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The impact of modern
agricultural technology
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agri-food system resilience

Yuting Zhang'*, Juan Shang’* and Ziling Yu?

!School of Economics and Management, Xidian University, Xi‘an, China, 2School of Economics and
Management, Xinjiang University, Urumgi, China

Enhancing agri-food system resilience holds profound strategic significance
for ensuring food security in developing countries. This study constructs an
evolutionary game model at the county level to theoretically explore the positive
effects of modern agricultural technology promotion and adoption on agri-food
system resilience. Based on panel data from 2,312 counties in China during the
period 2006-2023, and using the National Modern Agricultural Demonstration
Zone policy as a quasi-natural experiment, the study employs a multi-period
difference-in-differences approach to rigorously investigate the effects and
underlying mechanisms of modern agricultural technology promotion and
adoption on agri-food system resilience. The empirical findings indicate that:
(1) The diffusion of modern agricultural technologies significantly enhances
agri-food system resilience, and this conclusion remains robust after a series
of consistency checks. (2) Mechanism analysis shows that modern agricultural
technology diffusion improves resilience by enhancing agricultural technological
innovation capacity, increasing local government attention to agriculture, promoting
agricultural financial development, and improving urban—rural coordination. (3)
Heterogeneity analysis reveals that the positive impact of modern agricultural
technology diffusion is more pronounced in counties with labor outflow, in non-
major grain-producing regions, in the second and third batches of National Modern
Agricultural Demonstration Zone, in Han Chinese districts, and in counties with
higher levels of education. (4) Kernel density analysis demonstrates that modern
agricultural technology diffusion has contributed to narrowing the disparities
in agri-food system resilience across counties. These findings provide valuable
empirical evidence and policy insights for developing countries seeking to bolster
agri-food system resilience and safeguard food security.

KEYWORDS

modern agricultural technology, promotion and adoption, National Modern
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1 Introduction

In recent years, the increasing frequency of extreme weather events and the rapidly
evolving domestic and international trade environments have posed significant challenges to
food security (1). In 2018, for instance, extreme heat and drought conditions caused cereal
production in Europe to fall below the average level of the preceding 5 years. Current long-
term projections indicate that global temperatures are rising by about 0.2 °C per decade,
implying that such declines in crop yields are likely to persist (2). Moreover, rural infrastructure,
agricultural machinery, and farm property are also exposed to damage during use, particularly
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under severe shocks. In such cases, the safety of agricultural
production and the stability of agricultural supply chains may suffer
devastating impacts (3-5).

Despite the rapid development of many developing countries, the
most formidable and pressing challenges remain concentrated in rural
areas (6). When major shocks occur, these risks can have devastating
impacts on the safety of agricultural production. In response to these
persistent external shocks, many developing countries have accelerated
the pace of agricultural modernization in an effort to address the
growing difficulties and uncertainties in agricultural development.
However, agri-food production systems continue to show vulnerability
when confronted with such risks (7, 8). Enhancing agri-food system
resilience is therefore essential for mitigating disruptions in food
supply, maintaining food quality, and ensuring food security (9, 10).
Strengthening the capacity of agricultural production to cope with and
recover from risks has become an urgent priority. This objective is
closely aligned with the concept of agri-food system resilience, which
empbhasizes the ability of production systems to re-sist disaster-related
shocks, adapt quickly, and return to a stable state. Such resilience plays
a key role in minimizing the negative effects of uncertainty and risk
on food security (11).

Ensuring food security and strengthening agri-food system
resilience are essential pathways for promoting comprehensive and
sustainable economic development in these regions. Rural
modernization is both a fundamental requirement and a necessary
condition for building strong agricultural sectors. Achieving this goal
requires integrated progress in both agricultural and rural
modernization. However, agricultural production is characterized by
long cycles and high dependence on natural conditions and climate
stability. In an increasingly volatile external environment, enhancing
the resilience of agri-food systems has become not only a critical issue
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but also a complex challenge (2). With the rapid advancement of
modern agriculture and the frequent occurrence of “black swan”
events, strengthening agri-food system resilience to ensure food
security has emerged as a focal point of attention for both
policymakers and scholars.

