of agricultural-producing areas. Most previous studies have typically
carried been out in small regions with limited sampling sites, which is insufficient to reveal the overall
status of China. This study reviewed publications from over the past 20 years and calculated the input
fluxes of heavy metal(loid)s in agricultural soil via atmospheric deposition, fertilizer, manure, and
irrigation in different regions of China based on spatiotemporal heterogeneity using a meta-analysis,
providing more accurate and reliable results. It was found that the heavy metal(loid) input flux
of atmospheric deposition in China is large, while that of fertilizer and manure is relatively low
compared to Europe. The major sources of As, Cd, Cr, Ni, and Pb entering the soil was atmospheric
deposition, which accounted for 12% to 92% of the total input. Manure was responsible for 19% to
75% of the Cu and Zn input. Cd is the element presenting the most significant risk to the environment
of agricultural soils in China and its safety limit will be reached within 100 years for most regions.
The region we need to be concerned about is Huang-Huai-Hai due to its comprehensive pollution.

Keywords: heavy metal input flux; soil heavy metal pollution risk; spatiotemporal heterogeneity;
atmospheric deposition; meta-analysis

1. Introduction

With the acceleration of industrialization and urbanization, heavy metal(loid) pollution
in agricultural soils has become one of the major environmental challenges for many
countries [1,2]. Heavy metal(loid) accumulation in soil might affect crop yield, quality,
and ultimately, human health [3–7]. According to the US Geological Survey (USGS),
China’s cadmium production is 8000–9000 tons/yr, accounting for about 1/3 of the world’s
production, and nine times that of the European Union [8]. The Report on the national soil
pollution survey [9] points out that 19.4% of arable land in China is polluted, and heavy
metal(loid)s, including arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), mercury
(Hg), lead (Pb), nickel (Ni), and zinc (Zn), are considered to be the main pollutants [10,11].
Which way heavy metal(loid)s enter farmland is a topic worthy of attention.

The factors that affect the accumulation of heavy metal(loid)s in soil are not only
caused by the geochemical properties of the elements themselves and the physicochemical
properties of the soil, but are also more closely related to the sources of the elements [12–14].
Numerous previous studies have shown that, in farmland ecosystems, the variation of
heavy metal(loid)s in soil is mainly caused by various anthropogenic activities, including
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atmospheric deposition (AD), chemical fertilizer (Fert), livestock manure (Man), and irriga-
tion (Irrig) [15–18]. The accumulation of heavy metal(loid)s in soil is a slow process and
will not change significantly in the short term, while multiple soil surveys are costly and
insufficient for showing this variation [19] and accurate knowledge on the input of heavy
metal in soil is therefore an important aspect of soil management. The UKCEH Countryside
Survey collected samples of atmospheric deposition based on a comprehensive survey
of the soil environment, proving the importance of studying the input of the accumula-
tion of heavy metal(loid)s in soil [20]. Accordingly, studying the accumulation trend of
heavy metal(loid)s in soil from the perspective of external inputs is a feasible method.
The sources which contribute the most are different globally. Manure, mineral fertilizer,
and pesticide are the predominant sources in France [21], while in China, atmospheric
deposition is generally considered to be the main source of heavy metal(loid)s in soil [22].
An accurate assessment of the proportion and risk of various pollution sources plays a
crucial role in the precise management and policy making of heavy metal(loid) pollution in
regional farmland.

Clarifying the sources of heavy metal(loid) pollutants is essential for preventing and
controlling soil heavy metal(loid) pollution. The Report on the national soil pollution
survey found the pollution area and distribution of agricultural land across China [9].
This was confirmed by a subsequent detailed investigation of agricultural soil pollution.
However, the process and flux of heavy metal(loid) pollution are still unclear due to the
migration and transformation processes of heavy metal(loid) in a multi-media environment
of atmosphere–soil–water being particularly complex. Receptor models are widely used
in the source apportionment of soil heavy metal(loid)s, enabling qualitative identifica-
tions of potential pollution sources and quantitative estimations of their contributions.
However, these cannot identify the nonpoint pollution source, such as the agricultural
input. Currently, monitoring networks for heavy metal(loid) input fluxes in large areas
of the soil environment have rarely been established; thus, many studies have preferred
to make an inventory to accurately quantify these heavy metal(loid) input fluxes and the
contribution of various pollution sources [23–26]. In China, many studies on soil heavy
metal(loid) flux in agricultural soil were developed through regional field investigations,
which have covered several areas, including the North China Plain [27], Yangtze River
Delta [1,28,29], and Chang-Zhu-Tan urban agglomeration (CZT) [18,30]. Most studies were
typically carried out in small regions with limited sampling sites because of the limited
capacity for a wide range of sampling and analyses. At the same time, there have also
been some review articles to calculate the input flux of China’s agricultural soil, but all
of them used the arithmetic mean value to represent the flux and ignored the influence
caused by the difference in the survey or sampling methods, which may lead to Simpson’s
paradox. Furthermore, sources of pollution usually change over time. For instance, sewage
irrigation is no longer the main way in which heavy metal(loid)s enter the soil, since this
trend has decreased in China [31]. Therefore, these studies are insufficient for revealing
the overall status and spatiotemporal variation characteristics of heavy metal(loid) flux in
China’s agricultural soil. It is necessary to carry out new research and update the inventory
periodically to improve the robustness of the data and the reliability of the results.

In this study, publications during 2000–2021 were collected and screened. On the basis
of detecting the spatiotemporal heterogeneity of regional input flux, a meta-analysis was
presented to calculate the weighted input flux, so as to obtain a more accurate average flux
and more objective trend of soil environmental quality. The scientific assessment of the soil
environmental risk of the agricultural-producing areas provides a reference for regional
heavy metal(loid) pollution control.

2. Materials and Methods
2.1. Creating the Heavy Metal Input Flux Database

The relevant publications were collected from the Web of Science (WOS) and China
National Knowledge Infrastructure (CNKI). In addition, we checked the references of each
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publication for more available data. Due to the reliability of the data in the literature having
a strong impact on the results of the meta-analysis, the data should be well evaluated and
filtered to control their quality. Finally, a total of 109 publications during 2000–2021 on
eight heavy metal(loid) (As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn) fluxes were selected, according
to the following criteria: (1) the study area did not include the farmland around industrial
and mining areas; (2) the atmospheric deposition samples that were collected included both
dry and wet deposition; (3) the monitoring period of the atmospheric deposition was more
than one year; (4) the staple types of crops grown in the study area were rice, wheat, and
maize; (5) the fertilizers used on the farmland in the study area consisted only of chemical
fertilizers; and (6) the data on the heavy metal(loid) fluxes could be obtained directly or
indirectly with calculations from the study. The search terms and list of 109 publications
can be found in the Supplementary Materials.

