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Agricultural non-point source pollution (ANSP) constraints on the development
of the agricultural economy, grasp the interaction between the two, and develop
targeted prevention and control policies in accordance with the evolution of
different stages of the characteristic is essential. This study examines the
economic characteristics of ANSP in Shandong Province to propose targeted
countermeasures. Selected the time series data of Shandong Province from
2000 to 2020 to test the Environmental Kuznets Curve (EKC) characteristics
between ANSP and agricultural economic growth (AEG), and the Vector Error
Correction model (VECM) is used further to explore the dynamic relationship and
mechanism. We validate the existence of an Inverted U-shaped EKC in Shandong
Province, and the inflection points of pesticides, fertilizers, and agricultural films
were reached in 2007 and 2008. The changes in pesticide loss and fertilizer loss
have a positive impact on the dynamics of AEG in the short term, but there is an
incremental inhibition in the long term. The dynamic effect of the impulse
response diagram between the amount of agricultural film residues and AEG
all shows a positive impact. The average explanatory contribution of pesticide
loss, fertilizer loss, and agricultural film residue to AEG decreases by 12.14%, 7.7%,
and 3%, respectively. Therefore, policy suggestions are proposed to realize the
coordinated development of ANSP and economic development.
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1 Introduction

Solving the problem of agricultural non-point source pollution (ANSP) is necessary for
the sustainable growth of the agricultural economy. ANSP mainly refers to the non-point
source pollution caused by the irrational use of chemical inputs such as fertilizers and
pesticides and improperly handling livestock and poultry manure and crop residues during
agricultural production (Yi et al., 2021). Since the reform and opening, China has applied
58.59 million tons of chemical fertilizers in 2017 compared to 8.84 million tons in 1978.
Between 1990 and 2017, the amount of plastic films and pesticides applied rose from
480,000 and 730,000 tons to 2.53 million and 1.66 million tons, respectively (Zou et al.,
2020). China’s use of pesticides, fertilizers, and agricultural films is among the highest in the
world (Li and Shang, 2023; Lu et al., 2023). Therefore, China, the largest developing country,
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faces severe ANSP problems. Some scholars have emphasized the
harmful effects of ANSP on the quality of the agricultural economy
(Gokmenoglu et al., 2019; Lu et al., 2023), while how to control the
ANSP and realize the sustainable development of the agricultural
economy is the current urgent problem to be solved.

Shandong Province, a central agricultural province in China, the
total agricultural output value in 2020 was 1,019.06 billion yuan
(Tian et al., 2022), becoming the first province in China to exceed
one trillion yuan in total agricultural output value. However,
Shandong, one of the most severe areas of ANSP in China (Zou
et al., 2020), relies heavily on AEG at the expense of the ecological
environment. According to statistics1, Shandong Province ranks first
in terms of pesticide use, second in the country in terms of chemical
fertilizer use, and has a low rate of agricultural film recycling. There
is still a big gap between reality and the requirements for green and
high-quality agricultural development. Therefore, to explore the
deep relationship between the use of pesticides, fertilizers,
agricultural films, and AEG in many aspects, to indirectly verify
the existence of ANSP and the effect of bidirectional influence, it is of
great practical significance to Shandong Province on how to
efficiently configure the factors of agricultural production, to
change the mode of growth of the agricultural economy, and to
reduce the damage to the agro-ecological environment while
pursuing the economic benefits, so as to realize the coordinated
development of the ecological environment and the
agricultural economy.

In recent years, due to the grim situation of ANSP in China, it
has become a bottleneck in the development of modern agriculture
(Li and Shang, 2023), which has caused many scholars to research
ANSP. In the existing literature, the research mainly focuses on the
following aspects. The first is a qualitative study of the current
situation, causes, and countermeasures of ANSP (Pang and Wang,
2023). Qualitative research is due to the lack of data support, so the
relevant conclusions are not persuasive. Secondly, the research on
the factors affecting ANSP mainly focuses on economic factors,
institutional factors, and human endowment factors (Yi et al., 2021;
Lin et al., 2022; Duan and Li, 2023; Wang et al., 2023). With the
deepening of research and China’s green sustainable development,
more scholars have studied the relationship between ANSP andAEG
(Shang et al., 2019; Lin et al., 2021; Cui et al., 2023), trying to explore
the development trend of pollution and economy, to provide ideas
for realizing the coordinated development of agricultural pollution
and economy. The most representative of theories is the EKC
hypothesis, and many studies support the existence of EKC to
some extent (Destek and Sarkodie, 2019; Gokmenoglu et al.,
2019; Rej et al., 2022; Hossain et al., 2023; Lu et al., 2023;
Rahman et al., 2023), and point out that there are differences in
developed and developing countries (Haider et al., 2022; Zhao et al.,
2023). Meanwhile, domestic scholars have also studied the
relationship between ANSP and economic development based on
data from the whole country or individual provinces (Cui et al.,
2023; Lin et al., 2021; Shang et al., 2019; Yu et al., 2016), and the
results show that there is heterogeneity in the EKC curves of
different provinces, and that the results of the study of ANSP are

affected by several factors, such as the object of the study, the sample
data, the time scale, the geographical characteristics and the
research method.

At present, the research on ANSP and AEG in Shandong
Province still has certain deficiencies, and the existing research
only stays in the analysis of the current situation of pollution
and the validation of the EKC curve (Shi and Jing, 2016; Xu
&Gao, 2022; Xu et al., 2010), but the EKC can only intuitively
express the shallow morphological characteristics of the variables
and lacks a deeper investigation of the logical relationship between
ANSP and AEG in Shandong Province, and the effect of the intrinsic
interaction between the two. The clarification of the interaction
mechanism between ANSP and AEG is an essential link in realizing
the sustainable development of agriculture and needs to be analyzed.

