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ABSTRACT

The key to achieving green agricultural development and ensuring national food security in China is to balance
the need for increasing crop yields while reducing chemical fertilizer application. In recent years, the rapid
development of the internet has narrowed the “Digital Divide” between urban and rural areas and changed the
way farmers produce and living. But can it offer the possibility of reducing chemical fertilizer application and
protecting the environment? Therefore, by employing panel data of 280 cities in China from 2001 to 2018, this
study empirically examines from a macro perspective the nonlinear impact and the mechanisms of internet
development on chemical fertilizer application intensity. The main conclusions are as follows: (1) Internet
development has an “inverted U-shaped” non-linear impact on chemical fertilizer application intensity. The
impact is more significant in non-agricultural cities than in agricultural cities due to differences in agricultural
resources endowments. (2) Urbanization plays a mediating role between internet development and chemical
fertilizer application intensity. (3) The threshold effect is relatively significant if the level of advanced industrial
structure works as the threshold variable. In other words, the inhibitory effect of internet development on
chemical fertilizer intensity will be more obvious when the level of advanced industrial structure is above the

threshold.

1. Introduction

The modernization of agriculture would not be possible without the
support of information technology. As an “information superhighway”,
the internet has the inherent advantage of reducing information asym-
metry and information search costs (Zanello, 2012; Aker et al., 2016). It
can integrate new information, knowledge and technology for all sec-
tions of agricultural production in a timely manner and change the way
of agricultural production (Ma and Wang, 2020). Therefore, it is
considered to be a powerful tool for developing information agriculture
(Mwalupaso et al., 2019). To this end, in January 2022, the Cyberspace
Administration of China (CAC) and ten other departments jointly issued
the Plan Action for the Development of Digital Countryside (2022-2025),
emphasizing that internet information technology is an endogenous
driving force for rural development and is essential for agricultural
modernization (CAC, 2022). According to the Statistical Report on the
Development of the Internet in China released by the China Internet
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Network Information Center (CNNIC), as of June 2021, there were 297
million rural internet users in China, accounting for 29.4% of the total
number of internet users, and the rural internet penetration rate was
59.2% (CNNIC, 2021). In fact, the internet has disrupted the static of
“rural society” and significantly changed the way of life and production,
such as land allocation (Deng et al., 2019), planting structure (Nakasone
etal., 2014), non-farm employment (Zhou and Li, 2017; Dettling, 2017),
and livelihood (Mckenna and Bargh, 2000; Ellison et al., 2014). In a
word, the internet is shaping the agriculture industry in an unprece-
dented manner and accelerating the process of agricultural
modernization.

China clarified the concept of agricultural modernization in the 2016
Central Document No. 1, proposing to achieve agricultural moderniza-
tion with high efficiency, product safety, resources conservation and
environmental friendliness (Ministry of Agriculture and Rural Affairs,
2016). However, excessive input of chemical fertilizer has led to serious
agricultural non-point source pollution in China (Sun et al., 2019; Hu
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et al., 2019), which not only affects national food supply and food safety,
but also exacerbates soil and water pollution and increases greenhouse
gas emissions (Wang et al., 2018). In terms of chemical fertilizer, China
has become the world’s largest consumer of fertilizer ever since the
1980s (Heisey and Norton, 2007). It was estimated that fertilizer use
accounted for about 40%-60% of the total grain output in China (Zhao
et al., 2015). In addition, data published by FAOSTAT showed that the
average fertilizer input per hectare in China, as measured by the active
ingredients of nitrogen (N), phosphorus (P20s) and potassium (K20),
increased from 25 kg/ha to 390 kg/ha, which was three times more than
the world average (FAOSTAT, 2020). The amount of discounted nitro-
gen applied per hectare of farmland was about 4.1 times more than the
world average (Cui et al., 2018). In terms of chemical fertilizer utiliza-
tion rate, China’s mean nitrogen use efficiency (NUE) and phosphorus
use efficiency (PUE) in crop production dropped from 32% in 1980 to
26% in 2005, and the mean NUE and PUE at the food chain level were
even lower (Ma et al., 2012). Consequently, in 2015, the Ministry of
Agriculture released the Plan Action for Zero Growth in Chemical Fertilizer
Use by 2020, which proposed a chemical fertilizer reduction and effi-
ciency improvement action for the first time (Ministry of Agriculture and
Rural Affairs, 2017). However, the implementation of the action pro-
gram has not been as effective as expected. China’s chemical fertilizer
intensity was still as high as 1.67 times the internationally accepted safe
value (225 kg/ha), and the chemical fertilizer utilization rate was only
37.8%, which was far below the level of developed countries (Yang and
Lin, 2020). It can be seen that China’s agricultural sector still has a long
way to go in reducing chemical fertilizer application and improving
chemical fertilizer efficiency in the transformation of agriculture.

