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Abstract: With the expansion of the scope and diversity of agricultural non-point source (AGNPS)
pollution, environmental pollution in water bodies and soils has intensified, seriously affecting the
quality of life of urban and rural residents. This paper presents a comprehensive analysis of the
current status of AGNPS pollution from five aspects: fertilizers, pesticides, agricultural films, livestock
and crop residues. The study also includes a comprehensive risk assessment of the nitrogen and
phosphorus pollution, microplastic pollution, and heavy metal contamination attributed to the current
AGNPS pollution in China. The findings reveal widespread nitrogen and phosphorus pollution across
provinces in China, a low risk of microplastic pollution, and acute contamination with heavy metals
such as As, Cd and Hg, notably in Hubei, Gansu, Liaoning, Guizhou, and Hunan. Additionally,
the study reveals that in Chinese provinces currently facing severe heavy metal pollution, heavy
metal contamination constitutes a significant carcinogenic risk to adult health and a serious non-
carcinogenic risk to child health. Consequently, guided by the ‘3R theory’ principles of source
reduction, interception, and remediation, this paper suggests an array of expanded strategies for
AGNPS pollution management. These strategies are proposed to aid in the sustainable advancement
of AGNPS pollution control.

Keywords: agricultural non-point source (AGNPS); environmental pollution; risk assessment;
prevention countermeasures

1. Introduction

In recent years, with the improvement of point source pollution control levels, agricul-
tural non-point source (AGNPS) pollution arising from various sources is already more
and more serious, which has become a key factor affecting water environment security [1].
In an environment where point sources are effectively controlled, non-point source (NPS)
pollution is considered to be the main factor causing the deterioration of water quality [2].
NPS pollution has gradually become a major regional and global environmental problem,
which has attracted more and more attention around the world [3–6]. NPS pollution is
a concept relative to point source pollution, which refers to soluble pollution produced
in rural life or production activities, such as heavy metal in soil, excess nitrogen and
phosphorus carried by fertilizers, pesticides residues and livestock manure, as well as the
pollution caused by bringing pollutants into water bodies (rivers, lakes, reservoirs, bays)
through surface runoff [7–9]. The widespread presence, complex hydrodynamics and great
difficulty in handling of NPS pollution has made it an important source of pollution in
water environment [10].

In addition, AGNPS pollution presents characteristics such as complexity, hysteresis,
multiple sources of pollution, wide distribution, difficulty in control, etc. [11,12]. Many
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studies have reported that chemical fertilizers, soil particles, microplastic particles, live-
stock manure and pesticides can enter soil surface runoff and underground runoff under
rainfall conditions. Excessive input of phosphorus and nitrogen into water bodies leads
to eutrophication [13–16]. The widespread use of plastic films in agriculture leads to the
degradation and formation of small plastics and microplastics, which accumulate in the soil,
causing a decrease in soil fertility and pollution [17]. These particles are also transported
to nearby water bodies, causing developmental delays and weakened immune systems
in aquatic animals [18]. However, the uncertainty of NPS pollution discharge path leads
to the difficulty of water pollution traceability [19]. At the same time, the lack of relevant
monitoring data also limits the research and control of NPS pollution [20]. In view of
the limitations of NPS pollution-related data, scholars have studied and developed many
assessment models to determine the key source areas in the watershed by analyzing the
spatial distribution of NPS pollution [21]. Up to now, the research on spatial distribution
and risk assessment of AGNPS pollution has made great progress, the assessment model
has provided scientific basis for the prevention and control of AGNPS pollution in the
basin, and has also played a positive role in achieving the goal of water pollution control in
the basin [22,23].

In summary, this paper primarily focuses on several key aspects: providing a com-
prehensive summary of the sources of AGNPS pollution; examining the recent situation
in AGNPS pollution within China; and introducing and summarizing the most current
methods for managing AGNPS pollution, specifically targeting the control of nitrogen,
phosphorus, microplastics, and heavy metals in the most heavily affected provinces in
China. This article will serve as a foundational reference for future efforts in AGNPS
pollution control in China.

2. Materials and Methods
2.1. Study Area

China, situated on the eastern Eurasian Plate, features a varied landscape. As the
world’s third-largest country by land area, at 9.6 million square kilometers, China is
surpassed only by Russia and Canada. Moreover, China is the second most populous
country after India, comprising about 17.72% of the global population [24]. Despite this,
only 7% of the world’s arable land is in China, a limitation that leads to high usage
of fertilizers and pesticides, ranking it among the world’s foremost consumers. The
vast population contributes to increasing agricultural and livestock waste, intensifying
AGNPS pollution.

This study is designed to provide an accurate assessment of the current state of AG-
NPS in China. Our analysis centers on three key contributors to AGNPS across China’s
31 provinces: total nitrogen (TN) and total phosphorus (TP), heavy metals, and microplas-
tics (resulting from the degradation of plastic films). The objective is to evaluate the risk
associated with present NPS levels.

2.2. Methodology
2.2.1. TN and TP Assessment

In this study, the factors of TN and TP were determined by analyzing the concentra-
tions of nitrogen and phosphorus in major rivers, reservoirs, and lakes situated in proximity
to agricultural regions across all 31 provinces. The evaluation of water quality is detailed
in Table S1.