In light of the existing knowledge gap, this study aims to
contribute to the current body of knowledge using twenty-one
years of annual time series data from 2000 to 2020. Firstly, based
on EKC, this study aims to investigate the dynamic relationship
between ANSP and agricultural economic development in
Shandong Province. Secondly, this is the first time to study the
interaction between ANSP and AEG in Shandong Province in
realizing sustainable development of the agricultural economy.
Thirdly, the variables of agricultural mechanization level,
environmental regulation level, and agricultural industry
structure are introduced to highlight the impacts on
environmental sustainability. Fourthly, in terms of research
methodology, the use of more advanced and robust techniques,
such as the VEC model and impulse function, can provide more
robust policy-oriented results, thus providing a better opportunity
for policymakers in Shandong Province, as well as for other large
agricultural provinces in developing countries to realize the
sustainable development of agricultural economy.

The rest of the paper is organized as follows. Section 2 is a
literature review to find the shortcomings of the current research by
combing through the existing literature. Section 3 presents the
research methodology and data description. Section 4 provides
the results of the empirical study. Section 5 provides a discussion
of the results. Section 6 concludes our findings and proposes policy
implications, limitations, and prospects.

2 Literature review

The research on ANSP is gradually enriched, mainly including
the following stages. Firstly, the sources, current situation, and
hazards of ANSP are studied (Zou et al., 2020; Pang and Wang,
2023). Since the early 1970 s, chemical fertilizers and pesticide inputs
in agricultural production have been increasing yearly to increase
food production per unit area and meet people’s demand for food
(Xu et al., 2022). At the same time, agricultural plastic film has been
widely promoted and used in agricultural production because of its
low cost, ease of use, and significant yield increase (Wang et al.,
2023), but its long degradation time and incomplete mechanical
recycling have led to the increasingly serious pollution of residual
mulch film in farmland. Therefore, the excessive use of pesticides,
chemical fertilizers, and agricultural plastic films has resulted in
increasingly severe ANSP. Secondly, the influencing factors of ANSP
were studied (Yi et al., 2021; Lin et al., 2022; Duan and Li, 2023;1 https://www.stats.gov.cn
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Wang et al., 2023). Agricultural mechanization and the use of
agrochemicals have contributed to the exponential growth of
agricultural production and agricultural waste in many countries
and exacerbated ANSP (Yi et al., 2021). The level of environmental
regulation and the level of digital financial development can also
mitigate ANSP (Lin et al., 2022). The adjustment of the internal
structure of the agricultural industry will change the form and
intensity of agricultural pollutant emissions (Wang et al., 2023),
which in turn will have a particular impact on ANSP. Thirdly, the
prediction of ANSP is studied, and countermeasures are proposed
(Zhao et al., 2023). Some scholars construct ANSP simulation
models from the farmland scale or watershed scale to predict the
development of ANSP. A recent study predicted ANSP in the
Yangtze River Economic Zone in China, and predicted that the
pollution would decrease in 2050 compared to 2019, but still above
the environmental risk threshold (Pang and Wang, 2023).

ANSP constrains the development of agricultural economy, and
the relationship between economic growth and environmental
pollution is often analyzed under the framework of EKC (Yi
et al., 2021). The EKC curve is also widely used in studying the
agricultural economy and the environment. Some studies have
supported the existence of EKC to a certain extent (Rej et al.,
2022; Hossain et al., 2023; Rahman et al., 2023), and pointed out
that the shape of EKC in developed and developing countries are
different (Haider et al., 2022; Pang and Wang, 2023; Zhao et al.,
2023), and some developed countries are already in the downward
stage of the Kuznets curve, but in most of the developing countries it
is an inverted U-shape, especially in the low-income countries.
There may be a bi-directional causality between the agricultural
pollution and the agricultural economy. In recent years, the
relationship between ANSP and the agricultural economy has
also gradually been emphasized by scholars in China.

On the one hand, some scholars have conducted studies based
on the national perspective or watershed perspective (Ding et al.,
2023; Li and Shang, 2023; Wang et al., 2023). Li and Zhang (2009)
examined the characteristics of China’s agricultural EKC from
1998 to 2006 and found that the overall has a significant inverted
“U”-shaped curve but is in an upward stage, and there is still a
distance from the inflection point. Gao et al. (2018) verified the
agricultural EKC characteristics from 2006 to 2015. They found that
the results were consistent with the inverted “U” curve. Still, only
Shandong and Henan reached the inflection point, and other
provinces’ gross agricultural output value was below the
inflection point. Cui et al. (2023) further used the latest data to
study the agricultural EKC characteristics of China’s 13 major grain-
producing regions from 2004 to 2019. They found that most of the
areas are in an inverted U-shape, except for Jiangsu, Liaoning, Hebei
and other provinces, which have already crossed the highest
inflection point of the inverted U-shape, and the rest of them are
in the upward stage. This indicates that China’s agricultural
development is gradually transforming into green and sustainable
development, but there is still a long way to go before the
developed countries.

On the other hand, some scholars research the relationship
between ANSP and the agricultural economy in individual
provinces. Sun et al. (2016) verified the “inverted U-shaped”
curve of the EKC of ANSP in Guangdong Province using time
series data from 1995 to 2013, and further examined the dynamic

relationship between them using a VAR model, which showed that
ANSP in Guangdong Province has a positive effect on economic
development and a lagging negative effect.

Shang et al. (2019) verified that fertilizers, pesticides and AEG
showed an inverted “U” curve relationship, while agricultural films
showed a straight-line incremental relationship in Heilongjiang
Province. The dynamic relationship and stage characteristics of
ANSP and economic growth were analyzed using the VECM
model. Lin et al. (2021) used a VAR model to study the
relationship between ANSP and economic growth in Ningxia,
and an “N” shape was found to be significant, and that AEG had
a positive role in promoting ANSP. Xu et al. (2022b) used EKC and
VAR models to study the relationship between ANSP and rural
residents’ income in Shanghai from 1998 to 2019, and there is an
inverted N-shaped relationship between the intensity of landfilm
application and rural residents’ disposable income, while fertilizers
and pesticides have a linearly decreasing relationship with the
disposable income of rural residents. ANSP emissions will
decrease with the increase of rural residents’ income level. Dong
et al. (2023) researched the ANSP in Anhui Province, China, is
characterized by an inverted N-shape, and there are large differences
between the northern and southern regions. However, the
harmonization of the agricultural environment and economic
development in each province is heterogeneous, and the study
results will be affected by many factors, such as the object of the
study, the geographical characteristics, and the research method.