The existing literature on agricultural operators’ behavior in chem-
ical fertilizer application follows two schools: one is chemical fertilizer
overdose and the other is chemical fertilizer reduction. In chemical
fertilizer overdose studies, agricultural operators’ attitude of risk aver-
sion (Paudel et al., 2000; Smith and Siciliano, 2015), fertilizer percep-
tion (Savari and Gharechaee, 2020), information asymmetry (Ji et al.,
2016), and agricultural land operating mode (Caswell and Mojduszka,
1996; Wu et al., 2018) are the major factors influencing chemical fer-
tilizer application. In the research of chemical fertilizer reduction, land
titling policy (Hu et al., 2021), social capital (Yang et al., 2020), social
norms (Qiu et al., 2021), and planting scale (Xin et al., 2011) are the
main influencing factors. These studies have focused on agricultural
operators’ production behavior, government policy and information
accessibility. In terms of information, most previous studies examined
the straight linear impact of information on chemical fertilizer. How-
ever, few scholars explored the nonlinear impact of internet develop-
ment on chemical fertilizer application intensity.

Compared to previous studies, this research attempts to innovate in
the following three areas. First, in the context of “digital China” and
agricultural modernization, the nonlinear impact of internet develop-
ment on chemical fertilizer application intensity is explored, and het-
erogeneity analysis is conducted based on differences in agricultural
resources endowments. Second, it is clarified that there is a mediating
impact of urbanization between internet development and chemical
fertilizer application intensity. Third, it enriches the research content of
agricultural green development and helps to provide empirical support
for promoting the development of smart cities, digital villages and
agricultural modernization in China. The research conclusions can even
provide useful insights for relevant departments to formulate synergistic
policies for the green development of the internet and agriculture.

This study includes five parts. The first part is an introduction that
describes the background, problem and significance of the study. In the
second part, the research hypotheses are proposed based on relevant
theoretical analysis. Methodology and data used in this study are
described in the third part. The empirical analysis and results of non-
linear impact of internet development on chemical fertilizer applica-
tion intensity is discussed in the fourth parts. The fifth part is the main
research conclusions and policy recommendations.
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2. Research hypothesis

2.1. Direct impact of internet development on chemical fertilizer
application

The early stage of internet development promotes chemical fertilizer
application. As an information and communication technology, the
internet plays an essential role in interconnection and mutual sharing.
And the performance of this function is closely related to the scale of
network. In the early stages of internet development, it could realize the
integration and sharing of information, knowledge, technology and
capital with its powerful connection function, which could help to in-
crease the productive investment in agriculture by the operating agents,
including chemical fertilizer input. First, factor substitution effect. The
internet changes rural demographics, which results in a tendency for
agricultural operators to substitute labor by increased chemical fertilizer
application. Studies showed that the internet improved the probability
of off-farm employment for young rural adults (Fennell et al., 2018),
which led to an aging rural labor force. However, elderly groups tend to
raise yields through increased chemical fertilizers inputs (Carlson et al.,
2008). Second, channel effect. The internet provides agricultural oper-
ators with more channels to purchase chemical fertilizers (information
channel) and financial services (credit channel). As a medium of infor-
mation dissemination, the internet helps agricultural operators to find
information on agricultural production materials and purchase large
quantities of inputs or purchase inputs that are not available locally at
relatively low cost through online platforms (Briggeman and Whitacre,
2010), increasing the possibility of chemical fertilizer application. In
addition, the internet drives the development of digital finance and
broadened access to traditional rural financial services (Wang and He,
2020), which contributes to alleviating financial constraints on invest-
ment in agricultural production and promotes chemical fertilizer
application (Tesfay, 2021).

