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Abstract

Achieving sustainable agricultural development necessitates a careful balance between the
competing demands of environmental sustainability and food security. While extensive
research has examined the economic impacts of agricultural parks, studies focusing on
their environmental effects—particularly fertilizer usage—remain limited. Addressing this
gap, this study investigates the impact of China’s National Modern Agricultural Industrial
Parks (NMAIP) construction on fertilizer application using county-level panel data from
2014 to 2022. By leveraging the staggered establishment of these parks as a quasi-natural
experiment, we apply a multi-period Difference-in-Differences (DID) approach. The re-
sults indicate that NMAIP construction led to a significant reduction in fertilizer use, a
finding robust to a series of tests including parallel trends and placebo analyses. Mecha-
nism analysis reveals that the reduction was primarily driven by enhanced agricultural
labor and technology productivity. Heterogeneity analysis further shows that the effects
were more pronounced in regions with high-level fertilizer consumption, in non-major
grain-producing or wheat-producing areas, and in specialized or single-function parks.
Importantly, this reduction in fertilizer use did not compromise grain output; instead, it
was accompanied by stable or even increased production, thereby supporting food security.
Our findings demonstrate that the NMAIP policy can achieve a “win-win” outcome by
simultaneously promoting fertilizer reduction and safeguarding food security, offering a
viable pathway toward sustainable agricultural development and food system resilience.

Keywords: sustainable agriculture; modern agricultural industrial parks; fertilizer use;
food security; multi-period DID model; agricultural factor productivity

1. Introduction

The extensive application of chemical fertilizers has been a major driver of global agri-
cultural economic growth [1,2]. However, long-term over-reliance on chemical inputs has
generated severe environmental externalities, including soil degradation and agricultural
non-point source pollution, which increasingly constrain the transition toward high-quality
agricultural development. As the world’s largest fertilizer consumer, China has experi-
enced both rapid growth in total fertilizer use and one of the highest application intensities
globally. World Bank data (2002-2016) show that while global fertilizer consumption per
hectare of arable land rose from 108.2 kg to 138.0 kg, China’s consumption increased from
335.8 kg to 463.2 kg per hectare—approximately 3.4 times the global average by 2016. This
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stark disparity highlights the challenge faces in reconciling fertilizer-driven yield gains
with the goals of green and sustainable agricultural development.

In 2015, the Chinese government launched the “Zero Growth Action Plan for Fertilizer
Use by 2020,” signaling a nationwide effort to curb fertilizer consumption. Yet by 2020,
the fertilizer application intensity for key crops remained 1.39 times higher than the inter-
nationally recognized safety threshold of 225 kg per hectare [3], and fertilizer utilization
efficiency was only 40.2% [4]. Such over-use not only erodes economic returns and weakens
the international competitiveness of agricultural products, but also aggravates resource
depletion, environmental pollution, and food safety risks, locking agricultural systems
into a vicious cycle of “soil degradation—increased fertilizer use—further degradation” [5-9].
Against the backdrop of China’s shift from rapid growth to high-quality development,
how to effectively reduce fertilizer use while safeguarding food security has thus become a
central challenge for agricultural policy.

Existing research on fertilizer reduction has mainly focused on several themes. First,
studies on agricultural production have analyzed how farmer behavior, resource endow-
ments, and other micro-level factors influence fertilizer application [10,11]. Second, from
a consumer perspective, some scholars advocate for establishing traceability systems for
environmentally friendly products, which may steer consumer preference toward green
alternatives and incentivize sustainable production [12,13]. Third, institutional and man-
agerial studies have explored the role of land transfer, large-scale farming, and cooperative
models in reducing fertilizer use [6,14,15]. Additionally, policy instruments such as eco-
nomic incentives, green finance, and subsidy reforms have also been shown to significantly
shape fertilizer application patterns [16-20]. These strands echo broader international de-
bates on how institutional arrangements, market incentives, and behavioral interventions
can jointly promote more environmentally efficient input use in agriculture, including
technology-driven fertilizer reduction and sustainable intensification [21-24]. While con-
siderable attention has been paid to scale operations and specialization as pathways to
reduce fertilizer use, the potential role of agricultural modernization—particularly their
environmental impacts and contribution to fertilizer reduction—remains underexplored.

The traditional model of agricultural modernization, characterized by fragmented
organizational structures, has long constrained the growth of rural industries. National
Modern Agricultural Industrial Parks (NMAIPs), as a core component of China’s supply-
side structural reforms in agriculture, have emerged as key platforms for advancing green
development and rural revitalization. Since the 1990s, China has promoted agricultural
industrialization through various forms of agricultural parks. Unlike earlier models that
were often sector-specific or limited in functional integration, NMAIPs are designed to
build comprehensive industrial chains—spanning production, processing, technology,
and marketing—with an emphasis on regional specialization. Under this model, land,
capital, technology, and skilled labor are concentrated within a defined park area, where
shared infrastructure and service platforms lower transaction costs and strengthen linkages
along the value chain; this spatial and organizational concentration promotes industrial
upgrading and accelerates the transition toward more sustainable farming systems [6,25].
In this sense, NMAIPs are closely related to the international experience of agro-industrial
clusters and eco-industrial parks, which emphasize co-location of firms, shared services,
and coordinated environmental management as a means of improving both economic per-
formance and environmental efficiency [22-24]. Since the NMAIP program was launched
in 2017, more than 20 billion yuan in central government funds have been allocated to
establish 250 parks. These parks have contributed significantly to industrial restructuring,
value-chain extension, and farmer income growth, establishing themselves as vital vehicles
for rural revitalization and agricultural high-quality development.
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Nevertheless, the existing literature has focused predominantly on NMAIP develop-
ment models, performance evaluation, and operational challenges [25-30], with limited
attention to their environmental impacts—particularly their effect on fertilizer application.
Guided by green development principles, NMAIPs actively promote environmentally
friendly agricultural practices, prioritize pollution prevention, enhance resource efficiency,
and support the production of ecological and green products. These initiatives carry pro-
found environmental implications. However, if the ecological function of these parks is
overlooked and their development becomes solely driven by administrative targets, there
is a risk of misallocating agricultural resources, which could ultimately undermine the
sustainability of the agricultural sector.

Therefore, utilizing a multi-period Difference-in-Differences (DID) model and county-
level data from 1289 Chinese counties (2014-2022), the impact of NMAIP construction on
fertilizer use is examined, with particular attention to its implications for the foundational
goal of food security [9,31]. This study contributes to the literature in several key aspects.
First, it shifts the focus from the predominantly economic assessments of NMAIP to their en-
vironmental impacts, specifically their role in reducing fertilizer application. This addresses
a critical gap in understanding the ecological consequences of NMAIP development. At
the same time, the analysis speaks to the international literature on agricultural industrial
clusters and environmental efficiency by providing large-scale quasi-experimental evidence
on whether cluster-based modernization can simultaneously improve productivity and
reduce chemical input intensity [23,24]. Methodologically, this research employs a rigorous
quasi-experimental design, using county-level panel data and a multi-period DID approach
to identify the causal effect of NMAIP establishment on fertilizer use. This strategy ef-
fectively controls for unobserved time-invariant confounders, significantly enhancing the
credibility of the findings.

Furthermore, this study delves into the underlying mechanisms and heterogeneous
effects. It examines how NMAIP construction influences fertilizer use through the lens
of production efficiency and explores variations across regional fertilizer consumption
levels, functional orientations, crop systems, and park types. These results contribute to
ongoing international discussions on technology-driven fertilizer reduction by showing
how combinations of mechanization, digital technologies, and organizational innovation
embedded in territorial clusters can reshape fertilizer demand.

Finally, by integrating the core objective of food security into its framework, this
study moves beyond a singular focus on input reduction. It investigates the synergy
between fertilizer reduction and stable grain production, offering a theoretical and prac-
tical foundation for achieving a “win-win” outcome that balances environmental sus-
tainability with food availability. Taken together, the findings not only enrich the evi-
dence base on China’s agricultural green transition but also provide a reference point for
other countries exploring cluster-based approaches to reconcile agricultural growth with
environmental sustainability.

The remainder of this paper is organized as follows. Section 2 delineates the back-
ground and formulates the theoretical hypotheses underpinning the study. Section 3
discusses the data collection process and the methodological framework employed in
the analysis. Section 4 presents the baseline regression results, conducts robustness tests,
explores the mechanisms at play, and examines potential heterogeneity within the data.
Section 5 is dedicated to discuss the relationship between reducing fertilizer use and in-
creasing grain production. Finally, Section 6 summarizes the findings, discusses their
implications, and offers conclusions.
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2. Policy Background and Theoretical Mechanisms
2.1. Policy Background

Beginning in the 1990s, China has actively explored ways to transform and upgrade
its traditional agricultural sector, focusing mainly on developing agricultural parks. These
parks are central to creating a multi-level, diversified system to promote agricultural
growth and increase farmers’ incomes. The industrial revolution and significant shifts in
the economic and social landscape have influenced the transformation of China’s agri-
cultural industry. Alongside economic development and structural changes, the rise of
large-scale, centralized agricultural production has marked the beginning of agriculture’s
modernization [26,32].