2.2.2. Microplastics Ecological Risk Assessment

In this study, the microplastic risk in water bodies across Chinese provinces was
assessed using two indices: ecological risk index (H) and the regional pollution loading
index (PLI). The risk index (H) is derived from the toxicity of polymers, serving as a
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measure in microplastic risk assessment. This index encapsulates the cumulative toxic
impact of different polymer types [25]. The formula used is as follows:

H = ∑ Pi × Si (1)

H is the ecological risk index of microplastics, Pi is the proportion of each plastic, Si
is the risk score of each type of plastic polymer. Polyethylene (PE), polypropylene (PP),
polyamide (PA), polyethylene terephthalate (PET), polystyrene (PS) as the main components
of agricultural plastic films, with risk scores of 11, 1, 50, 4, and 30, respectively [26].

The regional pollution loading index (PLI) uses microplastic abundance as an indicator
of the agricultural NPS pollution—microplastics status of the region [27].

CFi =
Ci
Cb

(2)

PLIi =
√

CFi (3)

PLIall =
√

PLI1 × PLI2 × PLI3 × · · · × PLIn (4)

CFi is the pollution coefficient, which is the ratio of the abundance of microplastics
at each point (Ci) to the background value of microplastic abundance (Cb), Cb refers to
the predicted no-effect concentration as the reference value, and the reference value of the
water body is 6650 n·m−3 [28]. PLIi is the pollution loading index of a certain point, PLIall
is the pollution loading index of the whole region, n is the number of points. The risk
classification is shown in Table S2.

2.2.3. Heavy Metal Ecological Risk Assessment

Heavy metals possess distinct physicochemical properties that impact the environment,
leading to ecological pollution. Consequently, the ecological risk index formula is employed
to quantify the extent of heavy metal contamination [29]. The formula is as follows:

RI =
n

∑
i=1

Ei
r =

n

∑
i=1

(
Ti

r × Pi

)
=

n

∑
i=1

(
Ti

r ×
Wi
Bi

)
(5)

RI represents the comprehensive ecological risk index. Ei
r denotes the potential eco-

logical risk index for a specific heavy metal, Ti
r signifies the toxicity response coefficient of

i; Pi is the enrichment coefficient of i; Wi refers to the measured value of i; and Bi represents
the background value of i. Research has established that the toxicity response coefficients
for As, Cd, Cr, Cu, Hg, Ni, Pb and Zn are 10, 30, 2, 5, 40, 5, 5, and 1, respectively [30]. The
risk classification is shown in Table S3.

2.2.4. Heavy Metal Health Risk Assessment

The assessment of health risks posed by heavy metals primarily involves quantifying
both non-carcinogenic and carcinogenic risks to humans, which occur through direct oral
intake, dermal contact, and inhalation. In this study, we employed the human exposure
risk assessment model endorsed by the United States Environmental Protection Agency
(USEPA) to determine the carcinogenic and non-carcinogenic risks to both adults and
children in the study area [29]. The formula for this calculation is as follows:

ADIdoi =
Csoil × IngRrice × EF × ED

BW × AT
(6)

ADIri =
Csoil × InhS × EF × ED

PEF × BW × AT
(7)

ADIsc =
Csoil × SA × ABS × EF × ED × AF

BW × AT
(8)
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ADIdoi, ADIri, and ADIsc represent the acceptable daily intake (ADI) values for direct
oral intake, respiratory inhalation, and skin contact, respectively, expressed in mg·(kg·d)−1.
Ci denotes the concentration of heavy metals, measured in mg·kg−1. The definitions and
values of additional parameters can be found in Table S4.

Health risks are categorized into non-carcinogenic and carcinogenic types. The non-
carcinogenic health risk is assessed using HQ or HI, which are defined as follows:

HQij =
ADIij

R f Dij
(9)

HI = ∑ HQij (10)

HQij represents the non-carcinogenic risk index for individual heavy metals, while HI
denotes the collective non-carcinogenic health risk index for multiple heavy metals. The
reference dose, RfDij, in mg·(kg·d)−1, is detailed in Table S5. A value of HQij or HI below
1 indicates an insignificant non-carcinogenic health risk, deemed acceptable. Conversely,
values exceeding 1 signify a notable non-carcinogenic risk.

The carcinogenic risk index is determined as follows:

CRij = ADIij × SFij (11)

TCR = ∑ CRij (12)

CRij refers to the individual carcinogenic risk index, while SFij is the slope factor in
mg·(kg·d)−1, and TCR represents the total carcinogenic risk for multiple heavy metals. CRij

value below 10−6 implies negligible carcinogenic risk. In contrast, values ranging from
1 × 10−6 to 1 × 10−4 denote an acceptable level of carcinogenic risk.

2.3. Data Screening and Processing

In this study, we systematically collected and analyzed literature on agricultural
water and soil pollution published between 2018 and 2023. To ensure a clear research
focus on agricultural nonpoint source pollution, we applied rigorous screening criteria,
prioritizing studies that directly address the impacts of pollution from agricultural activities.
In addition, we paid particular attention to studies that provided a clear methodological
approach to differentiate between pollution from agricultural sources and pollution from
urban sources. This approach allows us to more accurately define and understand the
extent and impacts of agricultural nonpoint source pollution, while excluding, to the extent
possible, interference from specific urban sources. For detailed data, please refer to the
Supplementary Materials (Tables S6–S8).