The current stage of internet development inhibits chemical fertilizer
application. With the increasing penetration of the internet, the infor-
mation spillover effect is increasingly prominent, which will gradually
alleviate the information asymmetry between production and con-
sumption, resulting in the reduction of chemical fertilizer application.
First, green consumption concept is widely accepted. In terms of agri-
cultural products consumption, improvement in the standard of living
has caused changes in people’s attitude towards consumption, with
attention shifted from quantity to quality. In the meanwhile, green
consumption is becoming more and more popular. The sustainable
consumption perception suggests that consumers need to use green
products as a primary criterion when they purchase goods (Leeuw et al.,
2004; Mun, 2013). On the one hand, the internet makes consumers more
exposed to ecological knowledge, which gives rise to improved envi-
ronmental awareness, altered purchase intention (Chan and Lorett,
2000) and elevated readiness to payment for green premium (Rousseau
and Vranken, 2013). On the other hand, the internet makes market in-
formation more accessible to agriculture operators who will be moti-
vated to adopt green production technology to meet the customer
demand (Aceleanu, 2016; Zhao et al., 2021). Second, green production
technology dissemination and promotion. From the perspective of
agricultural production, agricultural operators can use the internet
platforms to more easily access various agricultural information,
including green agriculture, improving the probability of choosing green
production ways (Bhimanpallewar and Narasingarao, 2020). In addi-
tion, the internet helps the dissemination and diffusion of new knowl-
edge and technology in agriculture across time and space, which
promotes the spillover of agricultural technologies such as soil fertilizer
technology, water-saving irrigation technology, and green technology to
control plant pests and diseases, achieving their diffusion and applica-
tion in the agricultural production process (J. Gao et al., 2020).

However, it is important to note that behavioral changes in both
consumers and producers are not going to happen overnight. In the early
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stage of internet development, favorable objective conditions were
created for the short-sighted agricultural operators to apply chemical
fertilizer, resulting in increased chemical fertilizer application. The
habits or behaviors of consumers and producers will slowly change with
the development of the internet. When internet development reaches a
certain level, the promotion effect on green development of agriculture
will really appear. It can be seen that there is a characteristic of pro-
moting and then inhibiting the effect of internet development on
chemical fertilizer application intensity (Fig. 1). Accordingly, we pro-
pose the following hypothesis.

H1. There is an “inverted U-shaped dose-effect curve” relationship
between internet development and chemical fertilizer application
intensity.

2.2. Mediation effects of urbanization

Internet development promotes urbanization. First, spatial carrier
effect. The essence of the internet as an advanced information and
communication technology is shared interaction (Harris, 1998). It has a
positive role in optimizing the spatial pattern and extending the spatial
extent of towns and cities, improving their supply and carrying capacity
(Dekker and Engbersen, 2014). Second, factor flow effect. Internet
development breaks the barrier of the constraint of geographical dis-
tance and enables the flow of factors between regions, enhancing the
ability of synergy and cooperation between towns and improving mar-
ket efficiency and production efficiency in the urbanization process
(Salahuddin and Alam, 2016). Next, we will further explore the impact
of urbanization on chemical fertilizer application intensity.

The early stage of urbanization promotes chemical fertilizer appli-
cation. First, factor substitution effect. The connectivity function of the
internet breaks the barrier of the physical distance between urban and
rural areas and promotes collaboration between them (Dekker and
Engbersen, 2014), which affects the rural production factor allocation
structure. From the perspective of rural population mobility, urbaniza-
tion attracts more rural young and middle-aged laborers to work in
cities, leading to the outflow of the young in rural areas on the one hand
(Liu and Li, 2017) and a temporal and spatial mismatch in the agricul-
tural labor market on the other (ChangOk, 2013), which drives labor
prices in rural areas to keep rising. According to the theory of induced
technological change, agricultural operators with constrained agricul-
tural labor allocation tend to use machinery and fertilizers for substi-
tution. China is a typical big country with small farmers. Due to cost
considerations, small farmers prefer to adopt biochemical technology (e.
g., chemical fertilizers) to increase land productivity (Mubanga and
Umar, 2020). Second, land squeeze effect. Continuous urbanization

Fertilizer application intensity

v

Internet development

Fig. 1. Inverted U-shaped dose-effect curve.
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leads not only to the expansion of population (population urbanization),
but also to the expansion of land (land urbanization), squeezing out
arable land. The total amount of arable land is decreasing while the total
demand remains unchanged, which will inevitably lead to an imbalance
in the supply and demand of agricultural products. In the short term,
agricultural operators increase production mainly by adding chemicals
such as fertilizers (Hoddinott et al., 2012).