Meanwhile, several studies are closely related to this paper. Xu
et al. (2010) first analyzed the current situation of ANSP in
Shandong Province. They found that pesticides, fertilizers, and
agricultural film pollution are the three major causes of ANSP in
Shandong Province. Shi & Jing. (2016), based on three indicators of
fertilizer, livestock farming, and farmland solid waste, verified the
EKC curve of the agricultural environment in Qingdao City,
Shandong Province, from 1991 to 2013. Xu & Gao. (2022)
further divided Shandong Province into the northern, central,
southern, and Jiaodong regions and verified that the economic
growth of agriculture was the one-way Granger cause of ANSP
based on the EKC. However, current research focuses on some
regions of Shandong Province and lacks the ability to study
Shandong Province as a whole. In addition, there is a lack of a
deeper investigation of the logical relationship and the effect of
internal interaction between ANSP and AEG in Shandong Province.
Therefore, it is necessary to study Shandong Province as a whole
based on newer time series data.

Many methods have been used to test the validity of time series
data and to forecast them, among which the ones that have been
applied more in the field of environmental pollution research are
ARDL (Waheed et al., 2018; Rahman et al., 2023), VAR(Lin et al.,
2021; Xu et al., 2022; Sun et al., 2016), VECM (Gokmenoglu et al.,
2019; Pradhan and Bagchi, 2013; Shang et al., 2019). Compared to
other models, the VECM was chosen for this study mainly because
of the following reasons. Firstly, VECM is based on cointegration
theory and can effectively handle non-stationary time series,
avoiding the requirement of data smoothness in traditional
models. This makes it better able to capture the long-term trends
and equilibrium relationships of economic phenomena. Secondly,
the endogenous variables of the model may interact with each other
due to the long-term and lagged nature of ANSP, and the VECM can
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effectively solve the endogeneity problem. Thirdly, the VECM can
reflect the short-term dynamic relationship and long-term stable
equilibrium relationship of different time variables, which allows the
model to consider both long-run and short-run relationships among
multiple variables, improving the accuracy of forecasting and
analysis. Combining the VECM based on the EKC can better
reflect the evolutionary characteristics and the interaction
relationship between ANSP and economic growth in Shandong
Province, and formulate targeted prevention and control policies
according to the evolutionary characteristics of different stages.

In conclusion, there are still three shortcomings in the existing
studies. Firstly, this study explores the interaction mechanism
between ANSP and economic development in Shandong
Province, a traditional agricultural province in China, and
enriches the application of EKC theory in the field of regional
agricultural pollution in China. Secondly, regarding research
methodology, the total amount of inputs such as pesticides and
fertilizers are commonly used in previous studies, ignoring that not
all inputs of the elements bring environmental pollution. In this
study, the loss of each component is used as the pollution indicator,
the research data is more accurate, the degree of ANSP can be
predicted more accurately, and the more advanced and robust VEC
model is used in EKC, which can provide more robust policy-
oriented results, and is also a supplement to the existing research in
related fields. Thirdly, regarding the content, the existing research on
ANSP in Shandong Province only focuses on analyzing the current
pollution status. Thirdly, in terms of research content, the existing
studies on ANSP in Shandong Province only stay in the analysis of
the current pollution situation and the verification of the EKC and
lack of a deeper investigation of the logical relationship and the effect
of the internal interaction between ANSP and AEG. In comparison,
this study explores the short-term and long-term impact of ANSP

and economic growth under the framework of the EKC, which can
provide helpful insight for policymakers.

3 Materials and methods

3.1 Research area

Shandong Province (114°47.5′-122°42.3′E, 34°22.9′-38°24.01′N),
located in eastern China (Figure 1), is a traditional agricultural
province in China. It is at the intersection of the Bohai-Rim
Economic Zone and the Yangtze River Delta Economic Zone, as
well as the center of the East Asian Economic Circle. The total land
area of Shandong is 158,000 square kilometers, with a cultivated land
area of 6,635,000 ha. Shandong Province has the largest production
of grains and vegetables in China, accounting for a large proportion
of China’s total grain and vegetable production, with vegetable
production ranking first and grain production third in the
country (Tian et al., 2022). Therefore, the input of agricultural
chemicals such as pesticides, fertilizers and agricultural films is also
relatively large (Zou et al., 2020). Shandong occupies an important
strategic position in the overall pattern of China’s agricultural
development, while the ANPSP problem is also the most serious,
so selected as the research object is representative and meaningful.

3.2 Research methods

3.2.1 Environmental Kuznets Curve (EKC)
The EKC refers to the fact that when the level of economic

development of a region is low, the degree of environmental
pollution is light, but as the level of economic development rises,

FIGURE 1
Location of Shandong province in China.
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the degree of environmental pollution will also increase with
economic growth. When economic development reaches a certain
level after reaching a certain critical point or “inflection point,” the
degree of environmental pollution gradually slows down, and the
environmental quality gradually improves (Gokmenoglu et al.,
2019). EKC curves are widely used in the study of agro-economic
environments (Zou et al., 2020; Li and Shang, 2023; Zhao et al.,
2023). It has been shown that the shape of the EKC curve is not
limited to a “U” or “inverted U” shape but may also be “N” or
“inverted N” shapes.

In addition to economic factors, ANSP can be influenced by
other factors [(Yi et al., 2021; Duan and Li, 2023; Wang et al., 2023)].
In this paper, we select the level of mechanization, the level of
environmental regulation and the structure of the agricultural
industry as control variables to be added to the EKC model. The
level of mechanization is a characterization of agricultural
production conditions and a manifestation of agricultural
technological progress, which will bring advanced production
equipment and production technology that can significantly
improve agricultural production conditions (Guan et al., 2023).
Different agricultural production industries’ types and levels of
production factor inputs are differentiated. The adjustment of the
internal structure of the agricultural sector will change the form and
intensity of agricultural pollutant emissions (Wang et al., 2023).
Environmental regulation indicates the degree of governmental
attention to and control of ANSP (Gokmenoglu et al., 2019), and
strong government regulation will reduce ANSP to a certain extent
(Yi et al., 2021). Since the level of mechanization, the level of
environmental regulation, and the structure of the agricultural
industry all affect ANSP to some extent, they are selected as
control variables.