The ArcGIS 10.7 software was utilized to create the sampling distribution map. Data
processing and descriptive statistical analysis were conducted using Origin 2019 software,
while correlation analysis to assess agricultural surface source pollution in each Chinese
province was performed with SPSS 22.0 software.

2.4. Use of AI-Assisted Technology

In this study, we integrated the GPT-4.0 AI model provided by OpenAI and the Write
tool from DeepL to improve the writing quality and language accuracy of the paper. The
specific applications are as follows:

We use GPT-4.0 to touch up academic papers. By entering the command “Below is a
paragraph from an academic paper. Then polish the writing to meet the academic style,
improve the spelling, grammar, clarity, concision and overall readability. Then polish the
writing to meet the academic style, improve the spelling, grammar, clarity, concision and
overall readability.”, GPT-4.0 automatically optimized the text for spelling, grammar, clarity
and overall readability. This process enhances the academic style and clarity of presentation
of the paper.
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In order to further enhance the quality of the text, we used DeepL Write for text
proofreading. DeepL Write proofreads the text for spelling and grammar through its
advanced text processing functions, and suggests optimization of the language style
and expression.

All content touched up using GPT-4.0 and DeepL Write was reviewed and edited in
detail by the authors to ensure accuracy, appropriateness, and compliance with academic
integrity. Relevant ethical standards and publication guidelines were strictly adhered to
throughout the research and writing process to ensure quality and academic integrity.

3. Types of AGNPS Pollution

AGNPS pollution refers to pollution caused by nitrogen, phosphorus, metallic ele-
ments, pesticides and other organic or inorganic pollutants entering environmental water
bodies through rainfall, surface runoff, paddy field runoff and underground leakage in
agricultural activities such as farmland farming, livestock and poultry breeding, pesticide
spraying, irrigation and fertilization [31]. The pollutants are mainly water-soluble chemical
substances such as nitrogen, phosphorus and COD, and water-insoluble macromolecular
substances such as agricultural film and crop straw [32]. In China, AGNPS pollution is
mainly caused by the following: unreasonable application of pesticides and fertilizers in
the planting industry, arbitrary disposal of agricultural plastic film, random disposal and
incineration of crop straws, and improper disposal of livestock excreta.

3.1. Pollution from Fertilizers

In order to pursue the rapid crop growth, increased yield and income, farmers usu-
ally use a large number of fertilizers, such as nitrogen fertilizer, phosphate fertilizer and
potassium fertilizer. About 86% of agricultural products are produced using chemical
fertilizers [33]. In areas with significant fertilizer use, high concentrations of nitrogen
and phosphorus pollution can be detected [34,35]. Since the utilization rate of fertilizers
by crops is certain, excessive fertilizers can enter nearby water bodies with rainwater or
irrigation water, bringing serious burden to the water body, resulting in high contents of
TN, TP and NH3-N in water body, resulting in eutrophication of water body and serious
damage to steady-state environment.

China ranks first in the world in terms of fertilizer use, which is the sum of the
United States and India, and the amount per hectare is 2.8 times that of the United States
and 2.6 times that of Europe [36]. The average amount of fertilizer applied in China is
335.3 kg·hm−2, and even reaches more than 500 kg·hm−2 in some regions [37]. In the United
States, the use of fertilizers in agriculture has been steadily increasing [38]. Wisconsin’s
groundwater is severely polluted due to high levels of nitrogen from fertilizers [39]. In
India, during the period 2017 to 2018, an annual average of 26.59 million tons of fertilizer
was used [40,41]. Excessive use of fertilizer not only creates the hazard of soil compaction,
but also seriously damages the environment through surface and subsurface runoff into
water bodies.

3.2. Pollution from Pesticides

Pesticides are used to control weeds and insects in agriculture. About 34% of agricul-
tural products are produced using pesticides [33]. After pesticides are applied to crops,
although they can be degraded by microorganisms, chemical reactions or light [42], the
degradation of pesticides may take hours, days or even years according to different envi-
ronmental conditions and different chemical characteristics of pesticides [43,44]. After the
application of pesticide, the residual chemical substances in environment such as soil, water
bodies, and crops, under the action of various factors such as rainwater scouring, landslides
and geological changes, soil and water loss causes the residual chemical pesticide elements
in soil to be transferred to the surface runoff and underground runoff, and finally trans-
ported to the nearby waters, causing pollution [45]. Pesticides that eventually enter water
bodies pose a great threat to rivers, lakes, reservoirs and their aquatic ecosystems [46,47].
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Global pesticide consumption reaches around 2 million tons annually, with approxi-
mately 16% in China, 14% in Japan, 11% in the Netherlands, 8% in the USA, 7% in Korea,
6% in the UK, 5% in France, 3% in Germany, 3% in Austria, 1% in Pakistan, 1% in India, and
the remaining 20% consumed in other regions worldwide [48]. According to the statistical
data analysis of the National Bureau of Statistics of China, the amount of pesticide used in
China in 2021 was 1.31 million tons, which was 27.62% less than the peak of 1.81 million
tons in 2014, the amount of pesticide used per unit area was still much higher than the
world average. In the United States, the annual average pesticide usage is approximately
400,000 to 450,000 tons, components of approximately 150 different pesticides have been
detected in surface water in 609 cities, with herbicides and insecticides being nearly ubiqui-
tous [49,50]. Intensive land use practices in Brazil, Argentina, Costa Rica, and Chile have
led to an increase in pesticide usage, resulting in soil and water source contamination [51].
In developing countries like India, concentrations of organophosphate pesticides in certain
water bodies have far exceeded safe environmental standards, resulting in approximately
300,000 cases of organophosphate pesticide poisoning globally each year [52]. The excessive
and improper use of pesticides has led to soil and water pollution, posing a significant
threat to aquatic life and the health of nearby residents. Additionally, prolonged exposure
to pesticide-contaminated environments significantly increases the risk of diseases and
cancer in humans.