Agricultural industrial parks, which consist of geographic clusters of related firms,
provide essential infrastructure such as roads, electricity, communications, warehous-
ing, packaging, wastewater treatment, logistics, transportation, and laboratory facilities.
These parks enable firms involved in agricultural production, processing, and marketing
to achieve economies of scale, creating positive externalities that benefit the broader in-
dustry [33,34]. As such, agricultural industrial parks are critical drivers of agricultural
industrialization, improving production efficiency and advancing scientific and techno-
logical progress. Over time, the development of agricultural industrial parks in China
has gained significant momentum, evolving into a robust, mature model for agricultural
industrialization.

Entering the 21st century, particularly by the end of 2016, China introduced the concept
of NMAIP integrating “production + processing + science and technology.” These parks,
centered on large-scale breeding bases, emphasize the role of key enterprises in driving
agricultural industrialization. The goal is to create an environment where modern produc-
tion factors converge, fostering synergies across production, research and development,
and market integration. The scope and functions of these parks have expanded signifi-
cantly, evolving from a focus solely on agricultural production to include farm research
and development (R&D) and deep integration with the market.

In March 2017, the Ministry of Agriculture and Rural Affairs (MARA) and the Ministry
of Finance (MOF) jointly issued the “Notice on the Creation of National Modern Agricultural
Industrial Parks,” outlining specific criteria for NMAIP establishment, construction goals,
and related policy specifications. By the end of 2022, 250 NMAIPs had been approved
across seven batches for inclusion in the national management system. Figure 1 illustrates
the timeline and number of parks created in each batch. Most of these parks are established
at the county level, with management and guidance provided through annual documents
issued by the MARA and the MOF to ensure standardized construction and operation.

It is important to note that the establishment of NMAIP affects not only agricultural
production and industrial development but also the structure and efficiency of agricul-
tural input use, particularly chemical fertilizers. Policy-driven infrastructure upgrades,
technology extension, and organizational innovation within these parks are expected to
promote more efficient and environmentally friendly fertilization practices. Consequently,
the staggered rollout of NMAIPs across counties provides a policy shock that can be treated
as a quasi-natural experiment for this study, enabling us to identify their impact on fertilizer
use and related environmental outcomes in agricultural production.
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Figure 1. Batch-wise timeline of the NMAIP initiative (2017-2022).

2.2. Theoretical Mechanisms

The construction of NMAIP represents a significant transformation in agricultural
development. These parks are centered on efficient resource allocation and optimization of
production models, emphasizing improving production efficiency. This study explores two
key dimensions through which NMAIP may reduce fertilizer use: agricultural labor and
technology productivity. These dimensions correspond to the fundamental elements of
agricultural production: labor and technology inputs. Improvements in both areas directly
affect economic efficiency and resource utilization, which can, in turn, lead to reduced
chemical fertilizer consumption [1,27].

Agricultural labor productivity refers to the output generated per unit of labor input.
In traditional farming systems, laborers rely heavily on chemical fertilizers and pesticides to
boost yields. However, this model is inefficient and heavily dependent on human labor and
chemical inputs, leading to considerable resource waste. Improvements in labor productiv-
ity can lower labor costs and shorten production time and, in turn, significantly diminish
the use of chemical fertilizers [35]. In contrast, agricultural technology productivity in-
volves enhancing the overall efficiency of agricultural production through technological
innovations that enable higher output with fewer resources. The development of NMAIP
typically aligns with the widespread adoption of advanced technologies such as big data
analytics, Artificial Intelligence (Al), and the Internet of Things (IoT). These innovations
have markedly increased agricultural productivity while reducing reliance on chemical
fertilizers [36].

It is important to note that agricultural labor and technology productivity are closely in-
terconnected, with improvements in both often progressing simultaneously [1]. In NMAIPs,
increases in labor efficiency are frequently supported by technological advancements, while
technological innovations rely on the rational allocation and effective utilization of labor.
For instance, intelligent machinery allows agricultural workers to operate equipment more
efficiently, thus reducing labor intensity. At the same time, technological progress enhances
crop output quality, further decreasing the need for excessive fertilizer use.

In conclusion, by enhancing agricultural labor and technology productivity, NMAIP
construction optimizes agricultural production models, reducing chemical fertilizer usage
(Figure 2). This mechanism not only supports the goals of sustainable agriculture and
green development but also lays a strong foundation for the long-term sustainability of the
agricultural sector.
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Figure 2. Theoretical analysis framework.

2.2.1. Agricultural Labor Productivity

Improving agricultural labor productivity is a primary objective in constructing the
NMAIP and a key strategy for reducing fertilizer use [35]. As global attention increasingly
focuses on environmental protection and sustainable development, transforming agricul-
tural practices has become essential. Improving agricultural labor productivity enhances
agricultural efficiency, reduces resource consumption, and mitigates environmental im-
pacts. Within the NMAIP framework, agricultural labor productivity has been significantly
enhanced by adopting advanced agricultural technologies and scientific resource manage-
ment systems. These improvements are reflected in higher crop yields, lower production
costs, and, most importantly, more precise regulation of fertilizer use.

First, NMAIP construction improves agricultural labor productivity by optimizing
labor organization. Traditional agriculture is often characterized by fragmented and decen-
tralized labor structures, leading to inefficient resource allocation, redundant labor inputs,
and excessive fertilizer use [37]. In contrast, NMAIP adopts an intensive, large-scale opera-
tional model that optimizes labor allocation and task division, enhancing worker efficiency.
This model reduces over-reliance on chemical fertilizers and minimizes waste [38].

Second, NMAIP construction increases agricultural labor productivity by implement-
ing standardized production processes. Standardized management improves production
efficiency and ensures more precise fertilizer use through optimized labor division and
resource allocation. Within these parks, agricultural production follows well-defined stan-
dards and plans, particularly for fertilizer application. Precision fertilization technologies
and scientifically developed nutrient ratios enable workers to apply fertilizers based on
specific crop needs [39]. This refined management leads to significant productivity gains,
allowing the workers to complete tasks efficiently while preventing fertilizer overuse [40].

Additionally, NMAIP construction enhances agricultural labor productivity through
collaborative models, such as farmers’ cooperatives, contributing to reduced fertilizer use.
These cooperatives serve as organized platforms for cooperation, facilitating the sharing
and rational allocation of labor resources [41]. By collectively purchasing inputs such as
fertilizers and seeds and sharing knowledge and best practices, cooperatives improve labor
efficiency and ensure fertilizers are applied according to a unified plan, thus preventing
overuse due to individual misjudgments [42,43].

In conclusion, improving agricultural labor productivity is central to constructing
NMALIP. Intensive management, standardized operations, and cooperative collaboration
have significantly enhanced agricultural labor productivity. These innovations enable
precise control over fertilizer use, contributing to both increased production efficiency
and more sustainable agricultural practices [10,39]. Based on these findings, the following
hypothesis is proposed:
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Hypothesis 1. The construction of NMAIP can reduce fertilizer use by improving agricultural
labor productivity.

2.2.2. Agricultural Technology Productivity

The construction of NMAIP plays a pivotal role in enhancing agricultural technology
productivity and promoting sustainable agricultural development, particularly by reducing
fertilizer use [44]. Numerous studies have shown that industrial agglomerations, especially
those within urban development zones, facilitate the efficient alignment of specialized pro-
duction factors, services, and technologies. These zones provide supportive environments,
economies of scale, and innovation-driven policies, which foster technology spillovers,
accelerate innovation, and promote knowledge transfer—all of which enhance agricultural
production processes [28,45]. As a key form of agricultural and industrial agglomeration,
NMAIP benefit significantly from these effects, which are crucial for reducing reliance on
chemical fertilizers.

First, NMAIP construction facilitates the introduction of advanced agricultural tech-
nologies. These parks are often established as hubs for the research, development, and
application of advanced agricultural technologies and equipment, with substantial govern-
ment involvement. Through policy support and financial incentives, NMAIP construction
creates conducive environments for introducing advanced agricultural technologies and
lays the groundwork for transforming agricultural production methods [46]. Integrating ad-
vanced technologies such as precision fertilization and intelligent agricultural management
systems has significantly enhanced production efficiency, making agricultural processes
more resource-efficient and sustainable [47,48]. Precision fertilization, for example, dy-
namically adjusts inputs based on soil conditions and crop needs, reducing the overuse of
fertilizers in traditional farming practices [44].

Second, the construction of NMAIP stimulates breakthroughs in advanced agricultural
technologies. Policies that incentivize innovation, combined with the scale effects of
resource agglomeration and cross-industry collaboration, reduce R&D costs and risks for
enterprises. As a result, businesses within the parks are better positioned to invest in
R&D, leading to technological breakthroughs that align with the specialized needs of the
parks’ industries. Additionally, the competitive environment within NMAIP accelerates
technological innovation, driving the development of advanced agricultural production
and processing technologies. By adopting these more efficient technologies, NMAIP
construction further reduces dependence on chemical fertilizers, supporting the goal of
fertilizer reduction [12,36].