The term “resilience” originates from the Latin word resilire,
referring to the ability of a system or individual to recover or rebound
after experiencing shocks or disturbances (12, 13). While initially used
in physics, the concept was later introduced into ecology and, in
recent years, has been increasingly applied in the field of agricultural
development (3, 14-18). Agri-food systems, as a type of socio-
ecological system, embody this concept. A resilient agri-food system
can absorb greater levels of disruption while maintaining adaptability
and long-term sustainability (19, 20). Agri-food system resilience
refers to the capacity of such systems to withstand, recover, adapt, and
transform when confronted with disturbances. In the field of resilience
research, agri-food systems exhibit distinct systemic characteristics.
The large population scale, combined with the coexistence of
household-based farming and commercial agricultural production,
poses additional difficulties and challenges for strengthening agri-
food system resilience (21, 22).

Currently, a considerable number of scholars empirically analyze
agri-food system resilience by constructing evaluation indicator
frameworks (23). The indicator system approach has become
mainstream, with measurement dimensions becoming increasingly
well-defined. Existing literature predominantly measures and studies
agri-food system resilience from three dimensions: resistance,
recovery, and innovation capacity. Regarding the factors influencing
the agri-food system resilience, the roles of the digital economy (24),
infrastructure development (25, 26), industrial integration (27),
collaborative capacity (28), labor force (29), agricultural practices (30),
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organic farming (31), climate change (32), and policy adjustments
(33) have been widely recognized. Existing research consistently
demonstrates that these factors play a positive role in enhancing the
resilience of the agricultural economy.

In addition, the influence of the number of women farmers and of
regions with concentrated ethnic minority populations on agricultural
economic resilience should not be overlooked. On the one hand, with
the progress of urbanization and industrialization, a large share of rural
male labor has migrated to cities, leaving women farmers as the primary
agents of agricultural production and livelihood. Their role has become
crucial for agricultural development and for strengthening the resilience
of agri-food systems. The contribution of women who remain in rural
areas has attracted extensive scholarly attention (34-36). Most scholars,
using surveys and interviews, have conducted in-depth investigations
into how women farmers across different districts affect agricultural
resilience (37, 38). Through knowledge sharing, institutional
improvements, and access to resources, they have constructed
agricultural intervention systems that reduce production risks at the
household level and enhance the regional capacity to respond to
agricultural shocks (39). When modern agricultural technologies are
promoted and adopted, women farmers are able to compensate for
physical disadvantages, alleviating the problem of insufficient labor
capacity they often face. This effectively prevents the decline in yields
that could result from male labor loss, thereby stabilizing agricultural
production and further improving agricultural resilience.

On the other hand, districts inhabited predominantly by ethnic
minorities exert multiple influences on agricultural resilience through
their distinctive cultural traditions, social structures, and geographical
environments. In China, such districts are often located in peripheral
mountainous areas, plateaus, or ecologically fragile zones, where
agricultural systems are characterized by ecological sensitivity, cultural
uniqueness, and socioeconomic underdevelopment. In earlier studies,
some scholars focused on issues of ethnic hegemony. In recent years,
increasing scholarly attention has been devoted to the positive
contributions of ethnic minority districts to agricultural development.
Yang et al. (40) argued that optimizing the integration of agriculture and
tourism can facilitate the complete eradication of poverty and promote
sustainable development in these areas. Our research focuses more
specifically on the promotion and adoption of modern agricultural
technologies and their implications for agri-food system resilience. The
diffusion of modern agricultural technologies is expected to enhance
the adaptive and transformative capacities of agricultural systems in
ethnic minority districts. Such diffusion can alter traditional crop
varieties and farming practices that have long been shaped by natural
selection, thereby contributing to greater resilience in agri-food
systems. Nevertheless, compared with Han-majority districts, ethnic
minority districts face greater challenges, require longer time horizons,
and exhibit certain delays in improving agri-food system resilience
through the adoption of modern agricultural technologies.

Many studies have also recognized the important role of
agricultural modernization in enhancing agri-food system resilience
(41, 42). Strengthening the promotion and adoption of modern
agricultural technologies helps to extend the agricultural innovation
chain and accelerate the transformation of scientific and technological
achievements (43, 44). It is a key measure for improving agricultural
technology and advancing agricultural and rural modernization (45).
As the foundation for ensuring the stable supply of food and major
agricultural products, agricultural modernization plays a critical role
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in improving agri-food system resilience. However, farmers often
show strong self-selection in adopting agricultural technologies,
making it challenging to scientifically evaluate the impact of modern
agricultural technology promotion and adoption on agri-food system
resilience. Existing literature mainly focuses on the effects of modern
agricultural technologies on farmers’ income or the process of
technological innovation (46-48). Some studies emphasize how to
increase farmers adoption rates of modern technologies (49).
However, they have overlooked the impact of promoting and applying
modern agricultural technologies on agri-food system resilience.