3.3. Pollution from Agricultural Plastic Film

Agricultural plastic film, also known as agricultural ground covering film, can not
only improve ground temperature, keep water, soil and fertilizer, but also prevent weeds,
diseases, pests, drought and waterlogging, and other functions [53,54]. As it helps to im-
prove crop productivity, plastic film is used more and more in the world [55,56]. However,
the threat posed by the accumulation of plastic debris in soil has only been pointed out in
recent years [57,58]. Studies have shown that the accumulation of film residues can have
a significant negative impact on soil quality and crop growth [59–61]. Microplastics are
now considered to be an important environmental pollutant, almost ubiquitous in the at-
mosphere, water, soil and other environmental media [62,63]. Specifically, the morphology
of microplastic fibers plays a critical role in their capability for long-range atmospheric
transport, suggesting that they can traverse vast geographical expanses and exert impacts
on the environment [64]. Due to their small particle size and very slow biodegradation,
they are easily absorbed by organisms and subsequently transported through the food
web [65–68]. They may act as carriers for other pollutants (e.g., human pathogens, organic
pollutants, heavy metals) [69]. When discarded agricultural plastic film debris enters the
cultivated soil, it destroys the normal structure of the soil, affects soil permeability, hinders
water absorption and root growth of crops, seriously affects the utilization of land resources,
and causes great harm to agricultural production [70,71].

In agricultural soils worldwide, the average concentration of plastic residues is in
the range of 50–250 kg ha−1 [69]. At present, the amount of agricultural plastic film used
in China is the largest in the world [72]. The total amount of agricultural plastic film
used in China reached 2.39 million tons in 2021. The coverage area of plastic film reached
18.4 million ha, accounting for about 12% of the total arable land in that year [73]. According
to the monitoring data of the Ministry of Agriculture in 2016, all the soil covered with
plastic film in China has different degrees of plastic film residue, with the average residual
amount of 0.27–1.3 kg ha−1 in some areas and more than 2 kg ha−1 in some plots. In
North America, the annual usage of plastic films in agriculture is estimated to be between
44,000 and 300,000 metric tons [63]. In Europe, the annual production of microplastic
pollution is estimated to be approximately 430,000 tons [74]. In India, there is a plastic film
residue ranging from 35.07% to 37.97% in the soil at depths of 0–30 cm [75]. In the rivers
of Bangladesh, the presence of microplastics in fish, ranging from 0.63 to 7.0 particles per
individual [76]. The microplastics pose serious environmental and human health risks and
need to be dealt with as early as possible to combat increased microplastic pollution.
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3.4. Pollution of Livestock and Poultry Breeding

In recent years, with the improvement of residents’ living standards, the rural livestock
and poultry breeding industry has developed rapidly [77]. Most of the farms do not have a
corresponding fecal treatment system, especially those small farmers who choose the way
of stocking for breeding. Animal waste is an important source of AGNPS pollution, its
output is huge and pollution is widespread, but the corresponding pollution prevention
countermeasures are relatively weak [78]. The discharge of livestock and poultry feces
is large and highly random, then the direct or indirect discharge of eutrophic substances
such as nitrogen and phosphorus into the water bodies, causing serious pollution to water
quality [79]. Therefore, livestock and poultry breeding have become one of the key issues
of AGNPS pollution.

According to the statistics of “Ecological Environment Data” and “China Statistical
Yearbook 2022”, China had a total of 104.86 million large livestock, and 15.57 billion poultry
were sold annually, including 600,000 tons of NH3-N emission from livestock and poultry
breeding, accounting for 25% of the total pollution emissions in China [37,80]. In America,
pollution from agriculture and livestock farming has led to eutrophication in coastal
lagoons [81]. In Argentina, livestock wastewater has resulted in El Pescado Creek having
elevated levels of organic matter, nutrients, and pharmaceutical compounds [82]. These
pollutants will enter into the water body through rainwater scouring and surface water
runoff, which will further aggravate the eutrophication of the water body. Rising levels of
nitrogen, phosphorus and heavy metals in water bodies as a result of increasing agricultural
surface pollution caused by livestock and poultry farming are not only extremely harmful
to the environment, but also pose a risk to human health.