Therefore, in this paper, referring to Shafik&Bandyopadhyay
(1992), the initial model of EKC is first assumed to be cubic, and in
the case that the cubic form is not significant, then test the quadratic
form, if it is still not substantial, then it is a linear relationship. The
formula is as follows:

yt � α + β1agrt + β2agr
2
t + β3agr

3
t +∑Controlt + εt (1)

In Eq. 1, yt contains pesticide loss (pesticide), agricultural plastic
film residue (plastic), fertilizer loss (fertilizer) in year t, agrt
represents the total value of agricultural output in year t,
Controlt represents the control variables including machinet,
regulationt, and structures, which denote the level of
mechanization, environmental regulation, and the structure of
the agricultural industry at time t, respectively. β1,β2,β3 are the
parameters respectively, and εt is the random error term.

3.2.2 Vector error correction model (VECM)
This paper investigates the relationship between ANSP and

economic growth based on the Granger causality test of the
Vector Autoregressive Model (VAR). If the selected time series
variables are smooth, the VAR model can be directly applied for
estimation (Granger, 1988). If the selected time series variables are
non-stationary, the cointegration relationship between the variables
is examined, and the VECM is selected for estimation. The VECM
captures both the long-run stable equilibrium relationship between
different series and the short-term deviations from this relationship

and corrects for the long-run equilibrium through short-term
changes. Therefore, the variables are first analyzed to find the
cointegration relationship between the variables, the long-term
equilibrium relationship. This relationship constitutes the error
correction term. Then, the short-term model is built by treating
the error correction term as an explanatory variable and other
explanatory variables reflecting short-term fluctuations (Pradhan
and Bagchi, 2013). The VECM constructed in this paper is
as follows:

Δyt � ∑
n−1

i�1
αiΔy t−i +∑

n−1

i�1
βiΔagr t−i +∑

n−1

i�1
γiΔagr

2
t−i +∑

n−1

i�1
δiΔagr3t−i

+ ϕecmt−1 + εt (2)

In Eq. 2, ecmt−1 is the error correction term, reflecting the
long-run equilibrium relationship between the variables; the
vector of coefficients ϕ indicates the speed of adjustment when
the equilibrium relationship between the variables deviates from
the long-run equilibrium state and adjusts it back to the
equilibrium state; the regression coefficients of the difference
terms of all the explanatory variables indicate the impact of the
short-run changes of the variables on the short-run changes of the
explanatory variables.

3.3 Data sources

Based on data availability, the time-series data in Shandong
Province from 2000 to 2020 is mainly from the Statistical Yearbook
of Shandong Province, China Statistical Yearbook, and China
Statistical Yearbook of Fixed Asset Investment. However, the issue
of missing data points is resolved using the liner interpolation
method. Table 1 shows the specific data source and description.

(1) The independent variable is the level of agricultural economic
development, measured by the gross agricultural product of
Shandong Province (Xu et al., 2022; Li and Shang, 2023). The
unit is hundreds of millions of yuan.

(2) The dependent variables include the loss of pesticides,
fertilizers, and agricultural plastic films. The unit is 104

tons. Drawing on existing research (Gao et al., 2018; Ge
&Zhou, 2011; Yu et al., 2016), it is considered that not all
inputs of fertilizers, pesticides, and agricultural films pollute
the environment, but only the lost portion of these elements
leads to ANSP. Among them, pesticide loss = pesticide
application × (1- pesticide utilization rate), agricultural
fertilizer loss = agricultural fertilizer application (pure
amount) × (1-fertilizer utilization rate), plastic film
residue = plastic film use × (1-plastic film recycling rate).
According to related scholars’ research, the pesticides
utilization rate is 30%, the utilization rate of fertilizers is
35%, and the recycling rate of plastic films is 30% (Yu et al.,
2016). This paper adopts the above ratios for the conversion
and then derives the indicators.

(3) The control variables include the level of mechanization, the
level of environmental regulation, and the structure of the
agricultural industry. The level of mechanization is
measured by the amount of machinery owned at the end
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of the year (Guan et al., 2023). The structure of the
agricultural industry is measured by the proportion of
agricultural gross output value to the total output value
of agriculture, forestry, animal husbandry, and fishery
(Wang et al., 2023). Environmental regulation is
measured by the ratio of eco-pollution investment to
regional GDP (Gokmenoglu et al., 2019).

Before the empirical analysis, a descriptive statistical
analysis of the above variables was carried out to determine
the reliability of the data. The data of time series variables were
standardized to eliminate heteroskedasticity’s effect and make
the data more meaningful. The results are shown in Table 2. In
addition, to ensure the stability and accuracy of the data
analysis, it is necessary to test the multicollinearity between
the explanatory variables (Liu et al., 2021), and it is generally
considered that there is a severe covariance problem between
the variables if the VIF value exceeds 10. The VIF value
calculated is 3.19, which is less than 10, indicating no
multicollinearity among this study’s explanatory variables.

4 Results

4.1 Analysis of the EKC test

4.1.1 Regression results
In this paper, regression analysis is conducted using data

from Shandong Province from 2000 to 2020, with pesticide loss,

fertilizer loss, and agricultural plastic film residue as dependent
variables and gross agricultural product as independent variables.
Because the results of the cubic term regression are not as
significant and fit as the results of the quadratic term
regression, only the results of the quadratic term of the
regression equation are presented in Table 3.

The regression results in Table 3 show that the coefficient of
the primary term of the total agricultural output value is positive
and significant at 1% level, and the coefficient of the secondary
term is negative and significant at 1% level, which indicates that
there is an “inverted U-curve” relationship between the ANSP
and AEG in Shandong Province, which is in line with the EKC
hypothesis. At the same time, the adjusted-R2 is 61%, 77%, and
78%, respectively, which are all greater than 60%, indicating that
the EKC curves of ANSP and AEG are well fitted (as shown in
Figure 2). The turning points of the three were reached when the
total agricultural output value was 242.5 billion yuan,
262.1 billion yuan, and 270 billion yuan, respectively. The
pesticide loss showed an inflection point in 2007, and the
fertilizer loss and agricultural plastic film residue showed an
inflection point in 2008. However, from Figure 2, the residual
amount of agricultural film in Shandong Province declined
slower than the loss of pesticides and fertilizers.