As researchers usually pay more attention to crucial polluted areas, this may overes-
timate the heavy metal(loid) input flux. After tests, the data on heavy metal(loid) fluxes
present right-skewed distributions, indicating extreme values at the right end of the data.
This is because researchers usually pay more attention to crucial polluted areas, resulting
in publication bias. Thus, we used Inter Quartile Range (IQR) to remove outliers. The IQR
is the difference between the dataset’s 25th percentile (Q1) and 75th percentile (Q3). The
method for declaring an observation to be an outlier is: the value is 1.5 times greater than
the IQR or 1.5 times less than the IQR. Finally, the data without outliers were used for
the analysis.

The study areas in the collected publications covered all the major grain-producing
areas of China. Most of the sampling sites were distributed in the southeast of China,
where the economy is developed and industrial activities are frequent (Figure 1) [32,33].
There were 271, 156, and 167 sampling sites for studying soil heavy metal(loid) input
via atmospheric deposition, fertilizer, and irrigation, respectively (See Table S1 for more
details), while few studies on heavy metal(loid) input flux via manure. Compared to the
previous studies (Table S2), the sample size in this study was larger and the sampling time
was more recent, which is sufficient to meet the statistical requirements. Consequently, it
is more comprehensive and convincing to describe the current status of heavy metal(loid)
input fluxes in China’s agricultural soil.

The data from the literature were extracted to establish the following database: (1) the
first author, title, and publishing year; (2) the geographical location (longitude and latitude)
and administrative region of the study area; (3) the number of sampling sites, size of the
study area (if this was not given, the area of the administrative region was taken as the
study area), and sampling date (if this was not given, the date of the publication minus
2 years was taken as the sampling date); and (4) data on heavy metal(loid) input fluxes.

2.2. Weighted Average Calculation

This study calculated the mean value based on the idea of a meta-analysis and com-
bined the results of multiple scientific studies by collecting data from a large number of
previous individual study cases, which could produce a more reliable and accurate result.
However, this is not a classic meta-analysis and randomized controlled trials were not
conducted. Additionally, more relevant and valuable indicators were used instead of
variance to calculate weights [34–38].

The weighted average flux is calculated according to the data collected above. Due
to the heterogeneity in the different studies, we use the random effect model in this study,
and the data on heavy metal(loid) fluxes are a continuous variable with a uniform unit.
Thus, the weighted mean difference is selected as the effect size to calculate the average
fluxes. We generally believe that experiments with larger study areas and larger samples
are more representative and reliable. Given this fact, we use the size of the study area and
number of monitoring sites instead of the variance to calculate the weights (Wi):

Wi = Ai × Ni (1)
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where Ai is the size of the study areas in study i and Ni is the number of monitoring sites in
study i. Testing the data on the weights showed a skewed distribution; thus, the logarithmic
transformation is applied to the data correction:

W
′
i = lg(Wi) (2)

Then, the weighted average of the heavy metal(loid) flux (F, mg/m2/yr) refers to:

F =
n

∑
i=1

(Fi ×W
′
i / ∑n

i=1 W
′
i ) (3)

where Fi is the heavy metal(loid) flux in each study.
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For the fluxes not clearly expressed in the literature, we obtained these indirectly
via calculation.

(1) Atmospheric deposition:

Fi = Ci × D (4)

where Fi (mg/m2/yr) is the flux of the heavy metal(loid) entering the soil i via atmospheric
deposition; Ci (mg/kg, dry weight) is the content of the heavy metal(loid) i in atmospheric
deposition; and D (kg/m2/yr) is the amount of atmospheric deposition.
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(2) Manure:

In the process of the literature review, it was found that there were few studies that
measured the heavy metal(loid) flux of manure; thus, we referred to the data from the
China Agriculture Yearbook as a supplement to calculate the flux of manures:

Fi = f ∑n
j=1 NjEj

(
1− Cwj

)
Cij/A (5)

where Fi (mg/m2/yr) is the flux of the heavy metal(loid) entering the soil i via manure;
f (%) is the agricultural utilization rate of livestock and poultry excrement (Table S3); Nj
is the number of livestock/poultry j raised annually [39]; Ej (kg/head/yr, fresh weight)
is the excretion of livestock/poultry j [40] (Table S4); Cwj (%) is the water content in the
livestock/poultry j excrement [41] (Table S4); Cij (mg/kg, dry weight) is the content of
heavy metal(loid) i in the livestock/poultry j excrement, the data on which were taken from
the means of previously published research; and A (m2) is the sown area of grain crops [39].

In brief, we analyzed the publication bias of the literature, the data were extracted and
screened, then a database of heavy metal(loid) fluxes was created. A subgroup analysis
was carried out according to geographical regionalization; finally, the weighted average
flux of each region was calculated.

2.3. Spatiotemporal Heterogeneity Analysis

The spatiotemporal heterogeneity detection can effectively eliminate the regional
differences caused by economic development and the pollution degree, avoiding an overes-
timation or underestimation of the heavy metal(loid) input flux. In this study, GeoDetector
is used to detect the spatiotemporal heterogeneity and spatiotemporal interaction of heavy
metal(loid) fluxes in China’s agricultural soil. This could verify the accuracy of the zon-
ing and determine whether it is necessary to further explore the accumulation of heavy
metal(loid) fluxes in different regions of China.

Geodetector is a spatial statistical method commonly used to detect the differences in
geographic factors and their effects on the spatial distribution of study objects. It is based
on the idea that, if an independent variable has an important effect on a dependent variable,
the spatial distribution of the two should be similar [42]. The principle of GeoDetector is
as follows:

q = 1− SSW/SST = 1−
L

∑
h=1

Nhσ2
h /Nσ2 (6)

where h = 1, . . . , L is the stratum count in factor X, and Nh and N are the number of units
in stratum h and the whole study area, respectively. σ2

h and σ2 are the variance of variable
Y in stratum h and the whole study area, respectively. The range of q is [0, 1] and, the larger
the q-statistic, the more obvious the spatial heterogeneity of variable Y and the stronger the
explanatory power of factor X to variable Y.

The interaction detector evaluates whether the interaction of the driving factors X1
and X2 will enhance or weaken the explanatory power of variable Y. The types of factor
interaction can be found in [43].

