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Abstract: Chemical fertilizers are important inputs in agricultural production. They not only increase
crop yield but also bring many negative effects, such as agricultural non-point source pollution.
Therefore, a scientific understanding of the regional differences in chemical fertilizer application
and its environmental risks is of significance to promote China’s agricultural development. In this
study, we analyzed the spatiotemporal pattern of chemical fertilizer application intensity (CFAI) in
China since 2000, evaluated the environmental risks of provincial CFAI, and investigated the internal
mechanism behind them. The results showed that the total amount and intensity of chemical fertilizer
application in China from 2000 to 2019 presented a trend of increasing first and then decreasing.
In 2000 and 2019, provincial CFAI in eastern China was generally higher than that in central and
western China, and the environmental risks of provincial CFAI were spatially characterized by “high
in the north and low in the south”. Factors such as poor soil conditions, unreasonable farming
structure and backward fertilization methods are the main reasons for the continuous increase in
the total amount and intensity of chemical fertilizer application, while the construction of ecological
civilization and the transformation of society and economy are the main reasons for their decline.
Finally, measures such as targeted fertilization, adjusting the use structure of chemical fertilizers, im-
proving fertilization methods and replacing chemical fertilizers with organic fertilizers are proposed
to promote the quantity reduction and efficiency increase of chemical fertilizer application in China.

Keywords: chemical fertilizer application; environmental risks; agricultural production; food security;
high-quality development; rural revitalization

1. Introduction

Agriculture is not only the main source of human food and clothing but also the foun-
dation supporting economic development and social progress [1,2]. Before the industrial
revolution, agricultural development mainly depended on the self-recovery of soil fertility
or the increase of soil organic matter through returning animal manure and straw to the
field [3]. As a result, the development of agriculture was slow and the scale was small.
By the middle of the 19th century, the emergence of chemical fertilizers opened a channel
to provide nutrients for crop growth from outside the agricultural system, expanded the
contents of material flow and energy cycle in agricultural system, and greatly promoted
the development of agricultural production [4]. Through balancing nutrient composition
and improving soil fertility, the application of chemical fertilizers effectively ensures the
stable and high yield of grain, which makes great contributions to human survival and
development. According to the existing research, the contribution rate of chemical fertiliz-
ers to the growth of food production in various countries is generally between 30% and
60% [5–7].

China is the most populous developing country in the world [8,9]. The long-standing
problem of insufficient food and clothing makes the Chinese government attach great impor-
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tance to agricultural development and continue to strengthen financial and policy supports
to improve grain production capacity and ensure national food
security [10–12]. After nearly 70 years of efforts, China’s grain yield per unit area has
increased from 1029 kg/ha in 1949 to 6272 kg/ha in 2019, and the per capita output of grain
has correspondingly increased from 209 kg/person to 475 kg/person [13], feeding about
22% of the world’s population with just 7% of the world’s farmland [14–18]. In terms of
the driving force behind it, technological progress, especially the development of chemical
fertilizer technology, has played a vital role [19–21]. Since 2006, China has been the biggest
producer and consumer of chemical fertilizers in the world, producing more than a quarter
of the world chemical fertilizers and consuming more than 30% every year.

As one of the important components of the green revolution [22], chemical fertilizers
are the “food” of crop growth and the necessary means of production for agriculture.
Thus, they have played a critical role in aspects such as ensuring national food security
and guaranteeing social stability [21]. However, because of the traditional agricultural pro-
duction mode and unreasonable fertilization methods, the overuse of chemical fertilizers
is widespread in China’s agricultural production [23,24], and has been one of the main
sources of agricultural non-point source pollution [25–27]. With the construction of eco-
logical civilization and the enhancement of people’s ecological awareness, more and more
attention has been paid to resource and environmental problems such as water pollution,
air pollution and land degradation, which are caused by the excessive use of chemical
fertilizers [16,19,25,28–30]. As a result, how to deal with these problems has become an
important target of the government policies and measures [31]. Due to the lack of scientific
understanding of soil nutrients, the unreasonable chemical fertilizer application structure
is also common in agricultural production [32], especially the prominent problems such as
attaching importance to chemical fertilizers and neglecting organic fertilizers, attaching
importance to nitrogenous fertilizers and neglecting phosphate and potash fertilizers and
attaching importance to major elements and neglecting trace elements, all of which have
seriously hindered crop growth [20,33]. In general, the unreasonable and unscientific
problems in China’s chemical fertilizer application not only damage basic soil fertility and
increase the cost of grain production, but also affect the quantity and quality of agricultural
products and threaten national food security.

Currently, China’s socialist modernization has entered a new stage of high-quality
development, and the focus of rural development has shifted to rural revitalization [9,34].
In this context, the Chinese government actively promotes the construction of ecological
civilization to optimize human–earth relationship and achieve the sustainable development
of agricultural system [35,36]. These new situations inherently require promoting the quan-
tity reduction and efficiency improvement of agricultural inputs, especially the chemical
fertilizers, to realize the green and high-quality development of agriculture. China is a
country with vast territory and significant regional differences [37]. A scientific under-
standing of regional differences in chemical fertilizer application and its environmental
risks is of great significance to guide the rational application of chemical fertilizers and the
transformation and upgrading of agriculture in different areas. Employing a dataset of
chemical fertilizer application from 2000 to 2019, this study analyzes the spatiotemporal
pattern of chemical fertilizer application intensity (CFAI) in China, measures provincial
CFAI safety thresholds according to local soil conditions, and then reveals the environmen-
tal risks of chemical fertilizer application in different provinces. Ultimately, the driving
mechanism behind the spatial inequality of chemical fertilizer application as well as the
measures for agricultural sustainable development are discussed. These findings will
contribute to the implementation of new development concepts, promote the construction
of resource-saving and environment-friendly industrial system in rural China, and finally
realize the modernization of agriculture and rural areas.
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2. Materials and Methods
2.1. Chemical Fertilizer Application Intensity

CFAI is a concept which reflects the consumption of chemical fertilizers per unit area
of land. It has two statistic calibers of cultivated area and sown area [38]. Based on relevant
studies [38,39], the latter is employed in this study to investigate the regional pattern of
China’s CFAI and its environmental risks, and the formula is given as follows:

CFAI = CCF/SAC (1)

where CCF denotes the consumption of chemical fertilizers, which refers to the quantity of
chemical fertilizers applied in agricultural production in the year, including nitrogenous
fertilizers, phosphate fertilizers, potash fertilizers, and compound fertilizers. For the conve-
nience of comparison, CCF is calculated in terms of the volume of effective components by
converting the gross weight of respective fertilizers into weight containing effective com-
ponents, e.g., nitrogen content in nitrogenous fertilizers, phosphorous pentoxide contents
in phosphate fertilizers, and potassium oxide contents in potash fertilizers. SAC denotes
the total sown area of crops, which refers to the area of all land sown or transplanted with
crops that are harvested within the calendar year. All crops harvested within the year are
counted as sown area, regardless of being sown in the current year or the previous year,
and crops that are sown this year but harvested in the coming year are excluded.