4.1.2 Robustness test
To test the robustness of the EKC model, some control

variables that have some effect on the explanatory variables

TABLE 1 Data source and description.

Symbol Description source of data

Pesticide Pesticide loss (104 tons) Statistical Yearbook of Shandong Province

Plastic Plastic film residue (104 tons) Statistical Yearbook of Shandong Province

Fertilizer Fertilizer loss (104 tons) Statistical Yearbook of Shandong Province

Agriculture Gross agricultural product (108 yuan) China Statistical Yearbook

Mechanization the level of mechanization (104 kW) China Statistical Yearbook

Regulation the level of environmental regulation (%) China Statistical Yearbook of Fixed Asset Investment

Structure the structure of the agricultural industry (%) China Statistical Yearbook

TABLE 2 Descriptive statistics of variables.

Variable Mean S.D. Min Max

Pesticide 10.73 1.162 8.002 12.14

Plastic 21.13 2.095 15.76 24.05

Fertilizer 294 20.2 247.6 325.2

Agriculture 3,283 1,322 1,300 5,168

Mechanization 11289.78 2,505.52 7,025.24 15018.24

Regulation 1.264 0.2 0.95 1.57

Structure 0.523 0.026 0.482 0.562

TABLE 3 Result of regression.

Ln. Pesticide Ln. fertilizer Ln. Plastic

Ln. agriculture 8.340*** 5.8043*** 9.4729***

(Ln. Agriculture)2 −0.535*** −0.3687*** −0.5995***

_cons 29.998*** −17.079*** −34.242***

F value 16.42 34.43 36.26

Adjusted R-squared 0.6066 0.7698 0.7790

Shape of curve Inverted U Inverted U Inverted U

Inflection point value 7.794 7.8712 7.901

Inflection point year 2007 2008 2008

Note: *, **, and*** represent the statistical significance at 10%, 5%, and 1%, respectively.
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were added. The results of the robustness test are shown
in Table 4.

After adding the control variables, including the mechanization,
the level of environmental regulation, and the structure of the
agricultural industry, the coefficients are all significant. A
significant inverted U-shaped curve relationship exists between
the ANSP and AEG. Adding control variables does not affect the
significance of the model but only changes the appearance of the
turning point. The turning points are 363.5 billion yuan, 498 billion
yuan, and 225.5 billion yuan, respectively. Compared with the
situation without control variables, the turning points of
fertilizers and pesticides are delayed, but the agricultural films
reach the turning point earlier.

Next, the effect of control variables on ANSP is discussed.
The use of machinery significantly increases the use of fertilizers.
The possible reason is that agricultural technology has not been
well applied to improve the yield, which will increase the use of
fertilizers. The level of environmental regulation can
significantly reduce the use of pesticides, fertilizers, and
agricultural films, which shows that the strengthening of
environmental regulation will have an inhibitory effect on
agricultural pollution and shows the importance of policy
constraints on pollution management.

4.2 Analysis of the impact mechanism of
ANSP and economic growth

Through the EKC curve to explore the characteristics of
ANSP and AEG in Shandong Province, we can accurately
derive the intuitive relationship between the two and the
emergence of inflection points. However, the relationship
between the ANSP and AEG is complex. The EKC cannot
prove the existence of a logical relationship between the
variables, the dynamic impact, and the intrinsic role of the
mechanism. The VEC model can make up for the defects of
the EKC model. Based on this, this paper adopts the VEC model
for empirical analysis to explore the interaction between ANSP
and economic growth in Shandong Province and to dynamically
analyze the impact effect and the degree of contribution of the
variables from multiple perspectives.

4.2.1 Unit root test and cointegration test
To test the smoothness of the time series data and avoid the

pseudo-regression phenomenon in the process of time series
analysis, this paper adopts the standard ADF unit root test,
which is used to test the smoothness of Ln Pesticide, Ln Plastic,
Ln Fertilizer, and Ln Agriculture. The test results show that the
original variables are smooth only for agricultural plastic films, so
performing first-order differences on the variables is necessary.
Nevertheless, none of the results after their first-order difference
are smooth, so they are subjected to second-order difference. After
the second-order difference, the ADF values are all smaller than the
critical value at the 1% significance level. All the above variables are
second-order single-integrated sequences (Table 5), and there is a
long-run and stable relationship. Therefore, it can be analyzed by
cointegration test.

To verify whether there is a long-run equilibrium relationship
between the variables, a further Johansen cointegration test is
conducted for Ln Pesticides, Ln Films, Ln Fertilizers, and Ln
Agriculture (Johansen, 1988). The difference in the lagged period
of VEC leads to the difference in the Johansen cointegration test, and
the minimum of the AIC and SC values determines the lagged
period. The optimal lag period is two. Then, the traces test is
conducted with lag order two, and the results show that the
hypothesis “there is no cointegration” is rejected. The hypothesis
“there are at most two cointegrations” is accepted at a 5%
significance level (Table 6). Therefore, the VEC model can be

FIGURE 2
ANSP and agricultural economy fitting charts in Shandong Province.

TABLE 4 Result of robustness test.

Ln. Pesticide Ln. fertilizer Ln. Plastic

Ln. agriculture 5.9082*** 4.248*** 8.402***

(Ln. Agriculture)2 −0.36*** −0.25*** −0.544***

Ln. machine 0.032 0.996** −0.321

Regulation −0.924** −0.618** −0.46**

Structure −0.897 −0.546 0.874

_cons −20.424** −8.426** −38.193***

F value 11.65 15.98 18.12

Adjusted R-squared 0.727 0.789 0.811

Shape of curve Inverted U Inverted U Inverted U

Inflection point value 8.198 8.51 7.722

Inflection point year 2010 2015 2007

Note: *, **, and *** represent the statistical significance at 10%, 5%, and 1%, respectively.
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developed to explore further the dynamic relationship between
ANSP and AEG.