The same stratification method is adopted for the heavy metal(loid) fluxes via different
sources to ensure that the effect of the factors on heavy metal(loid) fluxes is explored under
the same spatiotemporal stratification conditions.

2.4. Soil Environment Risk Assessment

The potential risk of soil pollution can be measured via the soil environmental capacity.
This environmental capacity assesses the maximum load of the pollutants that can be
accommodated in an area without harming the ecological environment; it is a basic method
for measuring the soil heavy metal(loid) pollution status [44–47]. The calculation for the
soil environmental capacity is:

Pi = Qi/Qb (7)
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Qi = 10−6M
(
Ci − Cpi

)
(8)

Qb = 10−6M(Ci − Cbi) (9)

Ti = Qb/Fti (10)

where Pi is the environmental capacity index of the heavy metal(loid) i, the assessment
standard is shown in Table S5; Qi is the existing environmental capacity of the heavy
metal(loid) i in the soil (kg/hm2); Qb is the total environmental capacity of the heavy
metal(loid) i in the soil (kg/hm2); M is the mass of the topsoil, and it is supposed that
the topsoil in China is uniformly distributed with a soil bulk density of 1.3 g/cm3 [48],
meaning that M = 2.6 × 106 kg/hm2; and Ci is the standard limit of the heavy metal(loid) i
(mg/kg) (Table S6), with regard to the soil environmental quality risk control standard for
the soil contamination of agricultural land [49]. Cpi is the measured content of the heavy
metal(loid) i in the soil (mg/kg) [31]; Cbi is the background value of the heavy metal(loid)
i (mg/kg) [50,51]; Ti is the time required for the heavy metal(loid) i content to reach the
standard limit (yr); and Fti is the total input flux of the heavy metal(loid) (i) (kg/hm2).

3. Results
3.1. Zoning of Heavy Metal(Loid) Input Flux

Heavy metal(loid) input flux varies both spatially and temporally, which means
that spatiotemporal heterogeneity exists objectively [52]. Thus, the zoning calculation of
the heavy metal(loid) flux in China can scientifically represent the status of the heavy
metal(loid) pollution in China. Before the zoning, the spatial autocorrelation and het-
erogeneity of the data were analyzed, using Moran’s I [53,54] to measure the spatial
autocorrelation of the heavy metal(loid) input flux. As shown in Table 1, the Moran’s I
index of all the trace elements was greater than 0, which indicated that there was a positive
spatial autocorrelation. According to the z-score (z > 2.58) and p-value (p < 0.001) of most of
the trace elements, the spatial distribution of their input fluxes presented a clustered pattern
at a 99% confidence level. Figure S1 presents the local indicator of the spatial association
(LISA) and the distribution of the heavy metal(loid) input fluxes via atmospheric deposition
shows a pattern of HH in the north and LL in the south, except for Cd. The distribution
of the heavy metal(loid) input fluxes via fertilizer and irrigation shows a pattern of LL in
the north and HH in the south. Taking the Cd input flux via atmospheric deposition as an
example, the LISA in different periods was analyzed, respectively. Figure S2 shows that the
spatial pattern of the input flux varied in different periods. These results suggest that it is
necessary to calculate the heavy metal(loid) input flux partition.

Table 1. The spatial autocorrelation of heavy metal(loid) input flux via atmospheric deposition,
fertilizer, and irrigation.

Atmospheric Deposition Fertilizer Irrigation
Moran’s I z p Moran’s I z p Moran’s I z p

As 0.25 5.58 0 0.21 3.93 0 0.37 5.31 0
Cd 0.39 7.53 0 0.21 3.76 0 0.41 6.02 0
Cr 0.18 3.76 0 0.32 4.82 0 0.45 6.24 0
Cu 0.19 3.43 0 0.52 7.38 0 0.32 4.66 0
Hg 0.21 5.1 0 0.58 9.35 0 0.53 8.52 0
Ni 0.09 1.26 0.21 0.09 1.08 0.28 0.65 7.47 0
Pb 0.14 2.97 0 0.07 1.63 0.1 0.45 7.49 0
Zn 0.17 3.2 0 0.08 1.22 0.22 0.33 4.48 0

China has a vast territory with different economic development levels, industry types,
climatic conditions, and modes of production and living; thus, there are inevitable differ-
ences in the levels and sources of the pollution between these different regions. Based on
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China’s agricultural regionalization, its economy, pollution, and previous research [55–57]
were comprehensively considered for zoning. Then, we divided the agricultural land in
China into the following nine regions (Figure 1): Northeast China (NEC), South China (SC),
Huang-Huai-Hai (HHH), Loess Plateau (LP), South of the Yangtze River (SYR), Sichuan
Basin (SB), Northwest China (NWC), Yunnan Guizhou Plateau (YGP), and the Middle
and Lower Reaches of Yangtze River (MLYR). In light of the processes of industrialization
and urbanization, air pollution control measures, and the introduction of the relevant
regulations, the sampling time was divided into three periods: 2000–2006, 2007–2012, and
2013–2021.

To verify the accuracy of the zoning, we used GeoDetector to detect the spatiotemporal
heterogeneity of the heavy metal(loid) input fluxes of atmospheric deposition, fertilizer,
and irrigation. The input flux of manure was not detected due to a lack of data. The results
in Table 2 show that there was heterogeneity between the strata after dividing the samples,
the heavy metal(loid) input fluxes were affected both spatially and temporally, and the
spatial distribution had a greater impact on them. If the heavy metal(loid) input flux was
calculated directly without partitioning, the uncertainty of the average and variance would
increase. Therefore, to avoid confusion caused by spatial heterogeneity and make the
calculation more scientific, the subsequent calculation of the flux was performed in the
homogeneous region.

Table 2. Spatiotemporal heterogeneity of heavy metal(loid) input fluxes (q-statistic).