3.5. Pollution from Crop Straw

As a by-product of agricultural production, crop straw is also an important step in the
cycle of “returning farmland to increase production” [83]. However, with the popularization
of high efficiency coal and liquefied gas, the burning method has been gradually replaced,
and a large number of straw residues has occurred in rural areas. Research indicates that
burying crop residues in soil increases the levels of methylmercury and cadmium in the
soil and crops [84,85].

Since the 1980s, China’s grain output increased significantly, and the amount of crop
straw has also begun to increase. From 2010 to 2017, China’s agricultural straw production
increased from 700 million tons to 780 million tons, of which 27% was incinerated, 38%
returned to farmland, 17% was used for fuel and 14% for feed [36,80]. The General Office
of the State Council issued the notice on the Comprehensive Utilization of Agricultural
straw in 2019, which aims to promote the return of straw to fields or other uses, including
feed, substrate, energy fuel, feed raw materials, etc. However, the proportion of crop straw
burned in the field is still very high, accounting for 10–50% in most areas of China, and even
higher in some areas [86]. The disposal of crop straw through direct burning, accumulation
in fields, or abandonment in rivers constitutes not only a significant waste of resources,
but also leads to severe environmental pollution. When this waste straw is left in fields
and rivers, it contributes to elevated levels of nitrogen and phosphorus in aquatic systems,
thereby inducing eutrophication.

4. Results of the AGNPS Risk Assessment
4.1. Spatial Variability of TN and TP of Water Bodies in Different Provinces of China

The TN and TP concentrations and pollution of major agricultural water bodies
in 31 provinces of China are shown in Figure 1 and Table 1. TN values varied
from 0.54 to 9.32 mg·(kg·d)−1, with a mean value of 2.89. TN values varied from
0.03 to 0.57 mg·L−1, with a mean value of 0.16. The Tibetan province, which has some of
the lowest TN and TP concentrations in the country, is still recognized as Class IV water
quality, while the other provinces have Class V and Super Class V water quality, indicating
serious TN and TP pollution in major agricultural water bodies in China. The water quality
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was Class V and Super Class V, which indicated that TN and TP pollution was serious
in major agricultural water bodies in China. The provinces with the most serious TN
concentrations (mg·L−1) are: Hubei (4.07) > Hebei (3.5) > Henan (3.2) > Qinghai (2.95) >
Fujian (2.93) > Guizhou (2.87) > Sichuan (2.65) > Shandong (2.63) > Jilin (2.61) > Ningxia
(2.61) > Ningxia (2.61) > Heilongjiang (2.6) > Anhui (2.51) > Gansu (2.38) > Tianjin (2.32) >
Beijing (2.27) > Zhejiang (2.21) > Shanghai (2.12) > Jiangsu (2.01). The provinces with the
most serious TN concentrations (mg·L−1) are: Guangdong (0.57) > Shanxi (0.33) > Hunan
(0.30) > Sichuan (0.27) > Shandong (0.25) > Tianjin (0.25) > Shanghai (0.25) > Chongqing
(Shanghai (0.25) > Chongqing (0.22) > Yunnan (0.22) > Jiangxi (0.22).
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(mg·L−1) Province TN
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Anhui 2.51 0.11 Heilongjiang 2.6 0.10 Shanxi 1.83 0.33
Beijing 2.27 0.03 Hubei 4.07 0.15 Shaanxi 1.62 0.07

Chongqing 1.98 0.22 Hunan 1.71 0.30 Shanghai 2.12 0.25
Fujian 2.93 0.17 Jilin 2.61 0.17 Sichuan 2.65 0.27
Gansu 2.38 0.04 Jiangsu 2.01 0.12 Tianjin 2.32 0.25

Guangdong 1.11 0.57 Jiangxi 1.71 0.22 Tibet 0.54 0.06
Guangxi 1.35 0.06 Liaoning 1.82 0.11 Xinjiang 1.12 0.09
Guizhou 2.87 0.10 Inner Mongolia 1.72 0.08 Yunnan 1.87 0.22
Hainan 1.08 0.05 Ningxia 2.61 0.10 Zhejiang 2.21 0.13
Hebei 3.5 0.10 Qinghai 2.95 0.03
Henan 3.2 0.10 Shandong 2.63 0.25

Note: TP, total phosphorus in water bodies; TN, total nitrogen in water bodies; data source references in Table S7.

Most of the TN and TP concentrations in the water bodies in this study were similar
to previous findings in other provinces in China. However, there is a phenomenon that
Hunan, Hebei and Henan possess higher TN concentrations, and Guangdong, Jiangxi and
Hunan possess higher TP concentrations. According to China’s environmental quality
standard for surface water (Table S1), the maximum TN and TP concentrations for Class
V water quality are 2 and 0.2. Our study found that TN and TP in agricultural waters
exceeded the maximum standard, which indicates the existence of more serious nitrogen
and phosphorus contamination of the water bodies, and timely measures are needed to
prevent further aggravation of the contamination.