However, with the increasing level of urbanization, chemical fertil-
izer application intensity will be suppressed. First, scale effect. Studies
showed that urbanization created conditions for land transfer and land
scale operation in rural areas (Y. Gao et al., 2020), improving economies
of scale. From the perspective of land scale economies, land scale
operation helps to motivate agricultural operators to make long-term
investments and adopt chemicals fertilizer reduction technology (Gao
et al., 2018). From the perspective of service economies of scale, with
the increase of the internet penetration and urbanization, the division of
labor economy is increasingly prominent, which leads to a portion of
agricultural production being stripped out from household operations
and handed over to socialized service organizations for unified man-
agement (Ma et al., 2021). Social service organizations, with the
advantage of operating on a service scale, can not only standardize
chemical fertilizer use but also have the technical personnel and
specialized equipment needed for reduction (Liang et al., 2020; Sherwin,
1983), improving chemical fertilizer utilization. Second, income effect.
Urbanization provides farmers with opportunities for off-farm employ-
ment and increases their off-farm income, which improves household
income (Henderson, 2010). It is shown that increased household income
contributes to farmers’ adoption of green production techniques and
reduces the use of chemicals, including fertilizers (Li et al., 2014).
Moreover, increased total household income can also improve the
ability to purchase socialized services to reduce chemical fertilizer
application. Accordingly, we propose the following hypothesis.

H2. Urbanization plays a mediating role between internet develop-
ment and chemical fertilizer application intensity.

Based on the above analysis, this study proposes a mechanism map of
the effect of internet development on chemical fertilizer application
intensity (Fig. 2).

3. Methodology and data description
3.1. Model

To empirically analyze the effect of internet development (ID) on
chemical fertilizer application intensity (CFAI), the following panel
model is to be set up:

CFAlL, = ay + aID;, + axID;* + asXy + € (@)

In equation (1), CFAI represents chemical fertilizer application in-
tensity. ID represents the internet penetration rate. ID? represents the
squared term of the internet penetration rate. X is a control variable. ¢ is
arandom error term, and « is the coefficient of independent variable. i is
region, and t is year.

Based on equation (1), we further refine the model to test the effect
mechanism. The mediation effect model form is as follows:

Urban :ﬁo + ﬁllDir + /)’leitz + ﬁ3Xiz + &y (2)

CFAI = 6y + 6,ID;, + 6,ID;* + 8;Urban;, + 6,X;, + € 3)

In equation (2) and equation (3), Urban represents urbanization. f
and § are the coefficient of independent variable. The rest of the vari-
ables have the same meaning as above.

It is well known that the transformation and upgrading of industrial
structure is a structural dividend for the transfer of production factors
from lower to higher industries (Peneder, 2002), which inevitably af-
fects the planting structure and factor allocation structure of the primary
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Fig. 2. Mechanisms of the effect of internet development on chemical fertilizer application intensity.

industry. Therefore, we choose the advanced industrial structure (AIS)
as the threshold variable for the extended analysis. The threshold model
form is as follows:

CFAIL, = ay + a,ID;, x I(AIS; <) + axIDy, x I(AIS; > 7)

4
+a;ID,»,2 + (14X,‘, + & ( )

In equation (4), AIS is advanced industrial structure, which is
measured by the ratio of the output of tertiary sector to that of secondary
sector (Gan et al., 2011). y is the threshold value to be estimated. I () is
the indicator function that takes the value 1 when the condition in pa-
rentheses is true and 0 otherwise. The rest of the variables have the same
meaning as above.

3.2. Variable descriptions

Dependent variable: chemical fertilizer application intensity (CFAI).
CFAI indicator is measured by the amount of fertilizer applied per ha
(Wu et al., 2021).

Core independent variable: internet development (ID). Drawing on
relevant scholarly research experience, ID is measured by the internet
penetration rate (Koutroumpis, 2009; Ren et al., 2021), which is
expressed as the ratio of the number of internet users to the total
population.

Mediated variable: urbanization. Urbanization in this paper is
expressed as the share of urban household population in the total
regional population.

Control variables: Per capita consumption of farm households
(PCCFH), which can reflect the consumption capacity of farm house-
holds. Non-farm employment (NFE) is expressed by using the average
number of agricultural employees per household, which measures the
allocation of labor to farm households. Land scale operation (LSO) is
expressed as the ratio of crop sown area to the number of farm house-
holds. Economic development level (EDL) is measured by GDP per
capita. Human capital stock (HCS) is expressed by the average number
of years of education. Government fiscal spending (GFS) is expressed as
government fiscal spending as a share of GDP. Localized economies (LE)
are expressed in terms of total agricultural output per ha for each mu-
nicipality. Table 1 shows the description and statistics of the relevant
variables.