Atmospheric Deposition Fertilizer Irrigation

Period Region Interaction Period Region Interaction Period Region Interaction

As 0.056 0.195 *** 0.423 *** 0.047 0.248 ** 0.308 *** 0.056 0.352 *** 0.451 ***
Cd 0.028 ** 0.183 ** 0.460 *** 0.081 ** 0.232 *** 0.344 *** 0.006 0.181 *** 0.418 ***
Cr 0.305 *** 0.271 *** 0.443 *** 0.126 0.468 ** 0.488 *** 0.182 * 0.535 *** 0.566 ***
Cu 0.067 ** 0.137 0.354 *** 0.206 ** 0.415 *** 0.553 *** 0.125 * 0.363 *** 0.656 ***
Hg 0.046 0.237 ** 0.592 *** 0.249 *** 0.292 *** 0.595 *** 0.196 ** 0.408 ** 0.904 ***
Ni 0.369 *** 0.263 ** 0.513 *** 0.001 0.343 0.548 *** 0.247 * 0.814* ** 0.833 ***
Pb 0.073 *** 0.182 *** 0.489 *** 0.059 0.165 * 0.305 *** 0.123 *** 0.138 * 0.493 ***
Zn 0.042 0.078 0.252 *** 0.031 0.129 0.203 0.047 0.25 * 0.469 ***

Note: * p < 0.05; ** p < 0.01; and *** p < 0.001.

The explanatory power of the period for the heavy metal(loid) input flux was 0.042–0.369,
0.001–0.249, and 0.006–0.247 for atmospheric deposition, fertilizer, and irrigation, respec-
tively; the explanatory power of the region for the heavy metal(loid) input flux was
0.078–0.271, 0.129–0.468, and 0.138–0.814 for atmospheric deposition, fertilizer, and irriga-
tion, respectively. The temporal heterogeneity of the heavy metal(loid) fluxes of fertilizer
and irrigation was not obvious compared to that of atmospheric deposition. For fertil-
izer, more than half of the elements were NS. Meanwhile, only Pb was significant at the
0.001 level for irrigation.

The driving factors of the heavy metal(loid) input were not independent of each
other, but there was a synergistic effect between them. Interaction detection can detect
the interaction between these driving factors, that is, to evaluate whether the driving
factors enhanced or weakened the explanatory power of the spatial heterogeneity of the
heavy metal(loid) input fluxes under the combined action of the driving factors (here,
these are period and region). Table 2 shows that, under the interaction, the q-statistics
were 0.252–0.592, 0.203–0.595, and 0.418–0.904 for atmospheric deposition, fertilizer, and
irrigation, respectively, which are all greater than the q-statistic of a single factor and
significant at the 0.001 level. Hg, for example, had a significant increase in its explanatory
power after the interaction. This suggested that the heavy metal(loid) input fluxes were
affected by the interaction between time and space. A simple arithmetic average of the
overall data could not accurately represent the current status of the heavy metal(loid) input



Land 2023, 12, 1240 8 of 22

in China. Thus, the weighted calculation of the different regions using a meta-analysis
and further exploration of the spatiotemporal characteristics of the heavy metal(loid) input
fluxes in China’s agricultural soil could more scientifically describe the input flux and risk
trend of these heavy metal(loid)s.

3.2. Inventory of Heavy Metal(Loid) Input Fluxes

In this section, the weighted averages of the heavy metal(loid) input fluxes via atmo-
spheric deposition, fertilizer, and irrigation were calculated through a meta-analysis. The
input flux via manure was calculated indirectly instead of using a meta-analysis, because
there were few previous studies that measured the heavy metal(loid) input flux of manure.
Finally, the inventories were established, respectively.

3.2.1. Atmospheric Deposition

The weighted average input fluxes of eight heavy metal(loid)s via atmospheric depo-
sition are shown in Table 3. The fluxes can be roughly ranked as follows: Zn> Pb > Cu > Cr
> Ni > As > Cd > Hg, and such a pattern is consistent with previous studies [58,59]. This
may be related to the abundance of elements in the Earth’s crust and the components of
atmospheric pollutant emissions [60]. The total annual input flux for each heavy metal(loid)
was not significantly different from those reported by Luo, Ni, and Wang [31,61,62], but
lower than those of Peng [63], probably because Peng collected their data covering all land
use types, while Luo, Ni, Wang, and this study only selected sampling sites near farmland
and avoided industrial, mining, and traffic-intensive areas. The relative standard deviation
of this study was smaller than those of other studies (Table S2), which means that the data
were more concentrated and accurate.

Compared to other countries, although the pollution situation is better than that
in some developing countries [64,65], there is still a big gap between China and other
developed countries (Table 3) [66–70]. The past two decades have been a period of rapid
economic development in China, and intensive industrial activities can give rise to the
emission of heavy metal(loid)s. It can be observed that the deposition fluxes of all the
elements in China were out of the range found in these developed countries.

According to the results in Table 2, we believe that the heavy metal(loid) input flux
of atmospheric deposition had spatial heterogeneity (q-statistic: 0.078–0.271). Thus, the
input fluxes in the different regions were calculated separately (Table 3). The atmospheric
deposition of heavy metal(loid)s was extremely severe in NEC, where the input fluxes
of As, Cr, Cu, and Zn were the largest. NEC is a major industrial base in China. Its
industrial structure is dominated by traditional heavy industries such as mining and its
principal energy consumption is coal, which is the main source of As, Cr, Cu, Ni, and
Pb in the atmosphere [71]. Meanwhile, coal-fired heating is an important way of winter
heating in NEC and the heating period lasts 5–7 months, resulting in the consumption
of about 150 million tons of coal annually; thus, coal is also an essential source of the
heavy metal(loid)s in the atmosphere in NEC. For Cd, the most serious depositions were
distributed in SB and SYR at 0.84 and 0.74, respectively. The deposition in SB was mainly
caused by industrial waste gas emissions from chemical, metal(loid)lurgical, mining, and
other industries densely distributed in the area. According to incomplete statistics, there
are as many as 74 chemical plants named “Shifang” in Shifang City and most of them are
phosphorus chemical enterprises, while phosphate ore is an important source of Cd [72].
SYR includes the Jiangxi Province, CZT, which is rich in nonferrous metal(loid) mineral
resources and is an important Pb and Zn smelting, production, and processing base in
China [17,26,73].
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Table 3. Heavy metal(loid) input fluxes of atmospheric deposition (mg/m2/yr).

Region/Country Period As Cd Cr Cu Hg Ni Pb Zn Ref.