2.2. Environmental Risk Assessment

The concept of risk assessment generally has a long history [40], but environmental
risk assessment (ERA), as a scientific field, originated only in the early 1970s [41]. An ERA
is a process used to evaluate the quantitative and qualitative characteristics of environment
that may be impacted due to exposure to one or more environmental stressors, such as
chemicals, disease, invasive species, and climate change [42,43]. The environmental risks
of CFAI are the possibility of ecological damage and environmental pollution caused by
chemical fertilizer application in the process of agricultural production, which has the
characteristic of being non-sudden. Here, the ERA of CFAI is calculated as follows:

Ri = Fi/(Fi + Ti) (2)

where Ri is the environmental risk index of region i, Fi is the CFAI of region i, and Ti is
the environmental safety threshold of CFAI of region i. According to the calculation of
environmental risks, the value of Ri varies from 0 to 1. When Ri is 0.50, it means that Fi and
Ti are equal, which is the critical point of environmental safety; when Ri approaches 1, it
means that Fi greatly exceeds Ti, i.e., there are extremely serious environmental risks in
chemical fertilizer application; while Ri approaching 0 means that Fi is much lower than Ti.
According to the multiple of Fi to Ti, the environmental risks are divided into five types:
safe, low risk, moderate risk, high risk and serious risk (Table 1).

Table 1. Classification of the environmental risks of chemical fertilizer application.

Classification Type Threshold Criteria

Level I Safe 0.00 < Ri ≤ 0.50 Fi ≤ Ti
Level II Low risk 0.50 < Ri ≤ 0.67 Ti < Fi ≤ 2Ti
Level III Moderate risk 0.67 < Ri ≤ 0.75 2Ti < Fi ≤ 3Ti
Level IV High risk 0.75 < Ri ≤ 0.80 3Ti < Fi ≤ 4Ti
Level V Serious risk 0.80 < Ri < 1.00 Fi > 4Ti

2.3. Data Source and Processing

The basic geographic data used in this study come from the Resource and Environ-
ment Science and Data Center of Chinese Academy of Sciences (https://www.resdc.cn/)
(accessed on 5 September 2021). Data on sown area of farm crops and chemical fertilizer ap-

https://www.resdc.cn/
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plication are obtained from China Statistical Yearbook. Data on the grade of cultivated land
are collected from the Ministry of Natural Resources of the PRC (http://www.mnr.gov.cn/)
(accessed on 5 September 2021). According to the research design, Hong Kong, Macao, and
Taiwan are excluded in the analysis. As a result, a total of 31 provincial-level administrative
units are obtained to investigate the regional differences of CFAI and their environmental
risks in China.

3. Results
3.1. Evolution of Chemical Fertilizer Application in China

In 2000, the total amount of chemical fertilizers applied in China’s agricultural pro-
duction was 41.46 million tons, and increased to 54.04 million tons in 2019, with an average
annual growth rate of 1.40%. Accordingly, China’s CFAI increased from 265.28 kg/ha to
325.65 kg/ha, and the average annual growth rate was 1.08%. Specifically, the consump-
tion of chemical fertilizers maintained a stable growth trend before 2015, and the average
annual growth rate during this period reached 2.52%. Then, as the Ministry of Agriculture
and Rural Affairs of the PRC issued the action plan for zero growth of chemical fertilizer
application by 2020 in February 2015 to promote the green development of agriculture, the
total amount of chemical fertilizer application in China decreased at an average annual
rate of 2.67% in 2015–2019. The evolution of CFAI also showed a trend of increasing first
and then decreasing, but the turning year was advanced to 2014, and the average annual
growth rate of the two stages changed from 2.26% to −2.15% (Figure 1).

Figure 1. Evolution of chemical fertilizer application in China from 2000 to 2019.

In terms of the provincial CFAI, CFAI in Tibet was the lowest in 2000,
only 108.18 kg/ha, followed by Inner Mongolia (126.47 kg/ha), Qinghai (130.03 kg/ha)
and Heilongjiang (130.34 kg/ha). These provinces were the only four provinces with a
CFAI lower than 150 kg/ha. The province with the highest CFAI was Fujian, followed by
Jiangsu, Beijing and Shandong, where the value of CFAI was all greater than 375 kg/ha
(Figure 2a). After nearly two decades of development, provincial CFAI has developed
rapidly. In 2019, Qinghai was the province with the smallest CFAI, which was just
112.01 kg/ha and the only province with a CFAI lower than 150 kg/ha in the whole
country. On the other end of the spectrum were three eastern provinces, Beijing, Hainan,
and Fujian, where CFAI was 699.77 kg/ha, 684.71 kg/ha and 664.67 kg/ha, respectively;
CFAIs of these three provinces were much greater than those of other provinces (Figure 2b).
Spatially, provincial CFAI showed an obvious east-central-west gradient differentiation
in 2000 and 2019, that is, provincial CFAI in the eastern coastal region was significantly
greater than that in the central region, and provincial CFAI in the western region was
generally small.

http://www.mnr.gov.cn/
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Figure 2. Spatial pattern of China’s provincial CFAI in 2000 (a) and 2019 (b).