Considering the availability of data, we chose 280 cities from 2001 to
2018 as our study sample. It should be clarified that Hong Kong, Macau,
Taiwan and Tibet are also not included in the sample due to missing
data. Data are mainly from EPS database, China City Statistical Year-
book, municipal statistical yearbooks and statistical bulletins. To reduce
the effect of inflation, this research converts all variables involving
money to real prices in 2001 using the GDP deflator.

Table 1
Variables descriptive statistics.
Indicator Variables  Definition Mean Std.
dev.
Dependent CFAI Amount of chemical 380.265  211.455
variable fertilizer application per
ha (kg/ha)
Core D Internet penetration rate 12.703 14.801
independent (households/100 people)
variable
Control PCCFH Per capita consumption of ~ 7.359 0.565
variables farm households,
logarithmic (USD)
NFE Non-farm employment 1.180 0.841
(people/household)
LSO Land scale operation (ha/ 0.739 1.098
household)
EDL Economic development 1.445 0.090
level, logarithmic (USD/
people)
HCS Human capital stock 0.713 0.285
(year/people )
GFS Government fiscal 15.493 8.735
spending (%)
LE Localized economies, 16.656 0.143
logarithmic (USD/ha)
Mediated Urban Population urbanization 0.392 0.195
variable (%)

Note: 1 CNY = 0.16 USD; HCS= (number of students enrolled in colleges and
universities*12 + number of students enrolled in secondary schools *9)/total
population. The variables for the currencies involved are converted to 2001 real
prices using the GDP deflator.

3.3. Data Source

4. Empirical results analysis

4.1. Nonlinear effects of internet development on chemical fertilizer
application intensity

First, we carried out a multicollinearity test. The results show that
the variance inflation factor (VIF) for each explanatory variable takes
values between 1.31 and 3.52, with a mean value of 2.44, proving that
there is no problem of multicollinearity in the regression model. Second,
according to M1 in Table 2, OLS regression is applied to judge the pre-
liminary “inverted U-shaped” relationship between internet develop-
ment (ID) and chemical fertilizer application intensity (CFAI), without
controlling for year and city. Finally, the Hausman test results show p =
0.000. Therefore, the fixed effects (FE) model estimation is chosen as the
main analysis in this paper. M2 shows that ID is significantly positive at
1% statistical level and ID? is significantly negative at 5% statistical
level, controlling for year and city and without the addition of control
variables. This indicates an “inverted U-shaped” relationship between ID
and CFAL Next, adding the control variables, model (3) shows that ID is
significantly positive at the statistical level of 5% or more and ID? is
significantly negative at the statistical level of 5% or more. It can be seen
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Table 2
Nonlinear effects of internet development on chemical fertilizer application
intensity.

Variables OLS FE FE
M1 M2 M3

D 0.411%** 0.199%%* 0.145** (0.071)
(0.032) (0.075)

D 2 —0.004%** —0.002%* —0.002** (0.001)
(3.47e-04) (0.001)

PCCFH —5.712%%* —2.205
(0.382) (1.394)

NFE 1.828%*** -0.167
(0.382) (0.721)

LSO —0.121%** 0.050
(0.020) (0.044)

EDL 0.461 —0.929
(0.541) (0.747)

HCS —2.110%** 2.977
(0.749) (2.087)

GFS —0.061** 0.061
(0.026) (0.039)

LE 7.193 %%+ 10.460%**
(0.399) (1.959)

Constant 11.130%* 23.710%** —27.210%*
(4.989) (0.643) (13.52)

Year fixed effects No Yes Yes

City fixed effects No Yes Yes

Obs. 5040 5040 5040

Note: *, **, and *** indicate significance at the 10%, 5%, and 1% levels,

respectively. Robust standard errors are shown in brackets.

that there is still a significant “inverted U-shaped” relationship between
ID and CFAI Therefore, H1 is verified.