Third, the NMAIP construction facilitates the diffusion of advanced agricultural
technologies. The geographic proximity of enterprises within these parks encourages
the exchange of tacit knowledge and the disseminating of the latest technological ad-
vancements [28]. This diffusion occurs horizontally—through technology transfer and
collaboration among different enterprises—and vertically—across agricultural production
and processing chains. By fostering cooperation between production and processing enter-
prises, NMAIP construction helps disseminate agricultural technologies, particularly in
regions with less developed infrastructure. As a result, technology sharing reduces reliance
on chemical fertilizers and supports adopting green farming practices [49,50].

In conclusion, NMAIP construction is essential for introducing, stimulating, and
facilitating advanced technologies. Through the agglomeration effect and knowledge-
sharing mechanisms, these parks significantly enhance the technical capabilities of the
agricultural sector. Technological advancements increase agricultural productivity and
provide a strong foundation for reducing fertilizer use. Advanced technologies, such
as precision fertilization and intelligent management systems, ensure more targeted and
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efficient fertilizer use. Therefore, NMAIP construction is crucial in advancing agricultural
technology, reducing fertilizer dependence, and promoting sustainable development. Based
on these insights, the following hypothesis is proposed:

Hypothesis 2. The construction of NMAIP can reduce fertilizer use by enhancing agricultural
technology productivity.

3. Materials and Methods
3.1. Data Sources

This study utilizes an unbalanced panel dataset of 1289 counties in China from 2014
to 2022. The primary dependent variable is county-level chemical fertilizer use. Fertilizer
data are obtained from the agriculture chapters of the China County Statistical Yearbook,
the China Statistical Yearbook for Regional Economy, and provincial, municipal, and county
statistical yearbooks, supplemented by the EPS database [51]. These sources report the
annual quantities of nitrogen, phosphate, potash and compound chemical fertilizers actu-
ally applied in agricultural production. So we can construct the total amount of chemical
fertilizers used in each county-year. The list of NMAIP is compiled from official documents
jointly issued by the MARA and MOF, ensuring comprehensive coverage of all officially
recognized parks (Figure 3). To guarantee at least one year of post-implementation obser-
vation for identifying the fertilizer reduction effect, the 50 NMAIPs designated in 2023 are
excluded from the sample. Data on economic, agricultural, and social development used
as control variables are primarily sourced from the China Statistical Yearbook for Regional
Economy and the China County Statistical Yearbook, complemented by provincial, municipal,
and county statistical yearbooks. The study also consults the National Economic and Social
Development Statistical Bulletin and relevant datasets from the EPS platform to supplement
missing indicators. During data cleaning and processing, counties with extensively missing
data were removed to ensure the completeness and representativeness of the dataset. For
sporadically missing observations, interpolation methods were applied so as to minimize
their impact on the empirical analysis.

45 \'k
| f \JAJ> \_“I
5 {1 e i
R I~ LI
[ M 0 1000 ki / [4
e ™~ SV 4 4
- — e . W <

ATy Sy B
I NMAIP i 2017 £ }N)W } {"(3«? f"f
[ NMAIP in 2018 g o .
[ INMAIPin 2019 Z 3\./\/"\" L / ug/, ?
. 2%
NMAIP in 2020 T Jm o
[0 NMAIP in 2021 j i ; : :
NMAIP in 2022 C { v
Non-NMAIP 5 of *
7 \ b

N

Figure 3. Spatial distribution of the NMAIP in batches (2017-2022).
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3.2. Variable Selection

The definitions of variables and their descriptive statistics are presented in Table 1.

Table 1. Definitions of variable and descriptive statistics.

Types

Variables Definition Mean Std. Dev.

Total agricultural fertilizer application in

Dependent variable Fertilizer use 2.395 2.685
the county
Key independent It equals 1 if the county implemented the
variable NMAIP NMAIP construction and 0 otherwise 0.028 0166
Economic . .
development The gross domestic product per capita 4.868 4.279
Agricultural The gross output value of agriculture, 0.298 0.237
development forestry, and fisheries as a share of GDP ' '
Financial Balance of loans to financial institutions as a
development share of GDP 0-805 0-558
Control variables Infrastructure Total investment in f1?<ed 4,849 4550
development assets/Total population
Financial revenue General budget income as a share of GDP 0.062 0.037
Farmers’ income Per capita disposable income of 1.395 0.667

rural residents

Students enrolled in general secondary
Human capital schools as a percentage of the 0.047 0.016
total population

Population density Total population/Administrative area 0.045 0.103

Mechanism variables

Agricultural labor

The gross output value of agriculture,
forestry, and fisheries/Employees in 4.642 3.254

productivity agriculture, forestry, and fisheries

Agricultural . -

technology Total power of agrlcultul'ral machinery/Total 0.678 0.360
O area sown with crops

productivity

3.2.1. Dependent Variable

Fertilizer use is the primary dependent variable in this study and is measured by
the standardized amount of fertilizer applied. The standardized amount represents a
conversion of various fertilizer types based on nutrient content, reflecting actual fertilizer
usage more accurately. To ensure the robustness and comprehensiveness of the model,
alternative measures are also included in the robustness tests, such as fertilizer use per unit
area and average fertilizer application per laborer. This approach accounts for regional
land-use variations and labor inputs, minimizing potential biases.

3.2.2. Key Independent Variable

The key independent variable is a dummy variable indicating whether a county has
established an NMAIP. The establishment of an NMAIP is identified for each county based
on the NMAIP creation list published by the MARA and MOE. The year each county first
appeared on this list is considered the starting year for the NMAIP construction. A binary
variable, NMAIP, is created, where counties involved in the construction of an NMAIP are
assigned a value of 1 for the corresponding year, and counties not involved are assigned a
value of 0.
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From an identification perspective, the NMAIP program can be regarded as a quasi-
natural experiment for at least three reasons. First, the total number of NMAIP in each batch
is determined at the central level, and quotas are allocated across provinces according to
national strategic considerations, rather than short-run fluctuations in county-level fertilizer
use. Second, candidate counties must satisfy a set of relatively time-invariant or slowly
changing conditions to be eligible for application. These structural advantages may affect
the level of fertilizer use but are unlikely to be closely tied to the timing of NMAIP approval;
in the empirical model, they are absorbed by county fixed effects, while time-varying
controls further mitigate confounding from observable differences. Third, the timing of
park designation is largely driven by ministerial planning cycles, evaluation schedules,
and cross-regional coordination, generating staggered policy shocks across counties whose
short-term trajectories of fertilizer use would otherwise be similar. We acknowledge
that policy targeting cannot be completely random and that NMAIP placement may still
exhibit some selection on observables. To address this concern, the baseline DID design is
complemented by a Propensity Score Matching and Difference-in-Differences (PSM-DID)
approach in which treated counties are matched to comparable control counties based on
pre-treatment characteristics. Also, under the parallel-trend assumption, the staggered
introduction of NMAIPs can be interpreted as providing plausibly exogenous variation for
identifying the average treatment effect of NMAIP construction on fertilizer application.

3.2.3. Control Variables

To strengthen the model’s explanatory power and enhance the robustness of the re-
sults, several control variables are incorporated to account for factors that may influence
fertilizer use [10,12,20,39,52]. These include economic development, agricultural devel-
opment, financial development, infrastructure development, financial revenue, farmers’
income, human capital, and population density. Specifically, first, economic development is
positively associated with fertilizer use, as higher economic levels tend to stimulate agricul-
tural modernization, thereby increasing fertilizer demand. Second, the share of the primary
sector, which represents agricultural development, captures the local economy’s reliance on
agriculture and its subsequent effect on fertilizer application. Third, financial development
plays a crucial role in facilitating agricultural production by improving access to credit,
particularly for NMAIP-related investments. Fourth, fixed investment may indirectly shape
fertilizer use by promoting the development of agricultural infrastructure. Fifth, budgetary
revenue, which reflects local government fiscal capacity, influences agricultural input struc-
tures through public spending. Sixth, rural residents’” income affects farmers’ purchasing
power for fertilizers, with higher income potentially leading to greater use in pursuit of
higher crop yields. Seventh, human capital, representing the education and skill level
of the labor force, influences the adoption of modern agricultural technologies, thereby
improving fertilizer use efficiency. Finally, population density affects land use intensity and
farming structures, which in turn shape fertilizer application patterns. By including these
control variables, this study ensures a more accurate estimation of the effect of NMAIP
construction on fertilizer use.