Under increasingly complex external risks, the promotion and
adoption of modern agricultural technologies offer new possibilities for
effectively addressing uncertainties related to the economy, climate, and
environment. In the process of enhancing agri-food system resilience,
advancing rural revitalization, and accelerating the development of a
strong agricultural sector, modern agricultural technology plays a vital
role. Whether the promotion and adoption of modern agricultural
technologies can improve agri-food system resilience to mitigate
potential losses from external shocks, and what mechanisms are involved
in this process, are key questions. Therefore, exploring the relationship
between the promotion and adoption of modern agricultural
technologies and agri-food system resilience holds significant theoretical
and practical value for ensuring food security, effectively responding to
risk shocks, and achieving stable production and increased income.

In 2010, the Chinese agricultural sector initiated the pilot program
of establishing National Modern Agricultural Demonstration Zone
(NMADZ) in batches. This pilot policy primarily focused on the
diffusion and application of agricultural technologies, particularly
modern agricultural machinery. Since the NMADZ were introduced
in stages and gradually expanded to additional regions, the process not
only created comparable treatment and control groups but also allowed
for the gradual transformation of control groups into treatment
groups. Under otherwise comparable conditions, this provided a
valuable quasi-natural experiment for scientifically assessing the
income-enhancing effects of modern agricultural technology diffusion.
However, existing studies on agri-food system resilience in China have
largely concentrated on major grain-producing regions, without
sufficient attention to county-level heterogeneity or the role of specific
influencing factors. Building on the quasi-natural experiment of
China’s NMAD?Z, this study matches pilot program data with county-
level statistical data and employs a difference-in-differences (DID)
model to rigorously evaluate the effects and mechanisms of modern
agricultural technology diffusion on the agri-food system resilience in
China. The findings provide valuable empirical evidence and policy
insights for strengthening agri-food system resilience and safeguarding
food security in developing countries.

The marginal contributions of this paper are mainly reflected in
the following three aspects: First, this study presents an innovative
research perspective by integrating the promotion and adoption of
modern agricultural technologies into the analytical framework of
agri-food system resilience. At the theoretical level, it develops a
strategic game model among counties to explore interregional
interactions. Empirically, using the NMADZ pilot policy as a policy
shock, the study employs a multi-period DID model to rigorously
assess the impact of modern agricultural technology promotion and
adoption on agri-food system resilience. The findings provide novel
empirical evidence for effectively enhancing agri-food system
resilience under the new development paradigm.
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Second, this study investigates the intrinsic mechanisms through
which the promotion and adoption of modern agricultural
technologies influence agri-food system resilience. It finds that the
NMADZ pilot policy significantly enhances resilience by
strengthening agricultural innovation capacity, increasing local
governments’ focus on agriculture, promoting agricultural financial
development, and optimizing urban-rural coordination.

Third, this study goes beyond the conventional approach of
measuring agricultural economic resilience solely from the perspectives
of resistance, recovery, and innovation. Grounded in the national strategy
of accelerating the development of a strong agricultural sector and guided
by the need to enhance the agri-food system resilience, it enriches the
literature on the impact of modern agricultural technology diffusion on
agri-food system resilience. This study provides valuable policy insights
for the design of pilot programs for NMADZ in developing countries,
accelerating the promotion and adoption of modern agricultural
technologies, enhancing agri-food system resilience, and safeguarding
food security. It holds significant practical implications for expediting the
improvement of agri-food system resilience in developing countries.

2 Theoretical analysis and research
hypotheses

2.1 Direct impact of modern agricultural
technology promotion and adoption on
agri-food system resilience: an
evolutionary game analysis

In the initial stage of establishing the NMADZ, significant
heterogeneity existed across counties in their understanding of the
program’s objectives and the promotion and adoption of modern
agricultural technologies. This variation was further compounded by
the lack of comprehensive policy and technical support, resulting in
uneven implementation and the absence of a unified standard for
evaluating the actual effectiveness of the NMADZ. Moreover, the
promotion and adoption of modern agricultural technologies often
involve conflicting interests and responsibilities among multiple
stakeholders, particularly the tension between pursuing short-term
individual gains and enhancing long-term risk resilience. Therefore,
the trade-off between benefits and costs becomes a critical factor in
the technology promotion and adoption process.