4.2.2 Impulse response results
According to (Granger, 1988), a set of variables with a

cointegration relationship must have an error correction model.
Therefore, the VECM is established, and the LM test is conducted.
The test result accepts the original hypothesis of “no
autocorrelation” of the residuals, indicating no autocorrelation
(Gokmenoglu et al., 2019). Further, test whether the estimated
VECM is smooth or not. All eigenvalues are within the unit
circle, meaning that the conclusion of this paper based on the
VECM is reliable.

Due to the high volatility of individual regression coefficients,
the VECM analyzes the dynamic interaction of shocks among
variables and the degree of explanatory contribution from a
holistic perspective with the help of the impulse response
function (IRF). IRF refers to the impact of the endogenous
variables in the VECM on the current and future values after
giving a standard deviation size shock to the random error term
(Ehrmann et al., 2003), which can be very intuitively analyzed to
show the intrinsic dynamic interactions and impacts
among variables.

To further characterize the dynamics among the variables, a 10-
period shock response was selected, and Stata17.0 was used to
generate a plot of the impulse response function based on the
VEC model, as shown in Figure 3, where the horizontal axis
represents the number of periods tracked in the response
function and the vertical axis represents the extent to which the
dependent variable responds to the explanatory variables.

From Figure 3A, we can see that the response of Ln Pesticide to
one standard deviation perturbation of Ln Agriculture produces an
impulse response value of 0.825 in period one, with large
fluctuations in the first four periods, which continues until
period four after which it begins to gradually decline, and the

average drive for periods 1–10 is 0.1368. The IRF value of the
10th period is −0.018 and shows signs of stable negative response
convergence. This indicates a long-term close relationship between
changes in pesticide loss and agricultural economy in Shandong
Province. The dynamic shock effect on AEG has a positive driving
effect in the short term and a negative inhibiting effect in the long
term. From Figure 3B, the response of Ln Agriculture to a standard
deviation perturbation of Ln Pesticide produces an impulse response
value of −0.152 in the 1st period. The response value after the 2nd
period is positive. It shows a slight fluctuation and growth tendency,
and the average drive for periods 1–10 is 0.707. The IRF value of the
10th period is 1.09, and the overall performance of the incremental
driving effect.

From Figure 3C, we can see that the response of Ln Plastic to a
one standard deviation perturbation of Ln Agriculture produces an
impulse response value of −0.922 in the 1st period, with more
apparent fluctuations in the first five periods and then gradually
leveling off after the 6th period, and the average drive for periods
1–10 is 0.0818, and a response value of 0.136 in the 10th period, and
the overall performance was incremental promotion. From
Figure 3D, the response of Ln Agriculture to a standard
deviation perturbation of Ln Plastic produces an impulse
response value of 0.0028 in period 1. The response values of
periods 1-9 are positive and fluctuate within the range of [0.0028,
0.1542], and the average drive for periods 1–10 is 0.0332. The IRF
value of the 10th period is −0.0041, which shows an overall positive
boosting effect.

From Figure 3E, the response of Ln Fertilizer to one standard
deviation perturbation of Ln Agriculture produces an impulse
response value of 0.963 in period 1, with fluctuations of
significant magnitude in the first four periods and a cumulative
shock response value of 0.404 in periods 1–4. The fluctuation
declined from the 4th period, and the average shock response value
is −0.203 in the 1st to 10th period. The response value is −0.512 in
the 10th period and shows an increasing inhibition effect. This

TABLE 5 ADF unit root test results.

Statistics (level) Statistics (first difference) Statistics (second difference)

Ln Pesticide −1.130 −3.215** −6.148***

Ln Plastic −5.928*** −2.926 −5.473***

Ln Fertilizers 0.490 −1.779 −4.794***

Ln Agriculture −0.409 −2.776 −5.209***

Note: *, **, and *** represent the statistical significance at 10%, 5%, and 1%, respectively.

TABLE 6 Johansen cointegration test result.

Null hypothesis Eigenvalue Trace test

Trace statistics 5% critical value

0 - 73.9858 47.21

1 0.89823 32.8559 29.68

2 0.69426 11.5256* 15.41

3 0.45487 0.6044 3.76
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indicates a long-term close relationship between changes in
fertilizer loss and agricultural economy in Shandong Province,
and the dynamic shock effect on AEG will have a positive
promotion in the short term and a negative inhibition in the
long term. From Figure 3F, the response of Ln Agriculture to one
standard deviation perturbation of Ln Fertilizer produces an
impulse response value of 0.0072 in the 1st period. The
response values of 1–10 periods are all positive and fluctuating

upward within the range of [0.0072, 0.0877], and the average drive
for periods 1–10 is 0.0618. From the overall trend, it showed a
boosting incremental impact.

4.2.3 Results of variance decomposition
The variance decomposition is expressed as the contribution of

each endogenous variable to the system variables to evaluate the
relative importance of the impulse disturbance term on the model

FIGURE 3
Impulse response diagram of ANSP and agricultural economy.
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variables (Diebold and Yılmaz, 2014). To further explore how
pesticide loss, agricultural plastic film residue, and fertilizer loss
contribute to the explanation of AEG, this paper further uses
variance decomposition of the VECM, and the results are shown
in Table 7.

In lag 1, the impact of pesticide loss, agricultural plastic film
residue, and fertilizer loss on AEG are zero because most of the
changes in the variables in period 1 come from themselves. Hence,
the degree of self-contribution of agricultural GDP reaches 100%.
The degree of pesticide loss contribution to explaining the
agricultural economy’s growth rises to 15% from the beginning
of period two. Then it shows a downward trend with minor
fluctuations. The contribution of pesticide residue and fertilizer
loss to AEG was small in the 2nd period and then showed a
slight fluctuating growth trend from the 3rd period onwards. The
average contribution of pesticides, agricultural plastic films, and
fertilizers to AEG is 12.14%, 3%, and 7.7%, respectively. After
excluding pesticides, fertilizers, and agricultural plastic films, the
average contribution of the agricultural economy itself is 77.23%,
which mainly includes scientific and technological innovation,
agricultural mechanization level, labor force and agricultural
production and business model, etc., (Lin et al., 2021; Shang
et al., 2019).