The analysis of the changes of provincial CFAI from 2000 to 2019 showed that CFAI
decreased in only five provinces, namely, Shanghai, Qinghai, Jiangsu, Shandong and
Guizhou, with a decrease of 22.59%, 13.86%, 8.94%, 4.76% and 0.02%, respectively. Among
the provinces with an increase of CFAI, there were eleven provinces with an increase greater
than 50%, and the greatest was Hainan (135.87%), followed by Inner Mongolia (94.36%),
Xinjiang (78.93%) and Beijing (78.77%); only CFAI in Liaoning, Hubei and Sichuan increased
by less than 10%, and the value was 9.43%, 7.56% and 3.89%, respectively. In general, the
changes of provincial CFAI showed a characteristic of being small in traditional agricultural
areas and large in non-traditional agricultural areas.

3.2. Environmental Risks of Chemical Fertilizer Application in China

To measure the environmental risks of chemical fertilizer application in different
provinces, it is necessary to first determine the provincial safety upper limit of CFAI.
According to existing research, the internationally recognized ceiling for safe CFAI is
225 kg/ha [44,45]. Here, we also set this value as the safety upper limit of CFAI in China,
that is, the ceiling of CFAI corresponding to 9.96-grade cultivated land is 225 kg/ha.
The calculation of China’s CFAI over the years shows that CFAI in China has exceeded
the safety upper limit since 1995, and has been running at a high level for a long time [13].
Because of the regional inequality in cultivated land grades derived from the spatial
heterogeneity of natural and human conditions [37,46], the provincial safety upper limit of
CFAI is also different. In line with the safety upper limit of CFAI, which is corresponding
to the national average grade of cultivated land, the cultivated land grades of different
provinces are employed to calculate their safety upper limits of CFAI. As shown in Figure 3,
the environmental safety threshold of chemical fertilizer application in each province shows
a significant gradient descent pattern from the southeast coastal areas to the northwest
inland areas. Specifically, there are sixteen provinces with a safety upper limit of CFAI
greater than 225 kg/ha, mainly distributed in the eastern coastal region and the central
region with good natural conditions, such as abundant water and good soil. Among
them, there are four provinces with a safety upper limit greater than 375 kg/ha, including
Hubei (428.42 kg/ha), Guangdong (424.98 kg/ha), Shanghai (411.64 kg/ha) and Jiangsu
(399.27 kg/ha). Jiangxi and Henan are also close to that level. It is noted that the provinces
with a safety upper limit less than 225 kg/ha mainly distribute in the western and northeast
regions, including Inner Mongolia, Gansu, Qinghai, Shanxi, and Tibet, where the upper
safety limits are all less than 150 kg/ha.
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Figure 3. Spatial pattern of provincial environmental safety upper limits of CFAI in China.

Due to the relative stability of natural conditions [47], we assume that the cultivated
land grade of each province is the same in 2000 and 2019. Based on provincial CFAI
and their environmental safety upper limits, formula (2) is employed to calculate the
environmental risks of chemical fertilizer application, and ArcGIS 10.4 is used for spatial
visualization (Figure 4). In 2000, there were only two types of environmental risks for
provincial CFAI, namely, safety and low risk. The former included sixteen provinces,
mainly distributed in the south, of which the province with the lowest risk was Jiangxi
(0.36), followed by Hubei (0.43) and Hunan (0.43). The other provinces belonged to the
latter, and the province with the highest risk level was Gansu (0.66), with Shaanxi (0.64)
and Liaoning (0.64) being close to that level. In 2019, there were only eight provinces whose
environmental risk type was safety, mainly distributed in the middle and upper reaches
of the Yangtze River. Among them, the province with the lowest environmental risk was
Jiangxi (0.38), followed by Shanghai (0.41) and Hubei (0.45), and the other five provinces
were on the edge of the safety line. The number of provinces with a risk type of moderate
risk was seven; except for Hainan, Fujian and Beijing in the east, the rest were mainly
distributed in the northwest. Only the risk type of Inner Mongolia was high risk.
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Figure 4. Spatial pattern of the environmental risks of China’s CFAI in 2000 (a) and 2019 (b).

In terms of the changes of environmental risks of CFAI during the period of
2000–2019, there were five provinces with a decreased value of environmental risks, namely
Shanghai, Qinghai, Jiangsu, Shandong and Guizhou, and the decrease was 13.31%, 6.36%,
4.55%, 2.15% and 0.01%, respectively. Among the provinces with an increased value of
environmental risks, there were eight provinces with an increase greater than 20%, of
which the highest was Hainan (41.06%), followed by Tibet (27.87%) and Guangxi (27.39%).
The analysis of the changes of environmental risk types from 2000 to 2019 showed that
there were eight provinces changing from safe to low risk and one province changing from
safe to moderate risk; there was one province changing from low risk to safe, six provinces
changing from low risk to moderate risk, and one province changing from low risk to high
risk; there were seven provinces whose risk types remained safety, and the number of
provinces whose risk type has always been low risk was also 7 (Table 2).

Table 2. Changes of the environmental risk type of provincial CFAI in China from 2000 to 2019.

2019

Safe Low Risk Moderate
Risk

High
Risk

2000
Safe

Jiangxi, Shanghai,
Hubei, Sichuan,

Guizhou, Hunan,
Heilongjiang

Anhui, Chongqing,
Zhejiang,

Guangdong,
Tibet, Henan,

Guangxi, Yunnan

Hainan

Low risk Jiangsu

Qinghai,
Shandong,

Tianjin, Ningxia,
Liaoning, Jilin,

Hebei

Fujian,
Shanxi,
Gansu,
Beijing,

Xin-
jiang,

Shaanxi

Inner
Mongo-

lia

4. Discussion
4.1. Understanding the Chemical Fertilizer Application in China

Through solving the problem that soil nutrients cannot meet the needs of crop growth,
chemical fertilizers effectively promote agricultural development, thus ensuring national
food security [19]. Wang et al. pointed out that 40% of the increase in China’s agricultural
production during the period of 1986–1990 came from the increase of chemical fertilizer
application [48]. However, the growth rate of chemical fertilizer application in this process
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has far exceeded the growth rate of grain output, resulting in a serious problem of excessive
and inefficient application of chemical fertilizers, which become an important challenge
restricting the sustainable development of agriculture in China [16,49]. According to
statistics from the Ministry of Agriculture and Rural Affairs of the PRC, the comprehensive
utilization rate of chemical fertilizers for rice, wheat, and corn in 2020 was only 40.2%,
which was far lower than that of 60%~70% in developed countries. As the products of
technological progress, chemical fertilizers are essentially harmless. The problem related
to chemical fertilizers in agricultural production is not the problem of chemical fertilizers
itself but stems from the unreasonable and unscientific use of chemical fertilizers [50],
including unreasonable farming structure and backward fertilization method, as well as
insufficient scientific and technological guidance.