NEC 2000–2021 4.28 0.36 17.95 15.1 0.028 3.19 18.58 84.02

This
study

SC 2000–2021 2.28 0.38 11.19 12.37 0.053 7.06 25.56 48.51
HHH 2000–2021 2.86 0.53 9.77 12.77 0.052 5.92 24.06 67.63

LP 2000–2021 3.04 0.49 9.07 13.35 0.063 5.76 26.99 62.07
SYR 2000–2021 3.14 0.74 3.73 4.94 0.026 1.93 14.16 42.7
SB 2000–2021 2.56 0.84 17.79 9.44 0.066 2.92 30.24 62.63

NWC 2000–2021 0.39 0.06 16.23 6.78 0.007 - 4.05 31.88
YGP 2000–2021 1.08 0.16 1.13 10.9 0.02 0.8 5.3 16.08

MLYR 2000–2021 1.61 0.37 10.06 8.58 0.022 3.79 15.17 63.45
China 2000–2021 2.67 0.49 10.77 11.54 0.039 5.06 20.64 64

Kandy, Sri Lanka 2015 - 36.5 182.5 292 - 109.5 219 4380 [65]
Izmir, Turkey 2003–2004 - 15.3 38.3 37.4 - 55.9 36.1 774.2 [64]
Huelva, Spain 2008–2011 - 0.1 1.6 70 - 1.4 3.4 - [66]
Pallas, Finland 2007 0.015 0.012 0.043 0.58 - 0.053 0.18 0.93 [67]

Tokyo Bay, Japan 2004–2005 2.9 0.39 6.2 16 0.035 6.8 9.9 - [74]
Paris, France 2001–2002 - 0.24 - 6 - 0.62 4.2 30 [69]

England and Wales 1995–1998 0.31 0.19 0.75 5.7 0.1 1.6 5.4 22.1 [11]

Note: - No data.

On the other hand, there was a temporal heterogeneity in the heavy metal(loid) input
flux of atmospheric deposition (q-statistic: 0.042–0.369). Figure 2 presents the temporal
variation in the atmospheric heavy metal(loid) input fluxes from 2000 to 2021. The peak
was around 2012 and then decreased. At the same time, the concentration of PM2.5 and the
atmospheric pollutant also conformed to this trend [75,76]. Although fine particulate matter
rarely settles, both it and atmospheric deposition represent the quality of the atmospheric
environment. China has issued a series of regulations on environmental protection and air
pollution prevention and, since this increasing emphasis on air pollution prevention and
control [77–79], the air quality in China has improved markedly, owing to these regulations.
It was found that the atmospheric depositions of Cr, Hg, Pb, and Zn in Tianjin decreased
from 0.77, 0.11, 71, and 420 mg/m2/yr in 2006 to 0.21, 0.02, 15.58, and 37.8 mg/m2/yr in
2014, respectively [80,81]. According to the statistics, the proportion of the tertiary industry
in China has exceeded that of the secondary industry since 2012, which also explains the
decline in heavy metal(loid) deposition flux after 2012 [82]. In short, although China has
made some progress in atmospheric environmental protection this year, it still has many
deficiencies compared to developed countries.
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3.2.2. Fertilizer

To avoid double-counting, the fertilizers counted in this study included only chemical
fertilizers and organic fertilizers were not considered. The chemical fertilizers applied in
China include nitrogen fertilizers, phosphate fertilizers, potash fertilizers, and compound
fertilizers. No data were available for NWC and YGP because of their remoteness and
small areas of arable land. According to the results in Table 2, the heavy metal(loid) input
flux via fertilizer had spatial heterogeneity (q-statistic: 0.129–0.468), while the temporal
heterogeneity was not obvious (q-statistic: 0.001–0.249, no significance). The input fluxes
are listed in Table 3, which shows a variation among the different regions. The most likely
cause of this was that the fertilizers applied came from different production places and the
main raw materials for fertilizer came from ores with their own heavy metal(loid) content
in each region. Basically, this is determined by the local soil background value. However,
the heavy metal(loid) content in these ores would not change significantly in a short time;
thus, the heavy metal(loid) input fluxes via fertilizer are stable for a certain time.

Even though phosphate fertilizers are generally thought to be high in Cd [83], the
results did not show a larger flux of Cd from fertilizers. It has previously been observed
that the input flux of Cd via fertilizers in England and Wales is 0.17 mg/m2/yr [11], while
in China, it is only 0.05. For other elements, there was no obvious difference between China
and Europe, except for As, which was about five times higher, and Pb, which was about
seven times higher than that in Europe (Table 4) [84]. Compared to atmospheric deposition,
the heavy metal(loid) input flux via fertilizer was much lower; consequently, the application
of chemical fertilizers is not our major consideration in soil heavy metal(loid) pollution
control in China, since it was not the crucial cause of the heavy metal(loid) accumulation in
soil. However, it should be warned that the use of imported fertilizers in individual regions
may cause local contamination.

Table 4. Heavy metal(loid) input fluxes of fertilizer (mg/m2/yr).

Region/Country Period As Cd Cr Cu Hg Ni Pb Zn Ref.

NEC 2000–2021 0.63 0.04 0.59 0.68 0.003 - 0.22 6.33

This
study

SC 2000–2021 0.47 0.11 1.88 2.38 0.027 0.76 1.57 7.09
HHH 2000–2021 1.01 0.1 1.57 1.13 0.019 1.4 0.97 6.07

LP 2000–2021 0.66 0.04 - 0.51 0.022 - 1.66 -
SYR 2000–2021 0.16 0.03 0.81 0.73 0.013 0.18 0.24 5.48
SB 2000–2021 0.68 0.08 2.76 1.2 0.011 0.99 0.8 4.26

NWC 2000–2021 - - - - - - - -
YGP 2000–2021 - - - - - - - -

MLYR 2000–2021 0.39 0.02 0.91 0.6 0.003 0.28 0.49 2.5
China 2000–2021 0.59 0.05 1.02 1.04 0.012 0.9 0.77 5.14

England and Wales 2000 0.12 0.17 1.76 0.69 <0.1 0.36 0.14 3.67 [11]
Europe (Phosphate) 1999–2000 0.23 0.16 2.07 - - 0.36 0.1 4.31 [84]

Note: - No data.

3.2.3. Manure

The heavy metal(loid)s entering soil through manure were mainly determined by
the number of animals raised, the content of the heavy metal(loid)s in their excrement,
the area of arable land, and the utilization rate of the livestock and poultry excrement.
Thus, the heavy metal(loid) flux of manure was calculated using Formula (6). Compared
to Europe, the heavy metal(loid) input fluxes via manure in China were apparently low
(Table 4). Although the heavy metal(loid) input flux via manure was calculated indirectly
and a spatial heterogeneity analysis could not be carried out, we concluded that it also had
spatiotemporal heterogeneity after judging the factors that affected the input flux.