4.2. Analysis of agricultural cities and non-agricultural cities

In this study, the share of primary industry in local GDP is used as the
basis for classifying agricultural cities (over 15%) and non-agricultural
cities (below 15%) (Du et al., 2020), whose numbers are 77 and 203,
respectively. To further verify whether there is a significant difference in
chemical fertilizer application intensity (CFAI) between agricultural
cities and non-agricultural cities, this research uses a balance test to
further portray this characteristic fact. The results are shown in Panel A
in Table 3. From the results, it can be seen that the mean value of CFAI is
21.830 in agricultural cities and 26.687 in non-agricultural cities, with a

Table 3
Heterogeneity analysis results.
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difference of 4.857 and a t-value of 11.053, indicating a statistically
significant difference between them. This provides the basis for the
empirical analysis of heterogeneity below. Why is CFAI in agricultural
cities lower than that in non-agricultural cities? Compared to
non-agricultural cities, agricultural cities are less developed in
non-agricultural industries while better endowed with agricultural re-
sources and abundant agricultural labor, and therefore tend to adopt
intensive farming methods, resulting in lower CFAL

Panel B in Table 3 shows the results of heterogeneity analysis be-
tween agricultural cities and non-agricultural cities. M4 and M6 show
that without the inclusion of ID?, the relationship between ID and CFAI
is significantly negative at 1% statistical level in non-agricultural cities
and non-significant in agricultural cities. This indicates that ID can
effectively reduce CFAI in non-agricultural cities. M5 and M7 show that
with the inclusion of ID?, ID is not statistically significant for CFAI in
agricultural cities, while there is a statistically significant “inverted U-
shaped” relationship between the two at the 5% level in non-agricultural
cities, which has an inflection point of 38. This means that CFAI is
reduced only when ID exceeds 38%. There are two main reasons for this.
First, compared to agricultural cities, non-agricultural cities with higher
levels of ID jumped over the inflection point earlier, inhibiting chemical
fertilizer application. Second, compared with agricultural cities, ID in
non-agricultural cities has brought about a relatively mature division of
labor economy, where new agricultural operators (including family
farms, cooperatives and companies) account for a higher proportion and
the concept of green consumption is more prominent, resulting in a
reduction of chemical fertilizer application.

4.3. Mediation effect analysis

The above analysis results support H1 that ID has a significant
“inverted U-shaped” effect on CFAI Next, we test Hypothesis 2 to
analyze why ID has an impact on CFAL This will help to summarize the
current problems in agricultural green development and provide in-
sights into the experience of fertilizer reduction.

M8 in Table 4 shows that the effect of ID on urbanization is signifi-
cantly positive at the 5% statistical level, indicating that ID helps to
promote urbanization. Conditions are provided for the next test of
mediating effect. After adding urbanization to M9, we find that there is
still a significant “inverted U-shaped” relationship between ID and CFAI,
and the same relationship exists between urbanization and CFAL It can
be seen that urbanization plays a mediating role between ID and CFAL
This means that ID can have an effect on CFAI by urbanization. There-
fore, H2 is verified.

4.4. Robustness test

Panel A Balance test
Agricultural Non- diff First, instrumental variable method. To address the endogeneity
cities agricultural
cities
Table 4
CFAIL (2;28;;)) 26.687 (0.248)  4.857*** (0.439) Estimation results of urbanization as a mediating variable.
Panel B FE model Variables  Urban CFAI Variables Urban CFAI
Agricultural cities Non-agricultural cities MS MO MS M9
M4 M5 M6 M7
ID 0.047 (0.029) 0.077 (0.073) —0.059%** 0.152%* D 3.68e- 0.152%* Constant 0.228** —19.800
(0.019) (0.077) 04+ (0.069) (0.091) (13.710)
D2 —0.001 (0.001) —0.002%* (1.57e-
(0.001) 04)
Control Yes Yes Yes Yes D2 —0.002%* Control Yes Yes
variables (0.001) variables
Year fixed Yes Yes Yes Yes Urban 15.250%** Year fixed Yes Yes
effects (5.342) effects
City fixed Yes Yes Yes Yes Urban 2 —20.370%** City fixed Yes Yes
effects (5.665) effects
Obs. 1386 1386 3654 3654 - - - Obs. 5040 5040
Note: *, **, and *** indicate significance at the 10%, 5%, and 1% levels, Note: *, **, and *** indicate significance at the 10%, 5%, and 1% levels,

respectively. Robust standard errors are shown in brackets.