First, China’s per capita cultivated land is small, less than 0.10 ha/person, and the ba-
sic fertility of cultivated land is low, with medium and low yield cultivated land accounting
for nearly 65%. To ensure national food security, increasing the use of chemical fertilizers
has become an important choice in agricultural production [19,51]. However, due to the
imperfect fertilizer management system, the massive application of chemical fertilizers
has caused many resources and environmental problems, such as soil degradation and
the decline of land productivity, which further increases the use of chemical fertilizers,
forming a vicious circle [52]. Meanwhile, the low-quality cultivated land is poor in wa-
ter and fertilizer conservation, reducing the utilization efficiency of chemical fertilizers.
Second, the adjustment of farming structure boosts the increase of chemical fertilizer ap-
plication. Guided by a market economy and consumption upgrading, more and more
cultivated land in China is used to grow non-grain crops [8], such as fruits and vegeta-
bles (Figure 5), which have a higher demand for chemical fertilizers [53–55]. Due to the
traditional fertilization habits and the lack of understanding of fertilizer performance, the
phenomenon of excessive chemical fertilizer application is widespread in the process of
cash crops production, especially in the eastern developed region [56]. Third, the dominant
position of small-scale peasant economy in rural China makes the agricultural mechaniza-
tion develop slowly. In this context, the traditional artificial fertilization is still dominant,
such as spreading and surface application, which leads to the volatilization and leaching of
chemical fertilizers and reduces the utilization rate of chemical fertilizers. Fourth, due to
the urban–rural dual structure and urban-biased development strategy, problems such as
imperfect agricultural technology service system and few technicians are common in rural
China, which make farmers unable to get guidance from technicians in chemical fertilizer
application. Fifth, with the rapid development of industrialization and urbanization, many
rural working people flow to urban areas. This results in the aging and weakening of
agricultural producers, and causes the substitution of modern production factors such
as chemical fertilizer for labor force, which further increases CFAI [57]. Additionally, in
the process of circulation, fertilizer dealers tend to increase the recommended application
number of chemical fertilizers to obtain more benefits, resulting in excessive chemical
fertilizer application [58].
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Figure 5. Changes of the sown areas of vegetables and orchards in China from 2000 to 2019.

After more than 30 years of reform and opening-up, China’s economy developed
to the new normal stage in 2014, which requires optimizing the economic structure and
realizing the transformation and upgrading of economic growth from factor-driven to
innovation-driven [59,60]. Against this background, China’s agricultural development
has gradually changed from extensive growth of scale–speed type to intensive growth of
quality–efficiency type, constantly optimizing the structure of chemical fertilizer application
and improving the efficiency of chemical fertilizer application. On the other hand, the
report to the 18th National Congress of the Communist Party of China (CPC) proposed to
vigorously promote the construction of ecological civilization and form resource-saving
and environment-friendly spatial pattern, industrial structure, production and living mode
to reverse the trend of ecological and environmental deterioration from the source [61].
To achieve this goal, the Chinese government has issued a series of policies and measures
to promote the quantity reduction and efficiency improvement of agricultural inputs such
as chemical fertilizers and pesticides, and paid attention to the comprehensive utilization
of agricultural wastes, thus building a high-efficiency, low-carbon and green agriculture
system. Moreover, the promotion of rural reform continues to help the rapid development
of various new agricultural business entities [62], which promote the scale of agricultural
production and improves the efficiency of chemical fertilizer application. Driven by the
transformation of major national policies, the total amount and intensity of chemical
fertilizer application in China has decreased steadily since the late 12th Five-Year Plan, and
this trend will continue, thus boosting the high-quality development of agriculture and
achieving the goal of agricultural and rural modernization.

4.2. Policy Implications for Agricultural Development

Since 2004, China’s grain production has achieved bumper harvests for 16 consec-
utive years. However, the grain supply and demand is still in a tight balance, and the
food-security situation remains grim [8,63]. As people’s food demand changes from
enough to high-quality and diversified, the grain consumed in the production of meat,
eggs, milk and other food will continue to increase, which leads to rapid growth of grain
consumption [64–66]. On the other hand, the restrictive factors such as fresh water re-
sources and environmental carrying capacity have rigid constraints on grain production,
and become increasingly prominent, which increases the difficulty of increasing grain
production [67–69]. To ensure national food security and meet people’s needs for a better
life, chemical fertilizers must continue to be used. In the foreseeable future, chemical fertil-
izers will continue to play an important role in China’s agricultural production, and more
attention should be paid to scientific fertilization to maximize its socioeconomic benefits
and avoid the adverse impacts of unreasonable and unscientific fertilization on resources
and environment. Meanwhile, some targeted measures should be taken to establish and



Int. J. Environ. Res. Public Health 2021, 18, 11911 10 of 14

improve the chemical fertilizer application system to ensure production, save cost and
increase efficiency according to local conditions.

First, it is necessary to promote targeted fertilization. According to soil conditions,
crop yield potential and the requirements of comprehensive nutrient management, the
fertilization quota standard per unit area of crop should be reasonably formulated in differ-
ent regions to reduce blind fertilization. Second, more attention should be paid to adjust
the use structure of chemical fertilizers. By optimizing the ratio of nitrogen, phosphorus
and potassium fertilizers, the reasonable combination of major element and medium and
trace element can be realized. Meanwhile, there is an urgent need to guide the optimiza-
tion and upgrading of fertilizer products to meet the need of modern agriculture. Third,
fertilization method needs to be improved. The technology of soil testing and formula fer-
tilization (Cetu Peifang Shifei) should be popularized to improve farmers’ skills of scientific
fertilization. The government also should promote suitable fertilization equipment and
guide the changes of fertilization methods from surface application and spreading applica-
tion to mechanical deep application, water and fertilizer integration and foliar spraying.
Fourth, chemical fertilizers should be replaced by organic fertilizers. Through rational
utilization of organic nutrient resources, organic fertilizers are used to replace part of
chemical fertilizers, realizing the rational combination of organic and inorganic fertilizers.
In addition, some guarantee mechanisms need to be established and improved to ensure
the implementation of these measures for quantity reduction and efficiency increase of
chemical fertilizers, including a working mechanism of up–down linkage and multiparty
cooperation, a national fertilizer efficiency monitoring network, publicity and training of
new business entities, and supporting policies such as finance and taxation.