As shown in Table 5, the high input flux values were mostly concentrated in the densely
populated areas of HHH, MLYR, and SC. Due to the constraints of demand, transportation,
and cost, specialized livestock and poultry farms are increasingly concentrated in the
densely populated eastern developed areas and suburban settlements; more than 70% of
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livestock and poultry production is distributed in these eastern regions and the suburbs
of large cities [85]. In these regions, the pollution pressure of manure is higher because
of more livestock production and less arable land. In addition, most livestock raised in
the northwest regions are grass-fed animals such as cattle and sheep, while in the eastern
regions, these are mainly pigs and chickens with high contents of heavy metal(loid)s in
their feed. Therefore, not only intensive livestock and poultry breeding, but also the higher
contents of heavy metal(loid)s in the animals’ excrements cause serious pollution in the
eastern region.

Table 5. Heavy metal(loid) input fluxes of livestock and poultry manure (mg/m2/yr).

Region/Country Period As Cd Cr Cu Hg Ni Pb Zn Ref.

NEC 2000–2021 0.45 0.13 4.11 14.98 0.009 1.27 1.2 44.19

This
study

SC 2000–2021 0.78 0.18 4.97 32.03 0.013 1.64 1.4 79.72
HHH 2000–2021 0.86 0.25 7.51 32.05 0.019 2.34 2.11 86.94

LP 2000–2021 0.17 0.04 1.14 7.1 0.004 0.4 0.36 17.25
SYR 2000–2021 0.57 0.13 3.57 24.77 0.009 1.17 0.96 57.84
SB 2000–2021 0.49 0.11 3.04 23.2 0.009 1.01 0.77 50.23

NWC 2000–2021 0.27 0.11 2.75 8.62 0.015 1 1.12 26.74
YGP 2000–2021 0.33 0.07 1.75 15.03 0.006 0.62 0.54 33.58

MLYR 2000–2021 0.86 0.23 6.67 32.41 0.016 2.18 1.86 86.64
China 2000–2021 0.6 0.16 4.65 23.12 0.013 1.51 1.35 60.38

England and Wales 2000 6.17 1.88 17.9 453.4 0.1 27.4 23.7 1131.2 [11]

The time variation in the heavy metal(loid) flux of manure was mainly caused by the
heavy metal(loid) content in the animal excrement, which is closely related to animal feed.
Cr, Cu, and Zn were the most enriched elements in the feed of chickens and pigs [86,87].
Since the issuance of regulations such as the safety specification for feed additives [88],
organic fertilizer [89], the overuse of feed additives has been curbed in some parts of China.
According to the data we collected, the Cr and Cu contents in chicken and pig excrements
did gradually decrease, while the Zn content kept growing (Figure S3).

The opinions on accelerating the utilization of livestock and poultry waste resources
released by the State Council of the PRC state that it is urgent to accelerate the utilization
of livestock and poultry waste and the comprehensive utilization rate should reach more
than 75% by 2020 [90]. An implication of this is the possibility that, in the future, the
trend of heavy metal(loid) pollution from manure is likely to remain increasing because
the utilization rate of livestock and poultry excrement is constantly increasing. Therefore,
the return of livestock and poultry manure to the field will still exist for a long time in the
future, and the soil heavy metal(loid) pollution caused by manure may become more and
more serious. Eastern regions will have to be more cautious about the soil pollution caused
by the heavy metal(loid)s from manure. As reducing the heavy metal(loid) content in the
feed is the most effective measure of reducing the pollution from livestock and poultry
manures, it has been recognized that more strict regulations to limit the amount of heavy
metal(loid) content in feed additives are urgently required. What is worth mentioning
is that the method for estimating the input flux via manure is ideal and will thus cause
overestimation in some areas and underestimation in others.

3.2.4. Irrigation

The selection of irrigation water sources tends to be dominated by surface water sources
(runoff, lakes, and reservoirs, etc.), supplemented by reclaimed water and sewage [91]. China,
especially in the north, is constrained by its lack of water resources and sewage is often
used for irrigation. Although the proportion of sewage irrigation areas is not large, they
are often the major production areas of agricultural products [92].

Over the last century, sewage irrigation has been one of the main causes of soil
heavy metal(loid) pollution due to using raw sewage directly for irrigation. Since the
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start of the 21st century, China has comprehensively stepped up its efforts to control
water pollution [93]. Three-rivers-three-lakes (the Huaihe River, the Haihe River, the Liao
River, the Taihu Lake, the Chaohu Lake, and the Dianchi Lake), one-river-one-reservoir
(the Yangtze River and the Three Gorges Reservoir), and the water sources of the South-
to-North Water Diversion Project have been successively listed as national key water
pollution prevention and control areas, and sewage treatment plants have been constructed
correspondingly [94]. The amount of sewage produced in China is increasing annually and
reached 7.5 × 1010 m3 in 2019 [95], meanwhile, the 14th five-year plan for urban sewage
treatment and resource utilization development issued by the National Development and
Reform Commission (NDRC) clearly points out that the sewage treatment rate of counties
will reach more than 95% by 2025 [96]. Except for regulations related to sewage treatment,
a series of discharge standards for pollutants in industrial water were issued, including the
discharge standards of pollutants for municipal wastewater treatment plants [97], emission
standards of pollutants for the lead and zinc industries [98], and emission standards of
pollutants for the stannum, antimony, and mercury industries [99]. Consequently, the
contents of heavy metal(loid)s in sewage have been remarkably reduced, resulting from
both the increase in the sewage treatment rate and limits on discharges. The current levels
of As, Cd, Cr, Cu, Ni, Pb, and Zn in sewage have dropped by 24.16%, 74.81%, 66.14%,
64.65%, 52.44%, 66.80%, and 61.93% in comparison to their peak values, respectively [93].

The results in Table 2 indicate that the heavy metal(loid) flux via irrigation over the
last 20 years had no obvious temporal variation characteristics (q-statistic: 0.006–0.247, no
significance). However, the spatial heterogeneity of the heavy metal(loid) input flux via
irrigation was obvious (q-statistic: 0.138–0.814, p < 0.001). This was due to the fact that
natural water sources are also an important source of irrigation water and the water quality
in different regions varies greatly. In southern China, most irrigation water comes from
natural sources such as surface water or rainfall, and the pollution of natural irrigation
water sources cannot be neglected either. Soil properties can affect water quality. For
example, the turbidity of surface water is caused by the contents of sediment, clay, and
organic matter [100]. Besides erosion, leaching, and weathering, water quality is even more
affected by anthropogenic activities [101]. Dust and particulate matter deposits in water
can give rise to an increase in heavy metal content. In agricultural areas, rainwater carries
topsoil and deposits it as sediment into water bodies. Sediment is an essential component
of the water ecosystem and has a significant impact on water security. After a long period
of physical, chemical, and biological interactions, sediment is deposited at the bottom of
the water as a sink with a large number of heavy metals and organic pollutants; meanwhile,
it also serves as a source of releasing heavy metal(loid)s into the water again when the
hydrodynamic conditions change, causing secondary pollution in the water [102,103]. Thus,
the transformation of heavy metal(loid)s in water and soil is interactive. Table 6 shows the
average input fluxes of each heavy metal(loid) via irrigation.