Evolutionary game theory offers unique advantages in examining
multi-agent decision-making, as it enables the analysis of both
dynamic evolutionary processes and strategic agent choices (50). The
implementation of the NMADZ policy is itself a dynamic evolutionary
process. This study innovatively applies evolutionary game theory to
investigate how the promotion and adoption of modern agricultural
technologies under this policy influence agri-food system resilience
(51). Drawing on the studies by Zhang et al. (52) and Zhang et al. (53),
the evolutionary game process of modern agricultural technology
adoption among counties can be described as follows:

2.1.1 Participants and strategies

County 1 and County 2 serve as the two strategic players. Each
county has two available strategies: to promote and apply modern
agricultural technologies, or not to do so. The payoffs differ depending
on the chosen strategy, thus forming a game-theoretic relationship
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between the two counties. Both counties make decisions

simultaneously, with no sequential order of moves.

2.1.2 Payoff matrix
The payoff matrix for the game between County 1 and County 2
is presented in Table 1.

2.1.2.1 Parameter definitions

R>0: The county’s capacity to withstand risks when using
traditional  agricultural technologies prior to adopting
modern technologies.

S, > 0: The increase in returns from enhanced risk resilience after
promoting and applying modern agricultural technologies.

C, > 0: The cost associated with promoting and applying modern
agricultural technologies.

S, > 0: The loss in returns incurred by counties that have not
promoted or applied modern agricultural technologies when
facing risks.

C, > 0: The additional cost incurred when fewer counties promote
and apply modern agricultural technologies, increasing the marginal
cost of adoption.

As shown in the payoff matrix above: when both County 1 and
County 2 promote and apply modern agricultural technologies, each
county enhances its risk resilience, gaining an additional benefit of S1
on top of its original risk resistance capacity R. However, this also
incurs a cost C, associated with the adoption of modern technologies.
In this case, both counties receive a net payoft of R + S,-C,.

If County 1 promotes and applies modern agricultural
technologies while County 2 does not, County 2 experiences a loss of
benefits amounting to S,, which is effectively transferred to County 1.
Meanwhile, County 1 bears an additional cost C, due to being the sole
adopter. Thus, County 1’s final payoff is R + S, + S,-C,-C,, while
County 2’s payoff is reduced to R-S,. The reverse situation yields
symmetric results.

If neither County 1 nor County 2 promotes and applies modern
agricultural technologies, both retain their original benefits, and each

receives a payoff of R.

2.1.3 Evolutionary game process

Let p denote the proportion of counties that promote and apply
modern agricultural technologies, and (1— p) denote the proportion
of counties that do not. The expected payoff for counties that adopt
the technology is denoted as £, as shown in Equation (1); while the
expected payoft for those that do not adopt is denoted as £, as shown
in Equation (2). The average payoff across the entire population is
represented by y, as shown in Equation (3).

w=p(R+8-C)+(1-p)(R+85+$-C-C,) (1)
tr=p(R=8)+(1-p)R 2

TABLE 1 Payoff matrix between County 1 and County 2.

County 2

Promote Not promote

Promote R+S,-C; R+ S,-C, R+S,+5S,-C,-C; R-S, ‘

Not promote R-S;; R+ S, +S,-C,-C, R;R ‘
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u=pu+(1-p)
=p(p(R+Sl—C1)+(1—p)(R+Sl+SZ—Cl—Cz)) (3)
+(1=p)(p(R—=S,)+ (1~ p)R)

Based on the payoffs described above, the corresponding replicator
dynamic equation can be formulated as shown in Equation (4):
dp
E(p) EZP(M —u)=p(1-p)(tn-12)

B @
:P(l_p)(pCZ_Cl_CZ +Sl+82)

The replicator dynamic equation yields stable equilibrium
solutions, which are as follows:

* CG+C-85-%

*=0,p" =1,
p p p I

C1+C2—Sl—52 <
G

Where 0 < 1

The above three equilibrium points do not necessarily ensure
system stability; only those that satisfy the condition F'( p*)<0
constitute evolutionarily stable strategies. The corresponding results
are calculated as follows:

F'(O):SI+SZ—C1—C2

F(1)=C-$ -5,

[ GG =8-$) (5145 -G)(G+C -8 -5)
G G

2.1.4 Analysis of evolutionary game results
The analysis proceeds based on the underlying assumptions of the
game. In the first scenario, when §; + S, < C;, with F '(O) <0, F'(l) >0