4.3. Limitations and Future Research Prospects

The objects of farming include not only grain crops, such as rice and corn, but also
cash crops, such as vegetables and fruits [8], and there are significant differences in nutrient
elements required for the growth of different crops. As a result, their demands for nitrogen
fertilizers, phosphorus fertilizers, potassium fertilizers, compound fertilizers and other
types of chemical fertilizers are different. Here, we only discuss the overall situation of
regional chemical fertilizer application, but lack of understanding of the use structure of
chemical fertilizers, the regional differences of different types of chemical fertilizers and
their environmental risks. Therefore, the chemical fertilizer application of different crops is
worthy of further investigation. When measuring the environmental risks of provincial
CFAI, the environmental safety threshold used in this study is a value calculated by inter-
national general standards. In fact, the environmental safety threshold is closely related
to the nutrient situations of cultivated land [70]. Thus, it is necessary to further promote
soil testing in future research and comprehensively determine whether chemical fertilizer
application is excessive according to regional soil fertility, thus scientifically guiding the
chemical fertilizer application in agricultural production and avoiding various resource and
environmental problems caused by the overuse of chemical fertilizers. In addition, with the
rapid development of society and the economy, greenhouse gas emissions dominated by
carbon dioxide are posing a serious threat to the global climate and ecology [71,72]. In this
context, China is actively committed to the implementation of the Paris Agreement, striving
to reach the peak of carbon dioxide emissions by 2030 and achieve carbon neutralization
by 2060. The process of chemical fertilizer production is an important carbon source, and
chemical fertilizer application also produces a large amount of carbon dioxide [73,74].
Therefore, scientific discussion on the relationship between chemical fertilizer produc-
tion/application and carbon emission and its internal mechanism is of great significance to
achieve the goal of carbon emission reduction in China.
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5. Conclusions

Currently, China’s agricultural development is in the critical stage of transformation
and upgrading, and its driving force is changing from factor input to technological innova-
tion [75]. Against this background, optimizing the structure and efficiency of agricultural
inputs, such as chemical fertilizers, has become an important measure to promote agri-
cultural development to a higher level in the new era. Affected by poor soil conditions,
unreasonable farming structure and backward fertilization methods, the total amount and
intensity of chemical fertilizer application in China have maintained an increasing trend
for a long time. With the promotion of ecological civilization and rural reform, the total
amount and intensity of chemical fertilizer application began to decline at the end of the
12th Five-Year Plan. Spatially, provincial CFAI in 2000 and 2019 showed a pattern of “high
in the east and low in the west”, and the changes of non-traditional agricultural areas
were more obvious than those of traditional agricultural areas. The analysis of the CFAI
safety thresholds showed that the provinces with a high safety threshold were mainly
distributed in the third terrain ladder, and those with a low safety threshold were mainly
distributed in northwest China and Qinghai–Tibet Plateau. As a result, the environmental
risks of provincial CFAI in 2000 and 2019 were all characterized by “high in the north and
low in the south”. To solve excessive application of chemical fertilizers and its related
problem in China, it is necessary to promote the quantity reduction and efficiency increase
of chemical fertilizers through targeted fertilization, adjusting the use structure of chemical
fertilizers, improving fertilization methods, and replacing chemical fertilizers with organic
fertilizers, thus realizing agricultural green and high-quality development and supporting
agricultural and rural modernization.

Author Contributions: Conceptualization, Y.G. and J.W.; methodology, Y.G. and J.W.; software, Y.G.;
validation, Y.G. and J.W.; formal analysis, Y.G. and J.W.; investigation, Y.G.; resources, Y.G. and J.W.;
data curation, Y.G.; writing—original draft preparation, Y.G. and J.W.; writing—review and editing,
Y.G. and J.W.; visualization, Y.G.; supervision, Y.G. and J.W.; project administration, Y.G.; funding
acquisition, Y.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (Grant
No. 42001203, 42171266) and the Strategic Priority Research Program of the Chinese Academy of
Sciences (Grant No. XDA23070300, XDA28130400).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The associated dataset of the study is available upon request to the
corresponding author.

Acknowledgments: The authors would like to thank the anonymous reviewers for their comments
and suggestions, which contributed to the further improvement of this paper.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Gillespie, S.; Harris, J.; Kadiyala, S. The agriculture-nutrition disconnect in India: What do we know? Gates Open Res. 2019,

3, 1115.
2. Johnston, B.F.; Mellor, J.W. The role of agriculture in economic development. Am. Econ. Rev. 1961, 4, 566–593.
3. Zhang, W.; Shen, Z.; Shao, Y.; Shi, L.; Liu, S.; Shi, N.; Fu, L. Soil biota and sustainable agriculture: A review. Acta Ecol. Sin. 2020,

10, 3183–3206.
4. Food and Agriculture Organization of the United Nations (FAO). The Future of Food and Agriculture: Trends and Challenges; FAO:

Rome, Italy, 2017.
5. Pradhan, P.; Fischer, G.; van Velthuizen, H.; Reusser, D.E.; Kropp, J.P. Closing yield gaps: How sustainable can we be? PLoS ONE

2015, 6, e0129487. [CrossRef] [PubMed]
6. Stewart, W.M.; Dibb, D.W.; Johnston, A.E.; Smyth, T.J. The contribution of commercial fertilizer nutrients to food production.