4.2. Ecological Risk Assessment of Agricultural Microplastics

The results of microplastic ecological risk index (H) and microplastic regional pollution
loading indices (PLIs) for each province in China are shown in Figure 2 and Table 2. The
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provinces with more serious microplastic ecological risk are: Jilin (19.09) > Hainan (15.62) >
Inner Mongolia (14.47) > Heilongjiang (13.66) > Gansu (12.83) > Hunan (12.61) > Jiangsu
(11.38) > Liaoning (10.92) > Anhui (10.20) > Liaoning (10.92) > Anhui (10.20). The PLIs of
all provinces in China was lower than 10.0.
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Table 2. Ecological risk assessment of microplastic in different provinces in China.

Province PLI H Province PLI H Province PLI H

Anhui 0.87 10.20 Heilongjiang 0.80 13.66 Shanxi 0.60 9.89
Beijing 1.45 6.44 Hubei 0.60 6.49 Shaanxi 1.10 6.89

Chongqing 0.66 5.67 Hunan 0.73 12.61 Shanghai 1.23 7.15
Fujian 1.18 4.41 Jilin 0.54 19.09 Sichuan 0.59 5.88
Gansu 0.91 12.83 Jiangsu 0.87 11.38 Tianjin 0.57 7.75

Guangdong 0.66 6.01 Jiangxi 0.63 1.96 Tibet 0.58 6.85
Guangxi 0.90 5.45 Liaoning 0.85 10.92 Xinjiang 0.36 7.52
Guizhou 0.82 9.11 Inner Mongolia 1.03 14.47 Yunnan 0.19 8.00
Hainan 0.95 15.62 Ningxia 0.75 2.41 Zhejiang 0.19 4.10
Hebei 0.85 5.19 Qinghai 1.03 9.07
Henan 0.90 5.89 Shandong 2.63 0.25

Note: H, ecological risk index, calculated according to Equation (1); PLI, regional pollution loading index,
calculated according to Equations (2)–(4); data source references in Table S6.

The regional pollution loading index (PLI) reflects the abundance of microplastics in
the environment. The ecological risk index (H) is employed to gauge the hazard posed
by microplastic polymers in the environment, particularly focusing on their toxicity to
ecosystems. This index quantifies the collective toxic effects of various polymer types.
Among China’s 31 provinces, Jilin, Hainan, Inner Mongolia, Heilongjiang, Gansu, Hunan,
Jiangsu, Liaoning, and Anhui are identified with a Class II microplastic ecological risk,
categorized as moderate according to Table S2 criteria. Despite this, proactive measures are
recommended to mitigate the increasing risks associated with microplastics. Notably, the
PLI in all provinces is below 10, suggesting that the overall microplastic concentration in
these environments is relatively low.

4.3. Ecological Risk Assessment of Heavy Metals in the Environment

The results of the specific heavy metal ecological risk index (Ei
r) and the comprehen-

sive ecological risk index (RI) for each province in China are shown in Figures 3 and 4 and
Table 3. The provinces with more serious comprehensive ecological risk of heavy metals are
Hubei (1143.33) > Gansu (776.19) > Liaoning (752.76) > Guizhou (709.95) > Hunan (646.19).
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(h) ecological risk index of Zn.
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Figure 4. Comprehensive ecological risk assessment of heavy metals in provinces of China.

The specific heavy metal ecological risk index (Ei
r) and the comprehensive ecological

risk index (RI) are used to analyze the degree of ecological pollution of the environment
caused by the physicochemical properties of specific and comprehensive heavy metals,
respectively. In 31 provinces of China, As, Cd and Hg are the main heavy metal pollutants,
among which Cd and Hg are more serious. Hubei, Guansu, Liaoning, Guizhou and Hunan
were recognized as serious comprehensive heavy metal pollution, and Jilin, Fujian and
Ningxia were recognized as severe comprehensive heavy metal pollution, which indicates
that heavy metal pollution has caused great impacts on the agro-environment in these
provinces. Therefore, urgent measures need to be taken to prevent the pollution from
increasing and to reduce the concentration of heavy metals in the environment.
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Table 3. The content of heavy metals in different provinces of China.

Province RI Province RI Province RI Province RI

Anhui 224.72 Hainan 125.33 Jiangxi 222.28 Shanghai 162.30
Beijing 220.64 Hebei 122.59 Liaoning 752.76 Sichuan 207.41

Chongqing 162.68 Henan 125.80 Inner Mongolia 235.93 Tianjin 123.72
Fujian 420.39 Heilongjiang 102.33 Ningxia 378.64 Tibet 284.78
Gansu 776.19 Hubei 1143.33 Qinghai 179.56 Xinjiang 67.83

Guangdong 206.75 Hunan 646.19 Shandong 98.00 Yunnan 165.52
Guangxi 212.61 Jilin 451.06 Shanxi 183.31 Zhejiang 170.59
Guizhou 709.95 Jiangsu 240.44 Shaanxi 218.34

Note: RI, the comprehensive ecological risk index, calculated according to Equation (5); data source references in
Table S8.