CG+C-85-5,
G

% _C1+C2—Sl—32

p G

and F'[ j<0, the conditions p*:O and

represent evolutionarily stable strategies in the

true sense. This outcome is illustrated in Figure la. This indicates that
when the cost of promoting and applying modern agricultural
technologies is relatively high, counties tend to adopt the more
conservative strategy of not promoting such technologies. In the
second scenario, when C; <S; +S,, with F’(0)<0, F'(1)<0 and

F(Q+Q—&—&

C J> 0, the conditions p* =0 and p* =1 represent
2

evolutionarily stable strategies in the true sense. This outcome is
illustrated in Figure 1b. This suggests that when the benefits of
promoting and applying modern agricultural technologies are
sufficiently high, the mixed strategy becomes unstable, and counties
will ultimately converge to a pure strategy. In summary, increasing the
risk-resilience benefits associated with the adoption of modern
agricultural technologies and reducing the associated costs both
contribute to enhancing counties’ ability to withstand risks, thereby
strengthening agri-food system resilience at the county level.
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FIGURE 1
Phase diagrams of the evolutionary game dynamics. (a) Scenario 1.
(b) Scenario 2.

In practice, the establishment of NMADZ, has significantly
promoted the widespread adoption of modern agricultural
technologies by creating the conditions necessary for their routine
implementation and by reducing associated adoption costs. Moreover,
the integration of production, education, and research has enhanced
the capacity of these zones to introduce, integrate, apply, and
disseminate new varieties, technologies, and equipment. The
promotion and adoption of modern agricultural technologies have
accelerated the transformation of scientific and technological
achievements, driven agricultural technological progress, optimized
industrial structures, and fostered innovations in organizational and
management practices. These efforts have substantially improved land
productivity, resource-use efficiency, and labor productivity, thereby
enhancing  the  overall quality and efficiency of
agricultural development.

Based on the above analysis, this study proposes the following

testable hypothesis:

HI: The promotion and adoption of modern agricultural technology
contributes to the improvement of Agri-food system resilience.

2.2 The indirect impact of modern
agricultural technology promotion and
adoption on agri-food system resilience

Traditional agricultural development has long relied on

extensive input of natural resources. However, due to the limitations
of these resources, this model has led to increasing resource
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constraints, weakening the resilience of agriculture. Agricultural
modernization represents a shift from traditional labor-intensive
practices to modern technology-intensive approaches (54). In the
context of modern agricultural technology promotion and adoption,
modern technologies are introduced into agricultural production as
new types of production inputs (55). According to resource
allocation theory, the application of modern agricultural technology
helps establish a more efficient resource allocation system,
promoting the flow and sharing of key factors such as land and labor
(56,

modern agricultural technologies but also strengthens the

). This system not only enhances the marginal returns of

interaction among existing agricultural resources. Based on existing
literature and the focus of this study, the impact mechanisms of
modern agricultural technology promotion and adoption on agri-
food system resilience can be divided into four main aspects, as
shown in .

First, agricultural technology is an essential safeguard for
farmers’ production activities. Advances in agricultural technology
contribute to improving production efficiency and are crucial for
enhancing the productivity, sustainability, and resilience of food
production, as well as for strengthening the overall contribution of
agriculture to the economy (58). In practice, the Ministry of
Agriculture and Rural Affairs of China introduced 80, 100, and 103
recommended technologies for the NMADZ in 2010, 2012, and
2015, respectively. These include soil testing and formula
fertilization, straw bio-reactor technology, and ecological crab
farming technology. For example, in 2012 the Panshan County
NMADZ in Liaoning Province pioneered an efficient three-
dimensional ecological integrated farming model that resolved the

10.3389/fnut.2025.1677104

conflict between fertilization and pesticide application in rice-crab
cultivation, achieving a profit of 2,200 yuan per mu and extending
demonstration and promotion to an area of more than one million
mu both within and outside the province. Therefore, the promotion
and adoption of modern agricultural technologies can enhance
agricultural technological innovation capacity and thereby
strengthen agri-food system resilience. The diffusion of modern
agricultural technologies enhances innovation capacity in
agriculture, thereby improving the agri-food system resilience. On
one hand, according to the theories of technology adoption and
innovation diffusion, the advantages of agricultural innovation-such
as higher productivity, lower labor costs, and increased yields-
promote the free flow of key production factors like labor, capital,
and information (59). The application of modern agricultural
technology encourages specialization and boosts innovation,
generating positive external effects such as better resource
allocation, improved industrial structure, and higher production
efficiency (60).