respectively. Robust standard errors are shown in brackets.
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issue, we used the amount of telecommunication services per capita
(TSPC) as an instrumental variable that could reflect the information
consumption capacity of each city and did not directly affect chemical
fertilizer application decisions. To test the validity of the instrumental
variables, we perform separate tests by using Kleibergen-Paaprk LM and
Cragg-Donald Wald F. The results show that both significantly reject the
original hypothesis at the 5% level or higher (M10 in Table 5). This
means that instrumental variables selected in this study are feasible.
GMM estimation results in Table 5 show that ID is significantly positive
at the 5% statistical level and ID? is significantly negative at the 5%
statistical level, implying a significant “inverted U-shaped” relationship
between ID and CFAI during the examined period. In fact, only the
significance and the magnitude of the coefficients differ from those in
the previous section, meaning that the conclusion still holds when
endogeneity is taken into account. Therefore, H1 is further tested.

Second, replace core variables. In this study, we use mobile internet
penetration (MIP) to reflect regional internet development (Xiong and
Zuo, 2019). MIP is expressed as the cell phone penetration rate, which is
specifically the ratio of the number of cell phone subscribers to the total
population. M11 estimation results in Table 5 show that MIP is signifi-
cantly positive at 1% statistical level and MIP? is significantly negative
at 1% statistical level, indicating that there is a significant “inverted
U-shaped” effect of MIP on CFAL This is consistent with previous find-
ings. Next, we perform a mechanism test. M12 estimation results in
Table 6 show that MIP on urbanization is significantly positive at the 1%
statistical level, indicating that MIP helps to promote urbanization. This
provides for a mediating effects test. After adding urbanization to M13,
we find a significant “inverted U-shaped” relationship between MIP and
CFAL and the same relationship between urbanization and CFAI. This is
consistent with the findings of the previous study. Therefore, H2 is
further verified.

4.5. Extensibility analysis: threshold effect test

First, threshold existence test. We need to determine whether there
are thresholds and the number of thresholds. In this study, equation (4)
is estimated by using the advanced industrial structure (AIS) as the
threshold variable. The bootstrap method is used to conduct 500 self-
sampling tests to obtain P-values and F-values as well as urbanization
critical values of thresholds (Table 7). Table 7 shows that the F-value is
107.960 (P = 000), rejecting the original hypothesis of Hy at the 1%
significant statistical level. This means that there is a threshold value,
which is 0.917. Next, we perform a double threshold test, which shows
an F-value of 15.390 (P = 0.172), rejecting H;. It can be seen that there is

Table 5
Robustness test results.

Variables Instrumental variable Variables Replace core
method variables
M10 Mi11
GMM FE
ID 0.542%* (0.258) MIP 0.047*** (0.007)
D2 —0.005*** (0.002) MIP 2 —4.64e-05%**
(7.72e-06)
Control Yes Control Yes
variables variables
Year fixed Yes Year fixed Yes
effects effects
City fixed effects  Yes City fixed Yes
effects
Kleibergen- 6.525%%* Obs. 5040
Paaprk LM
Cragg-Donald 399.968%** - -
Wald F
Obs. 5040 - -
Note: *, **, and *** indicate significance at the 10%, 5%, and 1% levels,

respectively. Robust standard errors are shown in brackets.
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Table 6
Mechanism test results.
Variables M12 M13 Variables M12 M13
Urban CFAI Urban CFAI
MIP 2.58e- 0.053*** Constant 0.174%* —27.970%**
04%** (0.007) (0.072) (9.506)
(3.40e-
05)
MIP 2 —4.87e- Control Yes Yes
05%** (7.69e- variables
06)
Urban 21.430%** Year fixed  Yes Yes
(4.553) effects
Urban 2 —27.530%%* City fixed  Yes Yes
(4.343) effects
- - - Obs. 5040 5040
Note: *, **, and *** indicate significance at the 10%, 5%, and 1% levels,

respectively. Robust standard errors are shown in brackets.

only one threshold value in this study.

The estimation results in Table 8 show that ID is significantly positive
at the 5% statistical level and ID? is significantly negative at the 10%
statistical level only when AIS is above the threshold. This indicates that
the inhibitory effect of ID on CFAI is only more significant in cities with
higher levels of AIS. It can be seen that AIS is not only a driving force for
economic growth, but also helps to reduce CFAI and protect arable land.
Of course, the prerequisite is the AIS level being above the threshold
value.