3.2.4. Mechanism Variables

This study examines agricultural labor and technology productivity as mediating
mechanisms. Agricultural labor productivity is defined as the gross output value of
agriculture, forestry, and fisheries per employee, while agricultural technology productivity
is measured as the total power of agricultural machinery per unit of sown crop area.
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3.3. Empirical Strategy

This study’s empirical strategy to evaluate the impact of NMAIP construction on
fertilizer use treats the phased rollout of NMAIP as a quasi-natural experiment. The
causal effect is identified using a multi-period DID model [53], which compares counties
designated as NMAIP (the treatment group) with non-NMAIP counties. The baseline
regression model is specified as follows:

FU;; = ag + aNMAIP; s + a0y X + pi + 6 + € 1)

In Equation (1), FU;; represents fertilizer use of county i in year t, which is the depen-
dent variable. NMAIP;; is the key independent variable, indicating the implementation of
NMAIP construction. It is a binary variable where NMAIP; ; = 1 if county 7 implemented the
policy in year t, and NMAIP; ; = 0 otherwise. The coefficient «; is the primary parameter of
interest, capturing the average effect of NMAIP construction on fertilizer use. X;; denotes
a set of control variables, including economic development, agricultural development,
financial development, and others, included to account for potential confounding factors.
The item &, represents the regression coefficient for each control variable. The item y;
denotes county-fixed effects, controlling for time-invariant, county-specific characteristics
such as geographic location, resource endowment, and historical economic development.
The item J; represents time-fixed effects, which control for common temporal shocks like
macroeconomic trends and nationwide policy changes. Finally, ¢; ; is the idiosyncratic error
term, capturing all unobserved factors that vary over time and across counties.

4. Results
4.1. Baseline Regression

Table 2 presents the detailed results of the baseline regressions examining the impact
of NMAIP construction on fertilizer use. In column (1), the model controls only for
county and year-fixed effects without including additional county-level variables. The
regression results indicate that the NMAIP variable is significant at the 1% level, with
a negative coefficient. This suggests that the construction of NMAIP has a significant
negative impact on fertilizer use, providing preliminary support that NMAIP construction
can effectively reduce fertilizer application. Columns (2) to (4) introduce additional county-
level control variables, which help refine the assessment of the independent effect of
NMAIP construction. The results indicate that, even after accounting for these factors, the
significance of the NMAIP variable remains unchanged, reinforcing the reliability of the
initial findings. This suggests that the negative effect of NMAIP construction on fertilizer
use is not driven by other economic variables and highlights the park’s consistent role
in reducing fertilizer application. Taking column (4) as an example, the key independent
variable NMAIP remains significant at the 1% level, with a regression coefficient of —0.212.
In other words, the establishment of an NMAIP led to a 21.20% reduction in fertilizer use
compared to counties without such parks. This result indicates that the construction of
NMAIP plays a significant role in promoting fertilizer reduction.

Table 2. Baseline regression results of NMAIP construction on fertilizer use.

(1) @) 3) @)
Variables FU FU FU FU
0208  —0213%*  _0213%* 0212 %
NMAIP (0.079) (0.079) (0.079) (0.079)

0.021 *** 0.023 *** 0.022 ***

Economic development (0.006) (0.006) (0.006)
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Table 2. Cont.
uh)] (2) 3 )
Variables FU FU FU FU
. 0.615 ** 0.622 ** 0.629 ***
Agricultural development (0.240) (0.244) (0.244)
Financial development —0.136 —0.138 —0.138 =
P (0.049) (0.050) (0.050)
—0.005 —0.005
Infrastructure development (0.005) (0.005)
Fi il 0.049 0.040
Inancial revenue (0402) (0401)
R . 0.034 0.036
armers’ income (0.037) (0.037)
. 1.661 **
Human capital (0.905)
. . 0.307
Population density (0.346)
County FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
Constant 2.407 *** 2.225 *** 2.192 *** 2.100 ***
onstan (0.006) (0.088) (0.101) (0.114)
N 8989 8989 8989 8989

Note: Parentheses contain robust standard errors; *** and ** indicate significance at the 1% and 5% levels,
respectively.

4.2. Robustness Tests
4.2.1. Parallel Trend Test

To ensure the validity of the DID methodology, this study conducted a rigorous pretest
based on the parallel trends hypothesis. The parallel trends assumption posits that, in the
absence of the NMAIP policy, the trends in fertilizer use for both the treatment and control
counties should follow similar trajectories over time. This research employs the event study
method to test whether this assumption holds and to investigate the dynamic effects of
NMAIP construction on fertilizer use.

Figure 4 plots the estimated coefficients for each lead and lag of NMAIP implementa-
tion together with their confidence intervals. On the pre-treatment side, the coefficients for
all lead terms are close to zero and their confidence intervals clearly include zero; moreover,
the intervals substantially overlap across pre-policy years, indicating that there is no sys-
tematic upward or downward pattern in fertilizer use between treated and control counties
before park establishment. This visual and statistical evidence suggests that, conditional
on controls, the treatment and control groups followed comparable trends in fertilizer use
prior to the policy shock, which supports the parallel trends assumption and provides a
solid foundation for the subsequent DID analysis.

In terms of dynamic effects, the impact of NMAIP construction on fertilizer use appears
to manifest with a delayed response. As shown in Figure 4, the post-treatment coefficients
gradually become negative after policy implementation, and from approximately the sec-
ond year onward the confidence intervals no longer overlap zero, indicating a statistically
significant decline in fertilizer use in treated counties relative to the control group.

Notably, in the second year following the policy’s implementation, fertilizer use in
the treatment group decreased significantly, and this reduction continued to intensify in
subsequent years. This gradual divergence suggests that the policy’s effect was not imme-
diate but accumulated over time. Several factors may explain this delayed effect. Initially,
the NMAIP policy may have provided early-stage incentives. However, its more substan-



Sustainability 2025, 17, 11227

13 of 30

tial impact on fertilizer use became evident only as agricultural production technologies
improved, precision fertilizer application techniques were promoted, and the agricultural
industry chain was optimized. These changes take time to influence production practices,
meaning the policy’s effects were not immediately visible. However, the effect became
more pronounced from the second year onward. Additionally, the policy’s lagged effects
may vary across regions. Adapting to new agricultural models may have taken longer in
areas with a high dependency on chemical fertilizers. In contrast, regions with a stronger
focus on green agriculture likely experienced a more immediate response. Overall, the
dynamic effect analysis demonstrates that the construction of NMAIP does not immedi-
ately reduce fertilizer use. Instead, its effects materialize progressively, with a sustained
decline in fertilizer use resulting from continued policy implementation and the gradual
transformation of agricultural practices.

l,

0.5

Coefficient

-1.54

-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5
Year

Figure 4. Dynamic effects of NMAIP policy on fertilizer use.

4.2.2. Heterogeneous Treatment Effect Test

In analyzing the impact of NMAIP construction on fertilizer use, the traditional
multi-period DID model with two-way fixed effects may be subject to estimation bias
due to heterogeneous treatment effects. This issue arises because NMAIP construction
is implemented in different batches across regions, resulting in temporal heterogeneity.
Since the policy does not affect all regions simultaneously, the weighted average effects
derived from the DID model may not accurately reflect each group’s treatment effects.
To test for potential estimation bias, this study applies the diagnostic methods proposed
by Goodman-Bacon (2021) [54] and Chaisemartin and D"Haultfoeuille (2024) [55], which
are designed to assess the reliability of two-way fixed effects estimators in a multi-period
DID framework.

The Goodman-Bacon (2021) [54] approach decomposes the total DID estimator into a
weighted average of four distinct categories to evaluate the impact of different groupings
on the overall estimation. The decomposition results in Figure 5 and Table 3 illustrate the
weights assigned to each category and their contribution to the final estimates. Specifically,
the results show that the control group, consisting of counties treated later, accounts
for 97.10% of the total weight. This indicates that the DID estimates in this study are
predominantly derived from counties not yet affected by the policy, thereby avoiding the
potential bias that could arise from over-reliance on counties in the treatment group that
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experienced later policy implementation. As a result, the estimates in this study are robust
and not subject to substantial estimation bias.
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Figure 5. Distribution of two-way fixed effects estimation bias weights.

Table 3. Bacon decomposition results.

Estimates Weights
Early treatment vs. Later control —0.006 0.019
Later treatment vs. Early control 0.072 0.009
Treatment vs. Never treated —0.220 0.971
Treatment vs. Already treated —0.059 0.001

4.2.3. Placebo Test

A placebo test is conducted to ensure the robustness of the results and to rule out the
influence of non-randomized policy shocks or potential unobservable confounders. Specif-
ically, this study randomly reassigned the treatment groups and simulated hypothetical
policy implementation time points. A regression analysis was then performed on these
placebo groups, repeated 1000 times, to assess the stability and consistency of the results
across simulated scenarios.

Figure 6 presents the results of the placebo test, showing that the estimated coefficients
for the simulated groups follow an approximately normal distribution centered on zero.
This indicates that the effect of the placebo groups is negligible and symmetrically dis-
tributed, with no evidence of systematic bias. Additionally, most placebo estimates exhibit
p values greater than 0.1 (approximately 77%), suggesting that their effects are statistically
insignificant. These findings confirm that random factors and unobservable confounding
variables did not significantly influence the estimated policy effects in this study. Therefore,
the placebo test supports the conclusion that the observed policy effects are not driven by
external random factors or unobserved confounders.
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Figure 6. Distribution of placebo estimates from 1000 simulations.