5 Discussion

ANSP and AEG in China are well acknowledged in the
literature. However, existing studies have neglected to explore the
mechanism of action between ANSP and economic development in
Shandong province. This study fills these gaps by combining the
EKC and VECM models. More insights can be gained by
synthesizing these findings.

Firstly, the agricultural EKC curve in Shandong Province is
consistent with the development of the national agricultural EKC
trend, and there are other provinces that have an inverted
U-shape like Shandong Province, such as Heilongjiang, Henan,

Hebei and Guangdong (Cui et al., 2023; Gao et al., 2018; Shang
et al., 2019; Sun et al., 2016). Table 8 compares the EKC trends in
different provinces. Compared to other provinces, the EKC
inflection point in Shandong province occurred earlier, which
shows that the effect of ANSP control in Shandong Province is
better than that in other big agricultural provinces. Shandong
Province 11th Five-Year plan (Outline of the Eleventh Five-Year
Plan for National Economic and Social Development of China)
pointed out that the control of ANSP should be taken as an
important goal and the prevention should be strengthened.
However, there are also provinces with N or inverted-N trends
between ANSP and AEG (Dong et al., 2023; Lin et al., 2021; Xu
et al., 2022). This is mainly due to the different levels of
agricultural economic development in each province. The
western region develops slowly and is still in the N-type rising
stage, while the eastern region develops highly and is in the second
declining stage. As an eastern region, Shandong Province should
learn from the advanced agricultural development province.

At the same time, compared to other industrial sectors in
Shandong Province, the inflection points of the inverted
U-shaped curve of industrial pollution and economic
development occurred in 2012 (Li et al., 2016). In addition,
domestic wastewater discharge and economic development were
in a U-shape and a right-handed upward and have not yet reached
an inflection point (Liu et al., 2019). In contrast, the inflection point
for ANSP and the economy in Shandong Province occurred earlier
(in 2008 and 2009), which may be attributed to the strong support of
national policies. In 2005, China proposed solving the “three rural”
problems (rural, agricultural, farmers). In 2006, China promulgated
a plan indicating the need to change the growth mode and actively
prevent and control rural surface pollution. Moreover, in recent
years, Shandong Province optimized the layout of the industrial
structure adjustment effect, which is remarkable after adjusting the
current primary industry, which accounted for a significant decline
in the proportion of the industrial structure. The transformation of
“one, two, three” to “two, three, one” has been completed in the
industrial structure (He et al., 2017).

TABLE 7 Variance decomposition result.

Period Ln. Pesticide Ln. Plastic Ln. Fertilizer Ln. Agriculture

1 0.0000 0.0000 0.0000 1

2 0.1505 0.0013 0.0017 0.8465

3 0.1416 0.0358 0.0488 0.7737

4 0.1356 0.0359 0.0711 0.7574

5 0.1380 0.0344 0.0707 0.7568

6 0.1345 0.0377 0.0890 0.7387

7 0.1332 0.0384 0.0935 0.7348

8 0.1304 0.0382 0.1085 0.7229

9 0.1268 0.0380 0.1300 0.7053

10 0.1232 0.0375 0.1523 0.6870

Mean 0.1214 0.030 0.077 0.7723
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Secondly, the IRF was further applied to investigate the
interaction mechanism between ANSP and AEG in Shandong
Province, which enriched the research results on regional ANSP
in China. The results show that Shandong Province is currently
highly dependent on pesticides and fertilizers. Combined with the
development trend of the EKC curve in Shandong Province,
pesticides and fertilizers have reached the low point on the right
side. To prevent the second high point of the inverted “U” curve in
Shandong Province, it is necessary to adhere to the unshakeable
policy of agricultural environmental protection. Otherwise, it may
turn into an “N” type. The study found that the “N” curve between
pesticide and fertilizer use and AEG in Ningxia is currently in the
second stage of an upward trend (Lin et al., 2021). Shandong
Province should take this as a lesson to adopt more stringent
agricultural environmental protection policies. By contrast, the
ANSP caused using agricultural plastic films in the short term is
not yet evident, and according to the studies on Heilongjiang and
Guangdong provinces (Shang et al., 2019; Sun et al., 2016) show a
mutually reinforcing effect between the use of agricultural films and
AEG. This suggests that agricultural films are necessary to ensure
high crop yields, and they can improve outcomes and promote AEG
(Zou et al., 2020). But at the same time, pollution of agricultural
films should be reduced. We need to strengthen technological
innovation, improve the reuse rate of agricultural films, and
promote the use of biodegradable agricultural films.

Thirdly, one of the most exciting findings is that the
contribution of pesticides, fertilizers, and agricultural films to
AEG in Shandong Province is low compared to other provinces
and municipalities. Specifically, in contrast to the average
contribution of the agricultural GDP itself is 77.23%, while in

other regions it is around 40% (Lin et al., 2021; Shang et al., 2019),
this part mainly includes scientific and technological innovation, the
level of agricultural mechanization, the number of laborers, and the
mode of agricultural production and management (Yi et al., 2021;
Duan and Li, 2023; Wang et al., 2023). It shows that labor force
capital, agricultural mechanization level, and agricultural
production and management mode in Shandong Province
promote agricultural economic development more than
pesticides, fertilizers, and agricultural plastic films, and
agricultural production activities are gradually transforming into
green growth. Other studies also confirm this view that technological
progress and the increase in the proportion of human capital of
agricultural science and technology are the main factors of
Shandong Province’s economic growth (Zhang and Liu, 2015;
Tian et al., 2022)), so Shandong Province should increase the
investment and accumulation of agricultural science and
technology human capital and continue to improve the level of
agricultural mechanization.