5. Conclusions

There is no doubt that chemical fertilizer plays an important role in
increasing crop yields (Li et al., 2012; Wu et al., 2021). However,
excessive application of fertilizer also causes great harm to agricultural
environment. Then what can be done to reduce the damage? This is a
question that has puzzled almost all countries around the world.
Therefore, by employing panel data of 280 cities in China from 2001 to
2018, this study empirically examines from a macro perspective the
nonlinear impact and the mechanisms of internet development on
chemical fertilizer application intensity. Some interesting conclusions
were obtained in the study.

First, internet development has an “inverted U-shaped” non-linear
effect on chemical fertilizer application intensity. The impact is more
significant in non-agricultural cities than in agricultural cities due to
differences in agricultural resources endowments. Second, urbanization
plays a mediating role between internet development and chemical
fertilizer application intensity. Third, the threshold effect is relatively
significant if the level of advanced industrial structure worked as the
threshold variable. In other words, the inhibitory effect of internet
development on chemical fertilizer intensity will be more obvious when
the level of advanced industrial structure is above the threshold.

Based on the conclusions above, a few policy recommendations for
chemical fertilizer application reduction and agricultural green devel-
opment are listed as follows :

(1) Strengthen inter-regional information synergy to create condi-
tions for chemical fertilizer application reduction. In the context
of the digital era, information serves as an important basis for
agricultural operators to make decisions. Therefore, it is not only
necessary to pay attention to the construction of the internet in
agricultural cities, but also to expand the demonstration effect of
fertilizer reduction and efficiency in non-agricultural cities by
taking advantage of the information dissemination of the
internet, which creates conditions for promoting the use of
agricultural green production technology and spreading the
concept of green consumption.



X. Chen et al.

Table 7
Threshold effect test.
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Variables Ho H; F-value P-value Conclusion Threshold value critical value
1% 5% 10%
AIS 0 threshold 1 threshold 107.960 0.000 Reject Hy 0.917 47.562 28.419 22.569
1 threshold 2 thresholds 15.390 0.172 Accept Hy 1.239 35.919 24.937 17.720
Briggeman, B.C., Whitacre, B.E., 2010. Farming and the internet: reasons for non-use.
Table 8 Agric. Resour. Econ. Rev. 39 (3), 571-584.
Threshold effect regression results. CAC, 2022. Action plan for the development of digital countryside (2022-2025). http://
www.cac.gov.cn/2022-01/25/c_1644713315749608.htm. (Accessed 26 January
Variables CFAI 2022).
ID (AIS; < 0.917) —0.050 (0.060) Carlson, C.A., FO)A(’ T.l;., Al]en,th.l.., Albauih,rT.J.,EZO;)SMMOdelizrlngm;d-rgtsagi(;ré;er;giggr
ID 2 (AIS; < 0.917) 0.001 (0.001) responses using the age-shift approach. For. Ecol. Manag. 25 ( ),_ X .
ID (AIS, > 0.917) 0.140%* (0.070) Caswell, J.A., Mojduszka, E.M., 1996. Using informational labeling to influence the
P 3 . . . market for quality in food products. Am. J. Agric. Econ. 78 (5), 1248-1253.
ID ~ (AlS; > 0.917) —0.001 (4.6e-04) Chan, R.Y.K., Lorett, B.Y.L., 2000. Antecedents of green purchases: a survey in China.
Control variables Yes J. Consum. Market. 17 (4), 338-357.
Obs. 5040

Note: Note: *, **, and *** indicate significance at the 10%, 5%, and 1% levels,
respectively. Robust standard errors are shown in brackets.

(2) Strengthen the construction of synergistic development mecha-
nism of informatization, urbanization and agricultural moderni-
zation. Informatization, urbanization and agricultural
modernization are important directions for China’s development.
Internet development drives urbanization, while urbanization
development drives information technology to advance. The
development of the internet and urbanization in turn provides
impetus to promote green development of agriculture and to
realize agricultural modernization. Therefore, in order to reduce
chemical fertilizer application and promote green agricultural
development, it is necessary to pay attention to the establishment
of a synergistic development mechanism among the three in the
context of the new era.

Promote the optimization and upgrading of industrial structure.
The effect of internet development on the green development of
agriculture is moderated by the level of advanced industrial
structure. Therefore, local governments at all levels should sup-
port the development of local secondary and tertiary industries
and provide guidance for integration of local strength with green
industries, such as rural tourism, sightseeing agriculture, and
deep processing of green agricultural products. Only in this way
can we realize the purpose of fertilizer reduction and efficiency.
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