4.4. Health Risk Assessment of Heavy Metals in the Environment

The results of the collective non-carcinogenic health risk index (HI) and the total
carcinogenic risk for multiple heavy metals (TCR) for children and adults in each province
of China are shown in Figure 5 and Table S9. In terms of non-carcinogenic risk, children
in Gansu province exhibited the highest level (12.71), surpassing adults in all provinces.
Conversely, for both children and adults, the pattern of individual carcinogenic risk was
inverse to that of non-carcinogenic risk. Adults showed greater individual carcinogenic
risk than children across all Chinese provinces, notably in Hubei (2.33 × 10−3) and Gansu
(1.83 × 10−3). The comprehensive risk assessment revealed that children in all provinces
face heightened non-carcinogenic and carcinogenic risks, whereas adults demonstrate
elevated individual carcinogenic risk across all provinces. This underscores the considerable
challenge of controlling heavy metal contamination in agriculture. The findings highlight
the urgent need for implementing mitigation measures.
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5. Discussion

The AGNPS pollution control technology can be succinctly described by the 3R prin-
ciple of ‘source reduction, interception, and repair’ [87]. This technology has specific
applicability and limitations, thus, selecting appropriate control methods based on distinct
pollution sources and regional pollution levels is essential.

5.1. Mitigating Nitrogen and Phosphorus Pollution

In 31 provinces across China, levels of TN and TP are significantly elevated. To mitigate
the risk of excessive nitrogen and phosphorus concentrations in aquatic environments, a
comprehensive, multifaceted approach to treatment is essential. Consequently, this paper
outlines control measures focusing on three primary pollution sources: the management of
fertilizers, the handling of livestock waste, and the effective management of crop residues.
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The treatment technologies for chemical fertilizers primarily encompass three ap-
proaches: soil fertilization, the application of broad-spectrum fertilizer synergists, and the
use of organic fertilizers in crop cultivation [45]. (1) Soil fertilization: this strategy entails
the strategic use of organic fertilizers, customized to meet the specific nutrient needs of
crops, the nutrient supply capacity of the soil, and the efficiency of the fertilizer [88,89].
(2) Broad-spectrum fertilizer synergists: These synergists can be combined effectively with
a range of fertilizers, including organic ones, farm manure, and traditional chemical fertiliz-
ers. Their usage markedly improves fertilizer efficiency and meets the diverse nutritional
needs of crops across various growth stages [90,91]. (3) Organic fertilizers: these fertilizers
are rich in beneficial microorganisms, when applied under optimal conditions, enable the
proliferation and secretion of hormones, elements, and enzymes advantageous to crops [92].

The Clean Breeding Project is designed to prevent and control pollution from livestock
and poultry breeding, primarily focusing on the treatment of manure and sewage. This
initiative involves four applications of harmless livestock and poultry manure: as feed,
fertilizer, fuel, and raw materials. Given the integration of end-of-pipe and source treat-
ments, the application of modern technology for treating livestock and poultry wastewater
merits consideration [45]. Currently, manure composting and biogas treatment are the
predominant technologies. (1) Manure composting technology: this involves the microbial
degradation of organic matter in solid manure under controlled conditions of moisture,
carbon-nitrogen ratio, and aeration, resulting in mineralization, humification, and detoxifi-
cation [93]. (2) Biogas treatment technology: Generating biogas from livestock manure is
a viable resource utilization approach. In biogas digesters, organic matter from manure
is anaerobically converted into renewable resources like biogas, biogas slurry, and biogas
residue, thereby facilitating extensive utilization in the ecological chain [94].

The primary approach to managing crop straw involves its recycling and reuse, en-
compassing five key methods: transforming straw into fuel [95], fermenting straw for
fertilizer production [96–98], processing straw into feed for livestock and poultry [99],
converting straw into industrial raw materials, and utilizing it as a planting substrate [100].
These methods of recycling not only effectively mitigate the pollution caused by crop
residues in their natural state, but also significantly contribute to the sustainable cycle of
agricultural resources.

5.2. Control of Microplastic Pollution

The widespread production and utilization of agricultural plastic films have led
to significant microplastic pollution, adversely affecting the sustainability and health of
agricultural ecosystems due to the accumulation of used films and the proliferation of
microplastics in soil and water bodies. To address the NPS pollution caused by agricultural
plastic film, urgent reform and innovative solutions are required, focusing on reduction,
substitution, and recycling strategies.

Reduction: The cultivation of various crops under different ecological conditions
should be optimized based on the technical standards of film mulching and specific op-
erational techniques. By considering factors such as land, light, water, and fertilizer, and
through diverse plastic film applications, it is possible to enhance the efficient use of plastic
films, mitigate their pollution impact, and adjust their usage standards appropriately.

Alternatives: Plastic mulch films are categorized into non-degradable and degradable
types, with the development of the latter being actively pursued globally Currently, the
more advanced technologies encompass biodegradable mulch films [101], photodegradable
mulch films [102], paper mulch films [103], and liquid spray degradable mulch films [104].

Recycling: Waste agricultural film needs to be thoroughly recycled and reused.
Polyethylene and polypropylene, the primary constituents of agricultural film, are valuable
renewable resources. They can be transformed into recycled plastic particles and other
products through specific processing methods [72]. There is a non-woven mulch film made
of coarser chemical fiber that has the property of being easily recycled, which can reduce
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the difficulty of recycling [105]. In addition, there is a need for mandatory legislation and
policy support through the government to ensure the effective recycling of plastic films.