Agron. J. 2005, 1, 1–6. [CrossRef]
7. Roberts, T.L. The role of fertilizer in growing the world’s food. Better Crops 2009, 2, 12–15.

http://doi.org/10.1371/journal.pone.0129487
http://www.ncbi.nlm.nih.gov/pubmed/26083456
http://doi.org/10.2134/agronj2005.0001


Int. J. Environ. Res. Public Health 2021, 18, 11911 12 of 14

8. Guo, Y.; Wang, J. Identifying the determinants of nongrain farming in China and its implications for agricultural development.
Land 2021, 9, 902. [CrossRef]

9. Guo, Y.; Liu, Y. Poverty alleviation through land assetization and its implications for rural revitalization in China. Land Use Policy
2021, 105, 105418. [CrossRef]

10. Yu, W.; Elleby, C.; Zobbe, H. Food security policies in India and China: Implications for national and global food security. Food
Secur. 2015, 2, 405–414. [CrossRef]

11. Liu, Y.; Guo, Y.; Zhou, Y. Poverty alleviation in rural China: Policy changes, future challenges and policy implications. China
Agric. Econ. Rev. 2018, 2, 241–259. [CrossRef]

12. Guo, Y.; Zhou, Y.; Liu, Y. Targeted poverty alleviation and its practices in rural China: A case study of Fuping County, Hebei
Province. J. Rural. Stud. 2019, in press. [CrossRef]

13. National Bureau of Statistics of China (NBS). China Statistical Yearbook 2020; China Statistics Press: Beijing, China, 2020.
14. Gong, P. China needs no foreign help to feed itself. Nat. News 2011, 474, 7. [CrossRef]
15. Zhang, F.; Cui, Z.; Fan, M.; Zhang, W.; Chen, X.; Jiang, R. Integrated soil–crop system management: Reducing environmental

risk while increasing crop productivity and improving nutrient use efficiency in China. J. Environ. Qual. 2011, 4, 1051–1057.
[CrossRef] [PubMed]

16. Cui, K.M.; Shoemaker, S.P. A look at food security in China. NPJ Sci. Food 2018, 2, 4. [CrossRef] [PubMed]
17. Chen, J. Rapid urbanization in China: A real challenge to soil protection and food security. Catena 2007, 1, 1–15. [CrossRef]
18. Chen, L.; Song, G.; Meadows, M.E.; Zou, C. Spatio-temporal evolution of the early-warning status of cultivated land and its

driving factors: A case study of Heilongjiang Province, China. Land Use Policy 2018, 72, 280–292. [CrossRef]
19. Li, Y.; Zhang, W.; Ma, L.; Huang, G.; Oenema, O.; Zhang, F.; Dou, Z. An analysis of China's fertilizer policies: Impacts on the

industry, food security, and the environment. J. Environ. Qual. 2013, 4, 972–981. [CrossRef]
20. Wang, Q.; Halbrendt, C.; Johnson, S.R. Grain production and environmental management in China's fertilizer economy. J. Environ.

Qual. 1996, 3, 283–296. [CrossRef]
21. Cheng, X.; Han, C.; Taylor, D.C. Sustainable agricultural development in China. World Dev. 1992, 8, 1127–1144.
22. Rosset, P.; Collins, J.; Lappé, F.M. Lessons from the green revolution. Third World Resurgence 2000, 2, 11–14.
23. Wu, H.; Hao, H.; Lei, H.; Ge, Y.; Shi, H.; Song, Y. Farm size, risk aversion and overuse of fertilizer: The heterogeneity of large-scale

and small-scale wheat farmers in Northern China. Land 2021, 2, 111. [CrossRef]
24. Liu, Y.; Zou, L.; Wang, Y. Spatial-temporal characteristics and influencing factors of agricultural eco-efficiency in China in recent

40 years. Land Use Policy 2020, 97, 104794. [CrossRef]
25. Ma, X.; Li, Y.; Zhang, M.; Zheng, F.; Du, S. Assessment and analysis of non-point source nitrogen and phosphorus loads in the

Three Gorges Reservoir Area of Hubei Province, China. Sci. Total. Environ. 2011, 412, 154–161. [CrossRef]
26. Fischer, G.; Winiwarter, W.; Ermolieva, T.; Cao, G.Y.; Qui, H.; Klimont, Z.; Wiberg, D.; Wagner, F. Integrated modeling framework

for assessment and mitigation of nitrogen pollution from agriculture: Concept and case study for China. Agric. Ecosyst. Environ.
2010, 1–2, 116–124. [CrossRef]

27. Guo, J.H.; Liu, X.J.; Zhang, Y.; Shen, J.L.; Han, W.X.; Zhang, W.F.; Christie, P.; Goulding, K.W.T.; Vitousek, P.M.; Zhang, F.S.
Significant acidification in major Chinese croplands. Science 2010, 5968, 1008–1010. [CrossRef] [PubMed]

28. Zhang, Y.; Wang, J.; Dai, C. The adjustment of China’s grain planting structure reduced the consumption of cropland and water
resources. Int. J. Environ. Res. Public Health 2021, 14, 7352. [CrossRef] [PubMed]

29. Wu, Y. Chemical fertilizer use efficiency and its determinants in China’s farming sector: Implications for environmental protection.
China Agric. Econ. Rev. 2011, 2, 117–130. [CrossRef]

30. Sun, Y.; Hu, R.; Zhang, C. Does the adoption of complex fertilizers contribute to fertilizer overuse? Evidence from rice production
in China. J. Clean. Prod. 2019, 219, 677–685. [CrossRef]

31. Xu, L.; Zhou, Z.; Du, J. An evolutionary game model for the multi-agent Co-governance of agricultural non-point source pollution
control under intensive management pattern in China. Int. J. Environ. Res. Public Health 2020, 7, 2472. [CrossRef] [PubMed]

32. Huang, S.; Tang, J.; Li, C.; Zhang, H.; Yuan, S. Reducing potential of chemical fertilizers and scientific fertilization countermeasure
in vegetable production in China. J. Plant Nutr. Fertil. 2017, 6, 1480–1493.