Table 6. Heavy metal(loid) input fluxes of irrigation (mg/m2/yr).

Region/Country Period As Cd Cr Cu Hg Ni Pb Zn Ref.

NEC 2000–2021 0.03 nd 0.2 0.5 0.001 0.02 0.1 0.5

This
study

SC 2000–2021 1.63 0.18 7.34 3.56 0.032 5.29 1.38 14.3
HHH 2000–2021 2.86 0.15 0.94 1.03 0.133 0.85 2.14 15.11

LP 2000–2021 2.1 0.11 4.1 2.42 0.06 1.12 0.95 9.74
SYR 2000–2021 0.46 0.1 0.33 2.43 0 5.31 0.41 7.04
SB 2000–2021 4.08 0.05 2.74 0.01 0.247 0 1.04 0.02

NWC 2000–2021 - 0.01 - - - - - -
YGP 2000–2021 - - - - - - - -

MLYR 2000–2021 2.92 0.09 1.98 1.86 0.042 2.75 1.81 9.59
China 2000–2021 1.83 0.1 2.39 1.79 0.046 0.8 1.34 8.26

England and Wales 2000 0.12 0.01 0.01 1.6 nd 0.16 0.08 3.9 [11]

Note: - No data.
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3.2.5. Contribution of Heavy Metal(Loid) Input Fluxes

The sum of the heavy metal(loid) input flux via atmospheric deposition, fertilizer,
manure, and irrigation is the total input flux. The total input fluxes of the heavy metal(loid)s
in the different regions are shown in Figure 3 (for the few regions without data, the national
average was used instead). There was a different degree of accumulation for all the elements.
The region we need to be concerned about is SB, which had the highest accumulations of
As, Cd, Cr, Hg, and Pb. Then, SC had the highest accumulations of Cu and Ni. HHH had
the highest accumulation of Zn.
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The contribution of different sources to the heavy metal(loid) inputs is shown in
Figure 4. On the whole, the heavy metal(loid) inputs via atmospheric deposition and
manures accounted for the larger proportion, while the contributions of fertilizer and
irrigation were relatively minor. However, there were significant spatial variations among
the regions and elements.
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The major source of As, Cd, Cr, Ni, and Pb entering the soil was atmospheric deposi-
tion, and the percentages of the total input flux ranged from 12% to 79%, 24% to 78%, 18% to
79%, 22% to 70%, and 56% to 92%, respectively. For PB especially, atmospheric deposition
was undoubtedly the most important source. In terms of spatial variation, the northern
regions, including NEC and LP, where coal is the main energy consumption and coal-fired
heating in winter is required, atmospheric deposition had the highest proportion of As.
In the southern regions, such as SB and SYR, with rich mineral resources and developed
mining and smelting industries, Cd accounted for more than 70%.

Manure had absolute dominance in terms of Cu and Zn, and the percentages of the
total input flux ranged from 30% to 75% and 19% to 53%, respectively. Cu in particular
accounted for more than 45% in most regions, except LP. SC, HHH, and MLYR were densely
populated, with a high level of urbanization and developed breeding industries; thus, the
livestock manure pollution in these areas was more serious. One unanticipated finding was
that irrigation played a role in Hg input, whereas irrigation is not usually a mentionable
source of heavy metal(loid)s. This was probably because Hg is volatile in the air, so it
usually exists in water as various organic compounds.

The variation in the contributions of the three time periods is presented in Figure 5.
We maintained our focus on atmospheric deposition and manure, since they were the most
important sources. The temporal variation characteristic of the contribution was consistent
with the flux. The contribution of atmospheric deposition showed a trend of rising and
then falling, or a steady decrease for every element except Cd. The proportion of manure
was slightly increased. On the one hand, this was due to the increased manure input flux,
but more importantly, the decreased atmospheric deposition flux.
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4. Discussions
4.1. Soil Environmental Risk

According to Formula (7) and the assessment standard (Table S5), the distribution of
Pi for eight heavy metal(loid)s is presented in Figure 6a. For Cr, Cu, Hg, Ni, and Pb, the Pi
of most regions was at level II and a few were at level I, which indicated that the risk of
these elements was relatively low and that soil has a certain capacity for heavy metal(loid)s.
For As and Zn, the Pi of YGP was at level III and the soil environmental capacity in this
region was fairly low. The pollution status of Cd was severe, the Pi of most regions was
at levels III and IV, and the worst was in SB and SYR, where the Pi even reached level V,
which meant that the soil environmental capacity was overloaded.

The soil environmental capacity can only reflect the current capacity of soil to contain
heavy metal(loid)s, and the early warning of soil heavy metal(loid) pollution should also
take into account the accumulation rate. The input flux is actually the accumulation rate and
it represents the annual growth rate of soil heavy metal(loid)s, which can be used to estimate
the time required for the heavy metal(loid)s in the soil to reach the standard limits. It is
supposed that the input flux of potential elements entering the soil continues to accumulate
at the present rate and all remain at the 0–20 cm depth of the topsoil. The time when the
heavy metal(loid) content reaches the limit can be estimated according to Formula (10)
(Figure 6b). This reveals that Cd was the element with the greatest risk to the agricultural
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soil environment for all of China, and the limit will be reached within 235 years, especially
in HHH, SYR, and SB, which will take about 50 years. The causes of this serious Cd
pollution are different, and in some regions, this is due to high input, while in other regions,
this is due to high background. For high-input regions such as SYR, it is essential to identify
these pollution sources and the heavy metal(loid) migration and transformation processes
in the soil, and to control and reduce heavy metal(loid) emissions in order to prevent
the deterioration of soil heavy metal(loid) pollution [104]. For high-background regions
such as YGP, it is required that the contaminated soil be repaired while keeping the heavy
metal(loid) input from increasing; bioremediation, phytoremediation, and the application
of soil amendments are the most commonly used treatment technologies at present [105].
Meanwhile, adjusting the planting structure and selecting low-accumulation varieties
to ensure the quality and safety of regional agricultural products are other techniques
used [106]. With regard to the elements of Zn, Cu, and As, the limit will be reached in
275–684, 432–1125, and 496–1228 years, respectively. The rest of the elements represent
little threat to the soil environment, as the time required to reach their limits is almost over
1000 years. Pb and Hg are also generally considered to be the elements with serious heavy
metal(loid) pollution in the soil [107,108]. However, the results of this study show that
there is still some time for Pb and Hg to reach their limits, which is because this study was
conducted on a large scale, while Pb and Hg pollution is usually caused in individual cases,
especially in soil near mining areas. Judging from space, HHH, SC, and MLYR need more
attention due to the shorter safety lives of Cd, Zn, Cu, and As compared to other regions.
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4.2. Boiler Emissions, Mining, and Industrial Structure