5.3. Prevention and Control of Heavy Metal Pollution

Heavy metals commonly found in agriculture, such as As, Cd, Cr, Cu, Hg, Ni, Pb, Zn,
pose significant environmental and health risks when present in high concentrations in
water and soil. Consequently, our study emphasizes analyzing the sources of these elements
and devising strategies for their mitigation. According to our relevant analyses (refer to
Figure S1 for detailed information), As, Cd, Cu, Hg, Ni and Zn originate partially from
pesticides, Pb partially from pesticides and plastic films, and Cr partially from pesticides
and crop residues. The management of plastic films and crop residues has already been
discussed, and the control of pesticide use, along with soil remediation strategies, will be
examined subsequently.

Pesticide reduction is typically achieved through integrated pest management, en-
compassing phytochemical, biological, and physical control techniques. (1) Botanical
insecticidal techniques: these involve the use of pesticides derived from secondary metabo-
lites produced by plants, animals, and microorganisms, which are noted for their lower
toxicity and enhanced safety for humans and the environment, compared to traditional
chemically synthesized pesticides [106]. (2) Biological control technology: this approach
employs natural predators to manage pests, where each pest typically has one or more nat-
ural enemies that can effectively inhibit their overpopulation [107,108]. (3) Physical control
technology: this method includes the application of physical measures to control diseases
and pests, such as solar frequency vibration insecticidal lamps and insect-prevention yellow
plates, which are effective in eliminating larvae or adult pests [45].

Soil remediation entails the restoration of the environmental functions of soils contam-
inated by various pollutants through diverse technical approaches. In addressing heavy
metal contamination in soils, the primary goal is to either reduce the concentration of
these metals or diminish their bioavailability. (1) Chemical stabilization: This approach
involves adding certain compounds (such as lime, phosphates, or silicates) to the soil,
which react with heavy metals to form insoluble or barely soluble compounds. This pro-
cess significantly reduces the mobility and bioavailability of the heavy metals [109,110].
(2) Phytoremediation: This employs specific plants, known as hyperaccumulators, for
their capacity to absorb and accumulate heavy metals from the soil. These plants extract
heavy metals from contaminated soils, and their subsequent harvesting and safe disposal
effectively remove these metals from the environment [111]. (3) Microbial remediation: This
method leverages the metabolic functions of certain microorganisms to degrade, convert,
or stabilize heavy metals in the soil. These microorganisms, either naturally occurring or
genetically engineered for enhanced efficiency, play a crucial role in mitigating soil heavy
metal contamination [112,113].

6. Conclusions

AGNPS pollution has been an important source of environmental pollution. Due to
the shortage of cultivated land and the lack of environmental protection measures, AGNPS
pollutants carrying a large number of nitrogen, phosphorus, heavy metals, microplastics
and other elements, which enter the soil and water bodies along with surface runoff and
underground runoff, posing a serious threat to China’s environmental security.

Our review’s statistical analysis reveals that TN and TP pollution in the water bodies
of various Chinese provinces is severe. Provinces including Jilin, Hainan, Inner Mongolia,
Heilongjiang, Gansu, Hunan, Jiangsu, Liaoning, and Anhui exhibit elevated microplastic
pollution. Furthermore, Hubei, Gansu, Liaoning, Guizhou, Hunan, Jilin, Fujian, and
Ningxia face severe comprehensive heavy metal pollution, notably involving As, Cd and
Hg, indicating significant impacts on the agricultural environment. Concurrently, this
study has identified that in Gansu Province, children are exposed to a significantly elevated
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non-cancer risk attributed to heavy metal pollution, while adults in Hubei and Gansu
Provinces face a markedly high risk of cancer.

In response to this challenge, we recommend various prevention and control measures
for AGNPS pollution, tailored to specific pollutants including nitrogen and phosphorus,
microplastics, and heavy metals. In regions with high TN and TP contamination, strate-
gies include the judicious management of fertilizers, proper handling of livestock waste,
and effective management of crop residues. In areas with elevated microplastic concen-
trations, reduction, substitution, and recycling strategies are advocated. For provinces
facing significant heavy metal contamination, particularly with As, Cd and Hg, an inte-
grated management approach is advised. This approach encompasses the management of
crop residues and plastic film, stringent control of pesticide use, and comprehensive soil
remediation strategies.

The implementation of these AGNPS pollution prevention and control measures, in
conjunction with corresponding risk assessments, focuses on key aspects such as source
reduction, pollution interception, and remediation. These strategies aim to reduce the
discharge of various pollutants, ultimately fostering sustainable agricultural development,
improving the aquatic environment, and mitigating the overall AGNPS pollution scenario.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su16062515/s1. Figure S1 Heat map for heavy metal
source analysis. Table S1 Chinese surface water environmental quality standards about TN,
TP. Table S2 Risk classification of microplastics. Table S3 Risk classification of heavy metals.
Table S4 Heavy metal health risk assessment exposure parameters. Table S5 Model parameters
RfD and SF values. Table S6 Average abundance of microplastics and proportion of microplastic
substances in water by province. Table S7 TN, TP, COD in water bodies by province. Table S8 Heavy
metal content by province. Table S9 Individual carcinogenic risk index and non-carcinogenic risk
index indices for adults and children, by province.
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