33. Huang, J.; Rozelle, S.; Zhu, X.; Zhao, S.; Sheng, Y. Agricultural and rural development in China during the past four decades: An
introduction. Aust. J. Agric. Resour. Econ. 2020, 1, 1–13. [CrossRef]

34. Liu, Y. Modern human-earth relationship and human-earth system science. Sci. Geogr. Sin. 2020, 8, 1221–1234.
35. Zhang, M.; Liu, Y.; Wu, J.; Wang, T. Index system of urban resource and environment carrying capacity based on ecological

civilization. Environ. Impact Asses. 2018, 68, 90–97. [CrossRef]
36. Calabi-Floody, M.; Medina, J.; Rumpel, C.; Condron, L.M.; Hernandez, M.; Dumont, M.; de la Luz Mora, M. Smart fertilizers as a

strategy for sustainable agriculture. Adv. Agron. 2018, 147, 119–157.
37. Xu, B.; Lin, B. Differences in regional emissions in China’s transport sector: Determinants and reduction strategies. Energy 2016,

95, 459–470. [CrossRef]
38. Liu, Q.; Sun, J.; Pu, L. Comparative study on fertilization intensity and integrated efficiency in China and Euro-American major

countries. Trans. Chin. Soc. Agric. Eng. 2020, 14, 9–16.
39. Zhang, Y.; Long, H.; Li, Y.; Ge, D.; Tu, S. How does off-farm work affect chemical fertilizer application? Evidence from China’s

mountainous and plain areas. Land Use Policy 2020, 99, 104848. [CrossRef]

http://doi.org/10.3390/land10090902
http://doi.org/10.1016/j.landusepol.2021.105418
http://doi.org/10.1007/s12571-015-0432-2
http://doi.org/10.1108/CAER-10-2017-0192
http://doi.org/10.1016/j.jrurstud.2019.01.007
http://doi.org/10.1038/474007a
http://doi.org/10.2134/jeq2010.0292
http://www.ncbi.nlm.nih.gov/pubmed/21712573
http://doi.org/10.1038/s41538-018-0012-x
http://www.ncbi.nlm.nih.gov/pubmed/31304254
http://doi.org/10.1016/j.catena.2006.04.019
http://doi.org/10.1016/j.landusepol.2017.12.017
http://doi.org/10.2134/jeq2012.0465
http://doi.org/10.1006/jema.1996.0053
http://doi.org/10.3390/land10020111
http://doi.org/10.1016/j.landusepol.2020.104794
http://doi.org/10.1016/j.scitotenv.2011.09.034
http://doi.org/10.1016/j.agee.2009.12.004
http://doi.org/10.1126/science.1182570
http://www.ncbi.nlm.nih.gov/pubmed/20150447
http://doi.org/10.3390/ijerph18147352
http://www.ncbi.nlm.nih.gov/pubmed/34299802
http://doi.org/10.1108/17561371111131272
http://doi.org/10.1016/j.jclepro.2019.02.118
http://doi.org/10.3390/ijerph17072472
http://www.ncbi.nlm.nih.gov/pubmed/32260432
http://doi.org/10.1111/1467-8489.12352
http://doi.org/10.1016/j.eiar.2017.11.002
http://doi.org/10.1016/j.energy.2015.12.016
http://doi.org/10.1016/j.landusepol.2020.104848


Int. J. Environ. Res. Public Health 2021, 18, 11911 13 of 14

40. Bernstein, P.L. Against the Gods: The Remarkable Story of Risk; John Wiley & Sons: New York, NY, USA, 1996.
41. Aven, T. Risk assessment and risk management: Review of recent advances on their foundation. Eur. J. Oper. Res. 2016, 1, 1–13.

[CrossRef]
42. Xu, L.; Liu, G. The study of a method of regional environmental risk assessment. J. Environ. Manag. 2009, 11, 3290–3296.

[CrossRef] [PubMed]
43. McIntosh, A.; Pontius, J. Science and the Global Environment: Case Studies for Integrating Science and the Global Environment; Elsevier:

Amsterdam, The Netherlands, 2016.
44. Cai, J.; Xia, X.; Chen, H.; Wang, T.; Zhang, H. Decomposition of fertilizer use intensity and its environmental risk in China’s grain

production process. Sustainability 2018, 2, 498. [CrossRef]
45. Fang, P.; Abler, D.; Lin, G.; Sher, A.; Quan, Q. Substituting organic fertilizer for chemical fertilizer: Evidence from apple growers

in China. Land 2021, 8, 858. [CrossRef]
46. Liu, Y. Research on the urban-rural integration and rural revitalization in the new era in China. Acta Geogr. Sin. 2018, 4, 637–650.
47. Ricklefs, R.E. Community diversity: Relative roles of local and regional processes. Science 1987, 4785, 167–171. [CrossRef]

[PubMed]
48. Wang, J.Y.; Wang, S.J.; Chen, Y. Leaching loss of nitrogen in double-rice-cropped paddy fields in China. Acta Agric. Zhejiangensis

1995, 7, 155–160.
49. Smith, L.E.D.; Siciliano, G. A comprehensive review of constraints to improved management of fertilizers in China and mitigation

of diffuse water pollution from agriculture. Agric. Ecosyst. Environ. 2015, 209, 15–25. [CrossRef]
50. Arjjumend, H.; Koutouki, K.; Donets, O. Advantages of using the biofertilizers in Ukrainian agroecosystems. Eur. J. Agric. Res.

2020, 2, 92–123.
51. Chen, X. The core of China’s rural revitalization: Exerting the functions of rural area. China Agric. Econ. Rev. 2019, 1, 1–13.

[CrossRef]
52. Ma, W.; Abdulai, A.; Goetz, R. Agricultural cooperatives and investment in organic soil amendments and chemical fertilizer in

China. Am. J. Agric. Econ. 2018, 2, 502–520. [CrossRef]
53. Luan, J.; Qiu, H.; Jing, Y.; Liao, S.; Han, W. Decomposition of factors contributed to the increase of China’s chemical fertilizer use

and projections for future fertilizer use in China. J. Nat. Resour. 2013, 11, 1869–1878.
54. Zhang, W.; Ji, Y.; Ma, J.; Wang, Y.; Ma, W.; Zhang, F. Driving forces of fertilizer consumption in China (Planting Structure). Resour.

Sci. 2008, 1, 31–36.
55. Xin, L.; Li, X.; Tan, M. Temporal and regional variations of China’s fertilizer consumption by crops during 1998–2008. J. Geogr. Sci.

2012, 4, 643–652. [CrossRef]
56. He, X.; Yin, Z. The small-scale peasant economy and path selection of agricultural modernization: A review of the agricultural

modernization radicalism. China Rev. Polit. Econ. 2015, 2, 45–65.
57. Zhang, Y.; Long, H.; Wang, M.Y.; Li, Y.; Ma, L.; Chen, K.; Zheng, Y.; Jiang, T. The hidden mechanism of chemical fertilizer overuse

in rural China. Habitat Int. 2020, 102, 102210. [CrossRef]
58. Lian, Y.; Liu, J.; Jin, S.; Liu, H.; Wu, S. Analysis of the reasons for overuse of chemical fertilizer from a seller’s perspective. Strateg.