4.2.4. Sample Self-Selection Discussion

During the construction of NMAIP, systematic differences may exist between counties
that have established NMAIP and those that have not. These differences could affect the
comparability of the treatment and control groups, potentially leading to biased estimates
of policy effects. To mitigate this issue, this study employs the PSM-DID method, which
integrates PSM with DID to control for systematic biases and enhance the reliability and
accuracy of the estimation results. Multiple matching methods are utilized to further
strengthen the matching process, including nearest neighbor matching and caliper match-
ing. Table 4 presents the results of PSM-DID test under different matching methods. The
findings indicate that, even after matching, the coefficients of the key independent variables
remain statistically significant and retain the same negative direction. This suggests that
the potential influence of non-random selection has been effectively addressed, further
supporting the conclusion that the construction of NMAIP plays a critical role in reducing
fertilizer use.

Table 4. PSM-DID test results.

. . . Nearest Neighbor Local Linear
Kernel Matching Radius Matching Matching Regression Matching
1 (2) 3) 4)
Variables FU FU FU FU
—0.183 ** —0.162 * —0.178 ** —0.181 **
NMAIP (0.078) (0.083) (0.079) (0.078)
Control variables Yes Yes Yes Yes
County FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
N 8937 7530 8400 8902

Note: Parentheses contain robust standard errors; ** and * indicate significance at the 5% and 10% levels,
respectively.

4.2.5. Controlling for Other Relevant Policies

During the study period, several policies other than the construction of NMAIP may
have influenced fertilizer use [17,19]. To account for these potential confounding factors
and ensure the accuracy and robustness of the results, this study incorporates controls for a
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range of relevant policies. These policy controls help isolate the direct impact of NMAIP
construction on fertilizer use.

First, land improvement has been identified as a key factor affecting agricultural
fertilizer use [27,28]. During the study period, China implemented the Comprehensive
Territorial Land Management (CTLM) policy to accelerate land remediation efforts na-
tionwide, aiming to enhance agricultural productivity and reduce resource waste. Based
on the specific implementation of the CTLM policy in each region, this study includes
corresponding policy indicators in the regression model to control for its potential impact.

In addition to the land remediation policy, several other policy measures are con-
sidered. For example, the Integrated Urban-Rural Transportation Construction (IURTC)
policy could influence agricultural production methods and fertilizer use by improving
the distribution efficiency of agricultural products. Similarly, the Rural Homestead Reform
(RHR) policy, aimed at optimizing rural land resource allocation, may indirectly affect
agricultural production and fertilizer use by influencing rural labor mobility and land use
efficiency [56].

Furthermore, the E-commerce into Rural Areas (ERA) policy has promoted the dig-
italization of rural areas, particularly in the marketing of agricultural products and the
application of smart agricultural technologies. The spread of e-commerce may have con-
tributed to the modernization of agricultural practices, thereby influencing fertilizer usage
patterns [12].

Finally, we explicitly consider national policies that directly target chemical fertilizer
reduction. In February 2015, the MARA issued the “Zero Growth Action Plan for Fertilizer
Use by 2020,” which for the first time set a quantitative target of zero growth in fertilizer
use and launched the fertilizer zero-growth action (FZA) policy in 48 pilot counties. To
capture the potential influence of this initiative, we construct a policy dummy for counties
participating in the FZA and interact it with the post-2015 period, and include this term in
the regression model. This specification helps net out the incremental impact of the national
fertilizer-reduction campaign, so that the estimated coefficient on NMAIP construction
reflects the effect of park establishment over and above contemporaneous national efforts
to curb fertilizer use.

Table 5, Columns (1) to (6), presents the estimation results after controlling for these
policies. The results consistently show that the impact of NMAIP construction on fertilizer
use remains statistically significant, with the coefficients retaining their negative sign across
all specifications. In conclusion, after accounting for the influence of other potentially
confounding policies, this study confirms that the suppressive effect of NMAIP construction
on fertilizer use remains significant and robust.

Table 5. The regression results of controlling for other relevant policies.

Controlling the Policies

CTLM Policy IURTC Policy RHR Policy ERA Policy = FZA Policy Mentioned Above

(1) () (3) 4) (5) (6)
Variables FU FU FU FU FU FU

NMAIP —0.184 ** —0.211 *** —0.211 *** —0.207 *** —0.211 *** —0.177 **

(0.081) (0.079) (0.079) (0.079) (0.079) (0.081)
Control variables Yes Yes Yes Yes Yes Yes
County FE Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes
N 8989 8989 8989 8989 8989 8989
Note: Parentheses contain robust standard errors; *** and ** indicate significance at the 1% and 5%

levels, respectively.
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4.2.6. Other Robustness Tests

This study performs several additional robustness tests to ensure the reliability and
broad applicability of the findings and to further validate the baseline regression results.
The details of these tests and their outcomes are as follows.

First, the model incorporates province-year interaction fixed effects to control for
potential regional heterogeneity. Agricultural policies in China, particularly those targeting
fertilizer reduction, vary considerably across provinces. Different provinces may adopt
distinct strategies for reducing fertilizer application, which could affect the results. By
including province-year interaction fixed effects, this study accounts for such regional
differences, yielding a more accurate assessment of the impact of NMAIP construction on
fertilizer use. The results, presented in Column (1) of Table 6, show that after including
these fixed effects, the regression estimates remain stable, confirming the robustness of the
baseline findings.

Second, the analysis excludes data from municipalities directly under the central
government, such as Beijing and Shanghai, which possess unique administrative statuses
and economic structures that differ substantially from those of typical provinces. Their
relatively low agricultural output and distinctive industrial development patterns could
bias the policy evaluation. To mitigate this potential bias, the study omits data from these
cities. As shown in Column (2) of Table 6, even after excluding these atypical observations,
the regression results remain stable and consistent, further supporting the robustness of
the findings.

Third, the physical and economic scale of NMAIPs is not uniform, and some parks
cover only a few towns within a county. This raises a legitimate concern that using county-
level fertilizer use as the outcome variable may dilute the measured impact for relatively
small parks. Ideally, one would directly exclude parks below a certain area or coverage
threshold; however, the official documents for NMAIPs do not provide standardized data
on park area or the proportion of county agricultural land included, making it infeasible to
implement such a size-based exclusion rule. To address this issue indirectly, we restrict the
sample by dropping counties where the share of the primary industry in GDP is very low
(bottom 20 percent). In these counties, agricultural production accounts for a small fraction
of local economic activity, and any NMAIP, if present, is more likely to occupy only a limited
part of the county, so county-level fertilizer use is a relatively noisy proxy for the park-level
input. By contrast, in counties with a higher agricultural share, NMAIPs typically represent
a larger share of agricultural land and input use, making county-level fertilizer data a more
accurate reflection of the treatment intensity. The re-estimated result on this restricted
subsample in Columns (3) of Table 6 is highly consistent with the baseline findings in terms
of sign, magnitude, and statistical significance, suggesting that our conclusions are not
driven by small-scale parks or by the mismatch between park and county boundaries.

Fourth, the key independent variable is re-measured to test the reliability of the results
under alternative specifications. Specifically, the cumulative number of years since NMAIP
implementation is used to replace the original binary indicator, allowing an examination
of how the duration of policy exposure influences fertilizer use. The results in Column (4)
of Table 6 indicate that fertilizer use declines significantly with the increasing number of
years under NMAIP construction, further corroborating the reducing effect of the policy.

Finally, fertilizer use per unit area and fertilizer application per agricultural worker are
used as alternative dependent variables to test the robustness of the results. This approach
adjusts for regional differences in land use and labor input, reducing potential estimation
bias. The findings, reported in Columns (5) and (6) of Table 6, demonstrate that the effect
of NMAIP construction remains statistically significant under these alternative measures,
confirming the consistency of the policy effect across different model specifications.
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In conclusion, the results of these robustness tests show that the reducing effect of
NMAIP construction on fertilizer use persists across a variety of model specifications. These
additional tests enhance the credibility and reliability of the baseline regression results,
confirming the robustness of the study’s conclusions. Therefore, the baseline regression

results can be considered both robust and persuasive.

Table 6. Other robustness test results.

Controlling Excluding Excluding Low Replacement Replacement of Replacement of
. Samples . of Key
Province- . Primary-Share Dependent Dependent
Located in . Independent . .
Year FE . ces Counties . Variable Variable
Unique Cities Variable
oy 2 3) @ 5 (6)
Variables FU FU FU FU FU FU
NMAIP —0.151 ** —0.256 ** —0.263 *** —0.102 *** —0.030 ** —0.026 **
(0.065) (0.102) (0.093) (0.033) (0.014) (0.012)
Control variables Yes Yes Yes Yes Yes Yes
County FE Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes
N 8989 7724 7173 8989 8907 8989

Note: Parentheses contain robust standard errors; *** and ** indicate significance at the 1% and 5% levels,
respectively.

4.3. Mechanism Tests

The empirical results from the previous section demonstrate that the construction of
NMAIP significantly reduces fertilizer use. Theoretical analysis suggests that this reduction
is primarily attributable to improvements in production efficiency, specifically through
gains in agricultural labor productivity and enhancements in agricultural technology
productivity. The following section further examines the underlying mechanisms through
which the construction of NMAIP promotes fertilizer reduction.