It is evident from the results in Section 3.2 that the heavy metal(loid) flux via atmo-
spheric deposition in China has shown a downward trend since 2012, which is related to
the emission of atmospheric pollutants, especially the emission of industrial boilers [109].
Figure 7a shows a decrease in the number of industrial boilers in China since 2013, which
confirms this trend of atmospheric deposition. This indicates that China has achieved some
success in controlling the emissions of air pollutants. However, atmospheric deposition
is still the leading source of the heavy metal(loid) pollution in agricultural soil, which is
inextricably linked to heavy industry activities, such as mining and smelting.
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In general, regions with complex geological structures, such as fault zones and folded
zones, find it easy to form nonferrous metal mineral resources; sedimentary areas and karst
landforms are also prone to the formation of these mineral resources. Such is the case with
the geological structures and natural environments of SB and SYR; this determines that,
while they are rich in mineral resources, there are large amounts of long-term mining and
smelting activities, and their large regional emissions will inevitably lead to an increase in
the input flux of heavy metal(loid)s. As shown in Figure 7b, the mining industry is densely
distributed in SYR, SB, and YGP, while its distribution in SC and NWC is sparse. This is
consistent with the spatial distribution characteristics of the soil environmental capacity in
Figure 6a.

In addition, the relationship between industrial structures and the environment is
inseparable. Different from the secondary industry, where most pollutants come from, the
agglomeration of the tertiary industry is conducive to reducing environmental pollution;
this statistic shows that the proportion of the tertiary industry in China has exceeded that
of the secondary industry since 2012 (Figure 7a), and it also explains the decline in heavy
metal(loid) deposition fluxes after 2012 [82].

4.3. Effects of Atmospheric Deposition on Crops and Human Health

Although the severity of atmospheric deposition is reflected in the high value of
the flux, what is more concerning to us is its strong impact on crops and soil. The fully
factorial atmospheric exposure experiment by Liu presented that the heavy metal contents
in pak-choi exposed to the deposition area were significantly increased compared to the
background area, with 17% to 87% of the heavy metals in pak-choi edible parts being
contributed by the new atmospheric deposition and the soil heavy metals from this new
atmospheric deposition presenting in high mobile forms compared to those in the original
soils [110]. Within a short period, the contents of heavy metals and their weak acid
extractable fraction exposed to a high deposition were all increased compared to those
exposed in the background area. Over the past 20 years, although the input fluxes of
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most elements have decreased, Cd has not shown this trend. Judging from the regional
distribution characteristics, the Cd input fluxes of SYR and SB are higher than those of other
regions, which has a certain effect on the soil environmental quality. As an important rice-
producing area, the Cd in some agricultural products from SYR still exceeds the standard,
posing a threat to food security. Therefore, it is necessary to avoid the accumulation of
atmospheric heavy metals in soil and crop leaves, which can enter the human body through
the food chain and cause carcinogenic risk.

4.4. Publication Bias and Uncertainty

In the process of the literature retrieval, some deviations in practice were inevitable. To
avoid publication bias, a wide range of relevant research was collected in this study through
multiple databases to reduce the impact of an incomplete literature collection in a single
database. Although this study collected as much data as possible and screened them for
quality control, there are still some uncertainties and limitations. (1) Spatial bias: Figure 1
presents the locations in the collected publications. Compared to other regions, few studies
focused on NWC and YGP because they are remote, sparsely populated, and not major
grain-producing areas. Currently, the research on the soil heavy metal(loid) pollution in
these remote areas only stays at the status of the soil heavy metal(loid) occurrence and there
is a lack of research on its input flux; (2) Temporal bias: the lack of long-term monitoring
of these heavy metal(loid) input fluxes in an individual study area leads to discontinuous
observation data; thus, they cannot accurately describe the characteristics of flux timing
changes; and (3) Research object bias: Table S1 indicates that most researchers have been
absorbed with the elements of Cd and Pb, since these two elements are generally considered
to be higher-risk elements in China’s soils [9]. Finally, 109 publications were collected, with
594 sampling sites covering 26 provinces. Publication bias has been avoided as much as
possible and the results are relatively reliable and accurate.

In addition to publication bias, there may also be some uncertainties and limitations
in the details. For example, indirect calculations of heavy metal input fluxes via manure
may lead to local overestimations or underestimations; the lack of a spatial characteristics
analysis of nested structures at different scales may cause different conclusions from the
actual state on a small scale [111]. Only the most important sources of heavy metals were
discussed and factors that have a low impact, such as agrochemical factors, or are not
applied universally, such as industrial waste and sludge, were not counted. However,
from a macroscopic view, this study reflects the pathways and variations of soil heavy
metal(loid) pollution from the perspective of external inputs, providing insights on both
time and space. Its conclusions and rules are universal, which has guiding significance
for the zoning control of heavy metal(loid) pollution in agricultural soil. The research
methods of heavy metal input and the assessment of the soil environmental risks in this
study also have certain references for countries in the same economic development stage
and environmental pollution situation.

5. Conclusions

Considering the spatial heterogeneity of the soil heavy metal(loid) input and weight
of the sampling areas, the heavy metal(loid) input flux, the contribution of pollution
sources, and the risk of major pollutants in agricultural soil over the past two decades were
systematically analyzed. The heavy metal(loid) input flux via atmospheric deposition has
shown a downward trend since 2012, but its risk remains, as it is still the main pollution
source of heavy metal(loid)s in soil. Cd is the element with the greatest risk nationwide
and enterprises should strictly implement the emission standards of pollutants to achieve
ultra-low emissions. As important grain-producing areas, focus on HHH, SC, and MLYR is
required. It is not only necessary to limit the discharge of air pollutants, but also to control
the heavy metal(loid) pollution from manure.
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