Stud. CAE 2018, 5, 112–119. [CrossRef]
59. Guo, K. Theoretical rationales for China’s economy entering the new normal: A political economic analysis of the socialism with

Chinese characteristics. Econ. Res. J. 2016, 9, 5–16.
60. Jin, B. Study on the new normal of Chinese economic development. China Ind. Econ. 2015, 1, 5–18.
61. Hu, J. Firmly March on the Path of Socialism with Chinese Characteristics and Strive to Complete the Building of a Moderately Prosperous

Society in All Respects; People’s Publishing House: Beijing, China, 2012.
62. Zhao, F.; Yan, S.; Peng, H.; Yan, P.; Xiao, Z. Empirical research on the influence of Chinese rural financial reform on cultivation of

new agricultural business entities. J. Discret. Math. Sci. Cryptogr. 2017, 1, 389–405. [CrossRef]
63. Wang, H.; Zhang, M.; Cai, Y. Problems, challenges, and strategic options of grain security in China. Adv. Agric. 2009, 103, 101–147.
64. Sheng, Y.; Song, L. Agricultural production and food consumption in China: A long-term projection. China Econ. Rev. 2019, 53,

15–29. [CrossRef]
65. Delgado, C.L. Rising consumption of meat and milk in developing countries has created a new food revolution. J. Nutr. 2003, 11,

3907–3910. [CrossRef] [PubMed]
66. Herrero, M.; Thornton, P.K.; Notenbaert, A.M.; Wood, S.; Msangi, S.; Freeman, H.A.; Bossio, D.; Dixon, J.; Peters, M.;

van de Steeg, J.; et al. Smart investments in sustainable food production: Revisiting mixed crop-livestock systems. Science 2010,
5967, 822–825. [CrossRef] [PubMed]

67. Li, M.; Sicular, T. Aging of the labor force and technical efficiency in crop production: Evidence from Liaoning Province, China.
China Agric. Econ. Rev. 2013, 3, 342–359. [CrossRef]

68. Heilig, G.K.; Fischer, G.; Van Velthuizen, H. Can China feed itself? An analysis of China's food prospects with special reference to
water resources. Int. J. Sustain. Dev. World 2000, 3, 153–172. [CrossRef]

69. Xie, X.; Li, X.; He, W. A land space development zoning method based on resource–environmental carrying capacity: A case
study of Henan, China. Int. J. Environ. Res. Public Health 2020, 3, 900. [CrossRef] [PubMed]

70. Tan, Y.; Chen, H.; Lian, K.; Yu, Z. Comprehensive evaluation of cultivated land quality at county scale: A case study of Shengzhou,
Zhejiang Province, China. Int. J. Environ. Res. Public Health 2020, 4, 1169. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ejor.2015.12.023
http://doi.org/10.1016/j.jenvman.2009.05.011
http://www.ncbi.nlm.nih.gov/pubmed/19525058
http://doi.org/10.3390/su10020498
http://doi.org/10.3390/land10080858
http://doi.org/10.1126/science.235.4785.167
http://www.ncbi.nlm.nih.gov/pubmed/17778629
http://doi.org/10.1016/j.agee.2015.02.016
http://doi.org/10.1108/CAER-02-2019-0025
http://doi.org/10.1093/ajae/aax079
http://doi.org/10.1007/s11442-012-0953-y
http://doi.org/10.1016/j.habitatint.2020.102210
http://doi.org/10.15302/J-SSCAE-2018.05.017
http://doi.org/10.1080/09720529.2016.1183314
http://doi.org/10.1016/j.chieco.2018.08.006
http://doi.org/10.1093/jn/133.11.3907S
http://www.ncbi.nlm.nih.gov/pubmed/14672289
http://doi.org/10.1126/science.1183725
http://www.ncbi.nlm.nih.gov/pubmed/20150490
http://doi.org/10.1108/CAER-01-2012-0001
http://doi.org/10.1080/13504500009470038
http://doi.org/10.3390/ijerph17030900
http://www.ncbi.nlm.nih.gov/pubmed/32024072
http://doi.org/10.3390/ijerph17041169
http://www.ncbi.nlm.nih.gov/pubmed/32059588


Int. J. Environ. Res. Public Health 2021, 18, 11911 14 of 14

71. Fearnside, P.M.; Pueyo, S. Greenhouse-gas emissions from tropical dams. Nat. Clim. Chang. 2012, 6, 382–384. [CrossRef]
72. Fajer, E.D.; Bazzaz, F.A. Is carbon dioxide a ‘good’greenhouse gas?: Effects of increasing carbon dioxide on ecological systems.

Glob. Environ. Chang. 1992, 4, 301–310. [CrossRef]
73. Rastogi, M.; Singh, S.; Pathak, H. Emission of carbon dioxide from soil. Curr. Sci. 2002, 5, 510–517.
74. Liu, H.; Li, J.; Li, X.; Zheng, Y.; Feng, S.; Jiang, G. Mitigating greenhouse gas emissions through replacement of chemical fertilizer

with organic manure in a temperate farmland. Sci. Bull. 2015, 6, 598–606. [CrossRef]
75. Sheng, Y.; Tian, X.; Qiao, W.; Peng, C. Measuring agricultural total factor productivity in China: Pattern and drivers over the

period of 1978-2016. Aust. J. Agric. Resour. Econ. 2020, 1, 82–103. [CrossRef]

http://doi.org/10.1038/nclimate1540
http://doi.org/10.1016/0959-3780(92)90047-B
http://doi.org/10.1007/s11434-014-0679-6
http://doi.org/10.1111/1467-8489.12327

	Introduction 
	Materials and Methods 
	Chemical Fertilizer Application Intensity 
	Environmental Risk Assessment 
	Data Source and Processing 

	Results 
	Evolution of Chemical Fertilizer Application in China 
	Environmental Risks of Chemical Fertilizer Application in China 

	Discussion 
	Understanding the Chemical Fertilizer Application in China 
	Policy Implications for Agricultural Development 
	Limitations and Future Research Prospects 

	Conclusions 
	References