4.3.1. Improving Agricultural Labor Productivity

This study uses per capita agricultural output to assess NMAIP construction’s impact
on agricultural labor productivity. This indicator represents the ratio of agricultural output
(including agriculture, forestry, animal husbandry, and fisheries) to the agricultural labor
force, enabling an evaluation of labor productivity improvements within the context of
NMAIP construction.

The estimation results in Table 7 indicate a significant positive impact of NMAIP
construction on agricultural labor productivity. In Column (1) of Table 7, the coefficient
is 0.233, statistically significant at the 1% level. This suggests that agricultural labor
productivity increased following the construction of NMAIP, underscoring that developing
these parks substantially enhanced productivity. Further analysis in Column (2) reveals
that the increase in agricultural labor productivity corresponds with a notable reduction in
fertilizer use, consistent with our theoretical expectations.

In practice, many NMAIPs integrate “smart agriculture” facilities—such as IoT-based
irrigation and fertilization systems, Al-driven monitoring platforms, and digital decision-
support tools—that provide real-time information on crop growth, soil moisture, and
nutrient status. These technologies enable park enterprises and farmers to optimize labor al-
location (e.g., by remotely controlling fertigation systems and coordinating field operations
through digital platforms), thus reducing the need for labor-intensive “experience-based”
fertilization and lowering the incentive to over-apply chemical fertilizers as a substitute for
managerial precision.
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The modernization of agricultural practices within NMAIP—including the adoption
of advanced technologies such as precision farming and intelligent management systems—
has decreased reliance on chemical fertilizers [38,39]. This shift not only reduces chemical
fertilizer consumption but also promotes more sustainable and environmentally friendly
agricultural practices. Additionally, the results in Column (2) show that the coefficient for
the key independent variable—NMAIP construction—diminishes when agricultural labor
productivity is included. This change highlights the pivotal role of labor productivity in
facilitating fertilizer reduction. Specifically, as agricultural labor productivity improves,
farming becomes less dependent on excessive fertilizer to boost yields and more efficient
overall, leading to further reductions in fertilizer use. This finding empirically supports Hy-
pothesis 1, which posits that NMAIP construction indirectly promotes fertilizer reduction
by enhancing agricultural labor productivity.

4.3.2. Enhancing Agricultural Technology Productivity

To assess enhancements in agricultural technology productivity, this study uses the
level of agricultural mechanization as a key indicator, as it directly reflects technological
advancements in agriculture. The total power of agricultural machinery per unit of crop
sowing area serves as a proxy for agricultural technology productivity [12].

The regression results in Column (3) of Table 7 indicate that NMAIP construction signif-
icantly improves agricultural technology productivity. The estimated coefficient for NMAIP
construction is 0.024, statistically significant at the 1% level, suggesting that establishing
these parks enhances agricultural technology productivity. Increased agricultural mecha-
nization typically contributes to higher production efficiency and more effective adoption
of agricultural technologies. This reduces labor demand and improves the precision of
production and resource utilization, ultimately lowering fertilizer consumption [50,57].

In many NMAIPs, high-horsepower tractors, precision seeders, variable-rate fertilizer
spreaders, and unmanned aerial vehicles (UAVs) are widely used alongside soil testing and
formula fertilization programs. Soil testing allows parks to determine plot-specific nutrient
requirements, while variable-rate machinery and UAVs apply fertilizers only where and
when needed, avoiding blanket applications across entire fields. As a result, the same yield
targets can be achieved with lower total fertilizer input, and the mismatch between actual
crop demand and fertilizer supply is substantially reduced.

Further analysis in Column (4) of Table 7 reveals that enhancing agricultural tech-
nology productivity significantly reduces fertilizer use. These concrete technologies—
soil testing and formula fertilization, precision variable-rate application, and UAV-based
topdressing—provide a direct operational channel through which NMAIP construction
translates into more accurate fertilizer management and lower overall application intensity.
As mechanization and technological efficiency advance, agricultural production becomes
less dependent on chemical fertilizers. This shift stems mainly from the use of advanced
machinery, which improves land use efficiency, enables more precise fertilizer application,
and minimizes fertilizer waste.

A comparison between Column (4) in Table 2 and Column (4) in Table 7 further sup-
ports this conclusion. In Table 2, the coefficient for NMAIP is 0.212, while in Table 7, it
declines to 0.207. This change indicates that improving agricultural technology productivity
helps reduce fertilizer use by optimizing production patterns. The integration of efficient
technology and mechanization not only increases yields but also promotes the rational allo-
cation of resources, thereby decreasing excessive fertilizer inputs. This empirical evidence
supports Hypothesis 2, which posits that NMAIP construction reduces fertilizer use by
enhancing agricultural technology productivity.
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Table 7. Mechanism test results: Agricultural labor and technology productivity.
) (2) (3) 4)
. Agricultural
Variables Agrlcultura.l !dabor FU Technology FU
Productivity . S
Productivity
0.233 *** —0.204 *** 0.024 ** —0.207 ***
NMAIP (0.078) (0.079) (0.012) (0.079)
Agricultural labor productivity —0.033*
(0.015)
Agricultural technology productivity —0.137 7
(0.048)
Control variables Yes Yes Yes Yes
County FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
N 8989 8989 8907 8907

Note: Parentheses contain robust standard errors; *** and ** indicate significance at the 1% and 5% levels,
respectively.

4.4. Heterogeneity Analysis
4.4.1. Fertilizer Use Levels

Fertilizer use exhibits significant variation across regions and agricultural production
types. This study further investigates the heterogeneous effects of NMAIP construction on
fertilizer use. To achieve this, we employ unconditional quantile regression (QR), which
enables us to analyze the impacts across the fertilizer use distribution at different quantiles.
Table 8 presents the results of these regressions, focusing on the low (Q10, Q25), middle
(Q50), and high (Q75, Q90) quantiles to capture the differential impacts across regions with
varying levels of fertilizer consumption.

Table 8. Results of heterogeneity analysis in fertilizer use levels.

Low-Level Middle-Level High-Level
D (2) 3 @) (5
Variables Q10 Q25 Q50 Q75 Q90
0.015 —0.055 —0.140 —0.213 —1.867 **
NMAIP 0.010)  (0.066) (0.109) 0208)  (0.857)
Control variables Yes Yes Yes Yes Yes
County FE Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes
N 8989 8989 8989 8989 8989

Note: Parentheses contain robust standard errors; ** indicates significance at the 5% level.

The regression results in Table 8 show that the key independent variable—NMAIP—
exerts a significant negative impact on fertilizer use only at the Q90 quantile, which
represents regions with the highest fertilizer use. This suggests that the construction
of NMAIP most notably reduces fertilizer use in areas with historically high fertilizer
consumption. NMAIP policy can thus play a critical role in curbing excessive fertilizer use
in regions characterized by over-application of chemical inputs. By contrast, in regions
with low fertilizer use, the impact of NMAIP construction is insignificant, indicating that
the potential for reduction is more limited where fertilizer application is already moderate
and agricultural practices are relatively efficient.

This outcome can be interpreted from several perspectives. Farmers in high-level
fertilizer use regions generally rely more heavily on chemical fertilizers to boost crop
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yields. This dependency reflects greater room for improving agricultural practices. Over
time, these regions have often adopted approaches that prioritize high fertilizer inputs,
which, while enhancing short-term yields, have led to long-term challenges such as soil
degradation and water pollution. The construction of NMAIP addresses these issues
by providing technical support and policy guidance. This includes the promotion of
precision fertilization technologies, such as soil testing and smart fertilization systems,
which help reduce fertilizer inputs and enhance the precision of fertilizer management. As
a result, regions with high-level fertilizer use benefit substantially from the establishment
of NMAIP, leading to a marked decline in chemical fertilizer consumption. In contrast,
regions with low-level fertilizer use typically already employ more refined and sustainable
agricultural practices. Farmers in these areas have adopted efficient and environmentally
sound fertilization methods, resulting in lower baseline fertilizer inputs. In such contexts,
the marginal effect of NMAIP construction is minimal, as existing practices have already
optimized fertilizer usage. Therefore, the establishment of NMAIP does not significantly
alter fertilizer use patterns, given that agricultural production in these regions is already
aligned with sustainable fertilization principles.

4.4.2. Agricultural Production Characteristics

Resource endowments and regional characteristics strongly shape agricultural devel-
opment patterns. The agricultural production profiles of different regions, particularly crop
types, production methods, and technological levels, directly shape the effect of NMAIP
construction on fertilizer use [58].

We divide the entire sample into major grain-producing and non-major grain-
producing areas to examine how these agricultural traits influence the reduction in fertilizer
use. Regression analyses were performed according to agricultural functional zoning. As
shown in columns (1) and (2) of Table 9, in major grain-producing areas, the impact of
NMAIP construction on fertilizer use is negative but statistically insignificant. By contrast,
in non-major grain-producing areas, NMAIP construction significantly reduces fertilizer
use. This outcome indicates that the fertilizer-reducing effect is markedly more pronounced
in non-major grain-producing areas.