At the same time, the EKC curve is an empirical curve, which
needs a long enough sample to be tested. Considering the
availability of statistical data in Shandong Province, only
21 years of data are used in the paper, and long-term
observations are needed in the future to obtain a more
comprehensive understanding. In addition, the geographical
conditions, climatic conditions, and economic development
levels of different regions within Shandong Province vary, and
to clearly illustrate the synergistic mechanism between ANSP and
economic growth in the whole of Shandong Province, the spatial
differentiation of ANSP needs to be further explored, so that the
results of the study can be more practically guided.

TABLE 8 Comparison of EKC hypothesis in China.

Research area Period Results Authors

China (31provinces) 1998–2006 There is a significant inverted-U shape between ANSP and AEG in general.However, only Shanghai and
Beijing reached the inflection point of pesticides in 2006, and the rest of the provinces are still in the
period of rising ANSP.

Li and Zhang
(2009)

Guangdong 1995–2013 There is a significant inverted-U shape between ANSP and AEG in Guangdong. ANSP has a positive
effect on AEG, while the negative effect is lagging behind

Sun et al. (2016)

China (31provinces) 2006–2015 There is a significant inverted U-shaped curve relationship between ANSP and AEG. Gao et al. (2018)

Shandong Province reached an inflection point for pesticides in 2005 and for plastic films in 2010.
Henan Province reached an inflection point for pesticides in 2009 and for plastic films in 2012

Heilongjiang 1990–2016 Fertilizer, pesticide and AEG show an inverted-U relationship, and the turning point for pesticides and
fertilizers in Heilongjiang was reached in 2011 and 2012 respectively. while plastic film and AEG show a
linear increasing relationship

Shang et al. (2019)

Ningxia 2000–2018 There is a significant N shape between ANSP and AEG in Ningxia, and the inflection point came in
2007 and 2011.And AEG positively contributes to ANSP.

Lin et al. (2021)

Shanghai 1998–2019 There was an inverted-N shape between plastic film and rural residents’ per capital GDP, and the
inflection point of the EKC theory was crossed in 2011 and 2017. There was a linear decreasing
relationship between fertilizer and pesticide and per capital GDP.

Xu et al. (2022b)

China’s main grain-producing
regions

2004–2019 Shandong and Hebei, the two main grain producing areas, have crossed the highest inflection point
value of the “inverted U″ shape

Cui et al. (2023)

Anhui 2005–2022 There is a significant inverted-N shape between ANSP and AEG in Anhui. The inflection point came in
2011 and 2017

Dong et al. (2023)
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6 Conclusion and policy implications

6.1 Conclusion

Based on the time series data of Shandong Province from 2000 to
2020, this paper examines the realistic characteristics between ANSP
and AEG through EKC curves. It explores the dynamic relationship
and the mechanism of action between the two based on the VEC
model. The main findings include the following:

(1) There is a significant inverted “U” shape between the
ANSP and AEG in Shandong Province. The inflection
points of pesticides appeared in 2007, and fertilizer and
agricultural plastic film appeared in 2008. They have
exceeded the inflection point and are on the right side
of the inverted U curve. In contrast, the decline in
agricultural plastic film residues is slower than that
caused by pesticide and fertilizer loss. The addition of
the control variables only changed the appearance of the
inflection point, and the inverted U-shaped curve
remained significant. The level of environmental
regulation significantly suppresses ANSP, while the level
of mechanization increases fertilizer use.

(2) Changes in pesticide and fertilizer loss contribute positively
to the dynamic shock effect on AEG in the short term, but in
the long term, the dynamic shock effect of AEG has an
inhibitory incremental impact. The dynamic effect of the
two-way impulse response diagram between the residual
amount of agricultural plastic film and AEG shows a positive
promotion effect. Therefore, it is necessary to continue to
strengthen the policy constraints on the use of pesticides and
fertilizers. Otherwise, it will evolve into an “N” curve.
Meanwhile, it is necessary to strengthen technological
innovation to reduce the pollution of agricultural
plastic films.

(3) The average explanatory contribution of pesticide loss,
fertilizer loss, and agricultural film residue to AEG
decreases in order 12.14%, 7.7%, and 3%, and the average
contribution of the agricultural gross product itself reaches
77.23%, which indicates the level of agricultural
mechanization, labor capital and the method of
agricultural production and management contribute more
to the development of the agricultural economy than the use
of pesticides, fertilizers, and agricultural plastic films.

6.2 Policy implications

Firstly, agricultural pollution control in Shandong Province
focuses on agricultural plastic films. The reason is that the
residual number of agricultural films is twice as much as that of
pesticides, but it produces the most minor economic benefits.
Moreover, in the long term, the continued growth of the
agricultural economy will result in more pollution from
agricultural plastic films. Therefore, on the one hand, it is
necessary to strengthen technical research and development to
produce biodegradable agricultural films. On the other hand, it is

also essential to promote the technology of agricultural film
recycling to reduce the harm of residual film pollution.

Secondly, the government should increase policy constraints,
especially on pesticides and fertilizers. For the more severe sources
of pollution, the administrative means of intervention should be
strengthened. For small and scattered sources of pollution,
guidance should be provided through subsidies and other
market incentives. At the same time, environmental news
reports and public education are strengthened to enhance
farmers’ awareness of environmental protection and reduce
pollution at the source.

Finally, promote the use of green and clean energy machinery
and the development of agricultural machinery and equipment for
intelligent integration. At the same time, the government should
shift the focus of agriculture to relying on scientific and
technological innovation and improving the quality of workers.

6.3 Limitations and future research
directions

The findings of this paper have some reference value for
studying the relationship between ANSP and AEG in Shandong
Province, but there are also some limitations. This paper’s selection
of control variables is rather limited and fails to reflect all the factors
affecting ANSP. Future research can focus on amore comprehensive
perspective to have a more comprehensive understanding of ANSP
in China.
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Nomenclature

ADF Augmented Dickey-Fuller

AEG Agricultural economic growth

AIC Akaike information criterion

ANSP Agricultural non-point source pollution

ARDL Autoregressive Distributed Lag Model

EKC Environmental Kuznets Curve

GDP Gross domestic product

IRF Impulse response function

LM Lagrange multiplier

SC Schwarz criterion

VAR Vector Autoregressive Model

VECM Vector Error Correction model

VIF Variance inflation factor
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