This difference may be related to several factors. First, major grain-producing areas
depend more heavily on chemical fertilizers in high-yield monoculture systems, where
fertilizers are regarded as a key instrument for maintaining stable crop output. Although
NMAIP construction in these regions may impose certain restrictions on fertilizer applica-
tion, the reducing effect remains relatively weak or slower to emerge, given the overriding
priority of ensuring food security. Moreover, farmers in many of areas have long relied
on chemical fertilizers, and the transition toward alternative farming practices tends to be
gradual. As a result, the short- to medium-term potential of NMAIP policy to curb fertilizer
use may be more constrained in such regions.

In contrast, agricultural production in non-major grain-producing areas is more diver-
sified, often involving vegetables, fruits, cash crops, and other forms of cultivation. The
establishment of NMAIP in these regions typically encourages technological innovation,
eco-agriculture, and refined management, all of which help raise fertilizer use efficiency
and lower over-application. In addition, farmers in these areas generally face less rigid
grain-output targets and, according to existing case studies, may exhibit greater openness
to adopting sustainable agricultural practices. Hence, the fertilizer reduction effect under
NMAIP construction is more substantial in non-major grain-producing areas. In many
cases, the agro-ecological conditions and market positioning of these regions also encourage
stricter environmental standards and the use of organic fertilizers, precision fertilization,
and other approaches to minimize fertilizer inputs. These explanations should, however,
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be viewed as indicative rather than exhaustive, as our county-level data do not directly
observe farm-level nutrient management decisions.

Table 9. Results of heterogeneity analysis in agricultural production characteristics.

Major Non-Major Rice- Wheat-
Grain-Producing Area Grain-Producing Area Producing Area Producing Area

(1) (2) (3) @)
Variables FU FU FU FU

—0.165 —0.233 ** —0.153 —0.252 **

NMAIP (0.104) (0.119) (0.121) (0.104)

Control variables Yes Yes Yes Yes
County FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
N 5000 3989 3711 5278

Note: Parentheses contain robust standard errors; ** indicates significance at the 5% level.

China’s traditional grain production pattern of “southern rice and northern wheat”
reflects regional disparities in crop growth conditions shaped by natural, historical, and
cultural factors [59]. Against this background, a heterogeneity test based on staple crop
type offers deeper insight into the role of NMAIP policy across different farming systems.
Columns (3) and (4) of Table 9 further examine this variation, showing that NMAIP
construction significantly reduces fertilizer use in wheat-producing areas but does not
significantly affect fertilizer use in rice-producing areas.

One plausible interpretation of this pattern relates to the differing growth traits and
nutrient demands of wheat and rice. Rice, as an aquatic crop, requires ample water and
fertilizer to achieve high yields, particularly key nutrients such as nitrogen, phosphorus,
and potassium. In many rice-based systems, this translates into higher fertilizer input
requirements than in typical wheat-based systems. In contrast, wheat is a dryland crop with
lower water requirements and more concentrated nutrient needs. Fertilizer application
strategies for wheat are more optimized, leading to lower overall use under comparable
technical management. Coupled with the ongoing adoption of precision agriculture tech-
nologies, intelligent fertilization systems, and soil health management, farmers in a growing
number of wheat-producing regions have begun to embrace more efficient and eco-friendly
fertilization practices, which can help reduce their dependence on chemical fertilizers.

In particular, NMAIP initiatives in wheat areas have enhanced fertilizer use efficiency
through information-driven management and scientific application techniques, thereby
curbing environmental pollution and resource waste caused by over-fertilization. By
comparison, the effect of NMAIP construction on fertilizer use in rice-producing regions
appears more muted in our estimates, which may reflect rice’s inherently higher nutrient
and water demand and the stronger constraints faced when attempting to substantially
cut chemical fertilizer use in the short run. These crop-specific explanations are consistent
with agronomic insights but should be interpreted cautiously, as the present analysis is
conducted at the county level and cannot fully capture within-county variation in crop
systems, technology adoption, and management practices.

4.4.3. Park Types

The impact of constructing different types of NMAIP on fertilizer use can vary con-
siderably due to differences in dominant industries, production characteristics, market
demands, and technological capacities.

To explore these variations, this study classifies NMAIP into two main categories:
bulk commodity-based NMAIP and specialty high-value commodity-based NMAIP. Bulk
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commodity-based NMAIP primarily focus on producing staple crops, such as grains,
oilseeds, and cotton. Their main objective is to ensure national food security and main-
tain stable agricultural production. These parks serve as a foundation for meeting basic
food needs and contribute to more standardized farming practices. In contrast, specialty
high-value commodity-based NMAIP concentrate on producing higher-value agricultural
products, such as premium fruits, vegetables, specialty livestock, and medicinal herbs.
The fertilizer reduction effect of these two types of parks differs significantly, as shown
in columns (1) and (2) of Table 10. Specifically, the construction of specialty high-value
commodity-based NMAIP has a more pronounced effect on reducing fertilizer use than
bulk commodity-based parks. This differential impact can be attributed to several factors.
First, specialty high-value commodity-based NMAIP require advanced technical inputs,
including precision fertilization, soil nutrient monitoring, and intelligent production man-
agement systems. Because these crops are of higher value, farmers exercise greater precision
in managing inputs, including fertilizers, to ensure crop quality and market value. The
adoption of precision fertilization technologies helps lower chemical fertilizer application,
thereby reducing environmental pollution and improving crop production efficiency. In
contrast, bulk commodity-based NMAIP tend to operate with less technologically intensive
methods, relying more on conventional fertilizer application practices. This reliance limits
the scope for fertilizer reduction, as farmers in these parks primarily aim to maintain or
boost yields through traditional agricultural approaches. While this strategy supports
food security and stable production, it does not substantially diminish dependence on
fertilizers. Additionally, market demand shapes fertilizer application patterns. Specialty
high-value products typically face stronger market competition and greater price volatility.
To preserve quality and market position, farmers in these parks are motivated to adopt
more scientific management practices that lower chemical fertilizer use and enhance soil
health. In contrast, bulk agricultural products experience relatively stable market demand,
with prices more susceptible to policy adjustments and international market shifts. In these
contexts, the emphasis on yield maximization can lead to elevated fertilizer application,
making fertilizer reduction more difficult.

Table 10. Results of heterogeneity analysis in Park Types.

(W (2) (3 @
Variables FU FU FU FU
. —0.193
Bulk commodity-based NMAIP (0.180)
Specialty high-value commodity-based NMAIP _?(')201;3)
. . —0.215 ***
Single-function NMAIP (0.078)
. —0.190
Integrated-function NMAIP (0.174)
Control variables Yes Yes Yes Yes
County FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
N 8989 8989 8989 8989

Note: Parentheses contain robust standard errors; *** indicates significance at the 1% level.

Beyond classifying NMAIP by their dominant industries, this study also examines
differences in the functional scope of these parks and their implications for fertilizer re-
duction. NMAIP can be categorized into single-function and integrated-function parks.
Single-function NMAIP concentrate on a single agricultural industry, with production,
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processing, and distribution revolving around one specific agricultural product. In contrast,
integrated-function NMAIP combine multiple agricultural industries to foster inter-sectoral
synergies, optimizing resource use and leveraging complementary advantages. According
to the data in columns (3) and (4) of Table 10, the effect of single-function NMAIP on
reducing fertilizer use is significantly greater than that of integrated-function NMAIP. This
difference stems mainly from the more centralized and specialized production processes in
single-function NMAIP, which facilitate the adoption of tailored agricultural techniques for
specific crops. For instance, precision fertilization, rational crop rotation, and targeted soil
management can markedly reduce fertilizer application. The centralized production model
also simplifies the implementation of fertilizer optimization strategies designed for the cul-
tivated crops. In contrast, integrated-function NMAIP inherently involve a wider variety of
crops and agricultural segments, complicating fertilizer management. The diverse nutrient
requirements of different crops hinder the application of uniform technological solutions
across the entire park, diminishing the feasibility of refined management and weakening
the overall fertilizer reduction effect. Furthermore, single-function NMAIP generally priori-
tize enhancing the output value and quality of a specific agricultural product. This focus
allows the introduction of targeted technical interventions, including advanced fertilizer
application methods and soil nutrient monitoring systems, which optimize fertilizer use
and lessen environmental impact. The specialized nature of these parks enables more
efficient resource allocation, leading to more substantial reductions in fertilizer application
compared to the more generalized approach of integrated-function parks. The complexity
and broader scope of integrated-function NMAIP make it challenging to manage fertilizer
use consistently across all production segments, resulting in a weaker aggregate effect on
fertilizer reduction.

5. Further Research: Fertilizer Reduction and Food Security

Fertilizers are crucial inputs in agricultural production, playing a vital role in ensuring
food security [60]. It is estimated that fertilizers contribute to more than 40% of the
increase in China’s food production [61]. Fertilizers are often regarded as the “food”
essential for boosting agricultural yields (source). However, excessive fertilizer use leads to
environmental pollution and soil degradation and threatens the sustainability of agriculture.
Thus, a central challenge in sustainable agricultural development lies in reducing fertilizer
application while safeguarding food security [9,58].

This study highlights that the construction of NMAIP has contributed to fertilizer
reduction. However, a critical concern is whether this reduction could negatively affect the
stability and growth of food production. To address this concern, we examined the effects
of NMAIP construction on food production from two perspectives: total grain output and
grain yield per unit area. As shown in columns (1) and (2) of Table 11, NMAIP construction
promotes an increase in grain output and improves production efficiency. This indicates
that, while ensuring food security, NMAIP construction can support the sustainable devel-
opment of agricultural resources and the environment by optimizing production methods
and lowering fertilizer use. The key driver of this outcome is the transformation of agricul-
tural practices promoted by NMAIP construction, particularly the adoption of technologies
such as precision fertilization and digital farm management. These parks have facilitated
the diffusion and innovation of agricultural science and technology, significantly enhancing
soil fertility and nutrient uptake efficiency. As a result, grain output and productivity can
rise even with reduced fertilizer inputs. Additionally, through farmer training and the
dissemination of modern agricultural practices, NMAIP construction encourages more
rational fertilizer application, improving fertilizer efficiency and preventing overuse.
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Table 11. The link between fertilizer reduction and grain output.
(1) ) (3) @) (5) (6)
Variabl Total Grain Grain Output Total Grain Output Grain Output Per Capita
artables Output Per Capita High-Level FU Low-Level FU High-Level FU Low-Level FU
NMAIP 0.205 ** 0.017 *** 0.211* 0.034 0.015 ** 0.007
(0.097) (0.005) (0.127) (0.045) (0.006) (0.009)
Control variables Yes Yes Yes Yes Yes Yes
County FE Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes
N 8390 8308 4183 4133 4183 4051

Note: Parentheses contain robust standard errors; ***, **, and * indicate significance at the 1%, 5%, and 10% levels,
respectively.

To further validate these findings, the study conducted a group regression analysis,
dividing the sample into two groups based on median fertilizer use: high- and low-level
fertilizer use. As shown in columns (3) to (6) of Table 11, the results indicate that in areas
with high-level fertilizer use, NMAIP construction exerts a more substantial impact on
increasing total grain output and improving grain production efficiency. NMAIP construc-
tion not only reduces fertilizer consumption but also significantly boosts grain yield and
production efficiency through technological innovation and optimized fertilizer application
methods, particularly in high-level fertilizer use areas. These results suggest that NMAIP
construction can create a “win-win” scenario, promoting sustainable agricultural develop-
ment while ensuring food security by lowering fertilizer use without compromising the
food supply.

6. Conclusions and Policy Implications
6.1. Main Findings

This study develops a theoretical framework linking the construction of NMAIP to
fertilizer use. Using the rollout of NMAIP as a quasi-natural experiment and applying
a multi-period DID model to county-level data from China (2014-2022), we find that
NMAIP construction significantly reduces fertilizer application. This result remains robust
across a series of tests, including parallel trends, heterogeneous treatment effects, placebo
simulations, and sample self-selection checks. Mechanism analysis shows that the reduction
in fertilizer use is primarily driven by improved agricultural efficiency, manifested through
increased labor and technology productivity.

Heterogeneity analysis reveals substantial regional variation in the fertilizer reduction
effects of NMAIP. Notably, parks located in areas with initially high fertilizer application
exhibit stronger reduction outcomes. Moreover, local agricultural production character-
istics significantly shape NMAIP effectiveness: non-major grain-producing regions, with
their diversified production structure and farmers’ greater receptivity to advanced tech-
nologies, achieve more pronounced fertilizer cutbacks. By crop type, NMAIP construction
leads to greater fertilizer reduction in wheat-producing areas than in rice-producing areas,
where ecological constraints and conventional farming practices persist. Further analysis
highlights the importance of NMAIP typology in shaping fertilizer use outcomes. Parks
specializing in high-value commodities or operating under a single-function model demon-
strate superior performance in fertilizer reduction, owing to their focused technological
adoption and refined management practices.

Importantly, NMAIP construction not only curbs fertilizer use through innovation
and optimized application but also simultaneously raises grain output and production
efficiency, thereby safeguarding food supply stability. These findings underscore the role
of NMAIP in advancing sustainable agricultural development without compromising
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food security—achieving a “win-win” outcome for both environmental sustainability and
food production.

6.2. Policy Implications

The findings of this study offer valuable insights for policymakers and relevant in-
dustries. The construction of NMAIP not only promotes agricultural green development
and reduces the environmental impact of chemical fertilizers but also offers a practical
pathway toward sustainable agricultural development and the strategic goal of food secu-
rity. Consequently, policymakers should continue to support the development of NMAIP,
particularly in regions with high-level fertilizer application, and enhance the scientific
management and policy frameworks for these parks. Based on the empirical results, more
targeted recommendations can be proposed regarding how NMAIPs should tailor fertilizer-
reduction strategies, guide regions with high fertilizer intensity, and optimize park types
and functional models.

First, NMAIPs should embed fertilizer-reduction objectives into concrete technology
and management packages rather than treating them as general principles. In addition
to promoting precision agriculture in broad terms, policy documents for NMAIPs can
explicitly require the full implementation of soil testing and formula fertilization, real-time
nutrient monitoring, and standardized nutrient management plans as mandatory compo-
nents of park construction. Within parks, local governments and leading enterprises should
build digital management platforms that integrate IoT sensing devices, smart irrigation and
fertigation systems, and Al-based decision-support tools so that fertilizer application can be
adjusted according to soil and crop conditions at the plot level. Performance evaluation of
NMAIPs should incorporate specific indicators—such as fertilizer use per unit of cultivated
land and per unit of output—and link a portion of fiscal support to verified reductions
in fertilizer intensity, thereby creating stronger incentives for technological adoption and
refined input management.

Second, regions with high fertilizer intensity should be designated as priority zones
for NMAIP-led fertilizer reduction. The heterogeneity analysis shows that NMAIPs in areas
with initially high fertilizer application generate stronger reduction effects, suggesting
that marginal benefits are greatest where overuse is most severe. For such regions, central
and local governments can formulate differentiated “redline + roadmap” schemes: setting
phased reduction targets for key crops, allocating more NMAIP quotas and green finance re-
sources, and prioritizing the deployment of precision fertilization equipment and technical
service teams. Extension services within parks should focus on replacing experience-based
fertilization with standardized soil testing, formula fertilization, and farmer training, so
that NMAIPs become demonstration platforms for high-intensity regions to escape the
“high input-high pollution” path.

Third, the design of park types and functional models should explicitly align with
fertilizer-reduction goals. This study finds that parks specializing in high-value com-
modities or operating under a single-function model achieve more pronounced fertilizer
cutbacks, indicating that focused industrial positioning facilitates the adoption of green tech-
nologies and refined management. Policymakers should therefore guide NMAIPs to clarify
their dominant product systems and functional orientation—for example, building “low-
fertilizer brand” parks for specific high-value crops, and encouraging specialized service
entities within parks to provide unified soil testing, formula fertilization, and whole process
nutrient management. For comprehensive or multi-functional parks, it is advisable to de-
lineate green production zones and establish internal technical standards and certification
systems focused on reduced fertilizer use, so that different functional modules (production,
processing, leisure, etc.) support rather than dilute the parks’ fertilizer-reduction objectives.
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Fourth, the governance and evaluation systems for NMAIPs should be improved to
ensure that fertilizer-reduction outcomes are continuously tracked and effectively enforced.
Local governments should incorporate indicators such as fertilizer intensity, nutrient bal-
ance, and adoption rates of green fertilization technologies into the regular assessment
of NMAIP performance, and disclose key environmental indicators to the public where
appropriate. Cross-regional benchmarking and experience-sharing among parks can be
encouraged to promote the diffusion of successful fertilizer-reduction models. In addi-
tion, central fiscal transfers and related support policies can be more closely tied to the
green performance of parks, shifting the focus of assessment from “scale of construc-
tion and output value” to “green efficiency and resource-use intensity,” thereby reinforc-
ing the role of NMAIPs as institutional carriers for fertilizer reduction and sustainable
agricultural transformation.

6.3. Limitations

This study has several limitations that should be acknowledged. First, fertilizer use
is measured using standardized county-level statistics. Although these data are widely
used and we construct intensity indicators (per unit land and per agricultural worker),
aggregation may conceal within-county differences in crop structure and farming practices,
and potential reporting inconsistencies could introduce measurement error. Second, to
preserve the panel structure, we interpolate a small number of missing observations for
control variables. While we exclude counties with extensive data gaps and robustness
checks yield similar results, interpolation may still add noise and slightly attenuate the
estimated effects. Third, despite the multi-period DID design, rich controls, and placebo
tests, other overlapping agricultural reforms, such as soil testing and formula fertilization,
or local green agriculture projects, may partly coincide with the rollout of NMAIPs and be
imperfectly captured in the model. These factors suggest that the estimated impacts should
be interpreted as conservative and call for future research using micro-level data and more
detailed policy information to further validate and refine our conclusions.
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