On the other hand, diversified industrial development is both a
result of agricultural technological innovation and a key strategy for
risk dispersion and enhanced adaptability within agricultural systems.
Diversification improves the efficiency and effectiveness of recovery
after external shocks, strengthening the system’s ability to reorganize
resources and restructure to adapt to new environments-that is,
increasing the adaptive capacity of agricultural development.
Technological innovation also drives changes in farming models,
enabling agriculture to quickly shift away from existing growth paths
when facing shocks, explore new development directions, and
enhance its capacity for innovation and transformation (61).

Agricultural Modernization

Modern Agricultural Technology Promotion and Adoption

/Indirect \
‘Impact/
/2 \
| |
q | |
lltl/?tg)nal | Agricultural Local Acricultural |
odem I | Technological Government 8! . Urban-Rural | | ——
Agricultural ' : . Financial . | (Direct
D N I Innovation Attention to Development Coordination | Impact
emonstration | Capacity Agriculture p LT
Zone : [
|
\\ )

-~ ~
/Indirect
Impact/

Agri-food System Resilience

Food security

FIGURE 2

Mechanism of modern agricultural technology promotion and adoption on agri-food system resilience.
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According to endogenous growth theory, agricultural innovation is a
fundamental driver of improved agri-food system resilience.
Moreover, the NMADZ, supported by favorable policy environments,
are well positioned to introduce more advanced production
technologies, management practices, and modern agricultural
methods. Based on the above analysis, this study proposes the
following hypothesis:

H2a: The promotion and adoption of modern agricultural
technology enhances Agri-food system resilience by strengthening
agricultural innovation capacity.

Second, the promotion and adoption of modern agricultural
technology can enhance agri-food system resilience by increasing
local governments’ attention to agriculture. Government decisions are
often driven by attention, which reflects policymakers’ focus on
specific issues (58, 62). As this attention shifts, government policies
tend to adjust accordingly. The direction of attention implies that areas
receiving more focus from the government are likely to receive more
resources (63, 64). As agricultural modernization and the promotion
and adoption of modern agricultural technologies have become
critical levers for enhancing agri-food system resilience and ensuring
food security, the central government has prioritized agricultural
development by highlighting its strategic importance in government
work reports and national development plans. The establishment of
NMADZ by the central government reflects this strategic orientation.
It aligns with broader trends in agricultural development and plays a
crucial role in standardizing the development of NMADZ while
serving as a model and catalyst for advancing modern agriculture
(65). In response, local officials, aiming to align with higher-level
priorities and succeed in inter-regional competition, tend to follow the
guidance of central government reports and plans. This increases local
government attention to agriculture, promotes the implementation of
modern agricultural technologies at the local level, and provides
strong policy support for improving agri-food system resilience. Based
on the above analysis, this study proposes the following hypothesis:

H2b: The promotion and adoption of modern agricultural
technology enhances agri-food system resilience by increasing local
government attention to agriculture.

Third, the promotion and adoption of modern agricultural
technology can enhance agri-food system resilience by promoting the
development of agricultural finance. As agricultural finance continues
to develop, its positive impact on agricultural production highlights
the importance of inclusive financial development (66). Inclusive
finance expands the coverage and accessibility of financial services in
agriculture and lowers entry barriers, thereby improving the allocation
of financial resources and supporting the growth of key agricultural
and major grain-producing regions (67). Agricultural finance can
enhance farmers’ capacity to withstand risks by breaking information
barriers, alleviating financial constraints, reducing poverty
vulnerability, and improving access to financial resources (68-70).
From the perspective of information asymmetry, agricultural finance
helps reduce search and transaction costs by providing more accessible
information on financial products and services. Financial institutions
are better able to identify and assess financing needs in rural areas,

offering more targeted services to farmers (71).
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In addition, risk management theory provides a useful
framework for understanding the role of agricultural finance in
agricultural production. By reducing uncertainty and easing the
financial burden on farmers, agricultural finance supports
technological innovation and encourages the adoption of modern
agricultural technologies, which in turn enhances agri-food system
resilience (72, 73). Moreover, the promotion and adoption of
modern agricultural technologies helps develop agricultural finance
by encouraging the use of mechanization to replace scarce labor,
reducing labor costs, improving productivity, and strengthening the
capacity of agricultural systems to cope with external shocks. This
process also contributes to rural economic growth and improved
agricultural production efficiency, further supporting agri-food
system resilience. Based on the above analysis, this study proposes
the following hypothesis:

H2c: The promotion and adoption of modern agricultural
technology enhances agri-food system resilience by promoting the
development of agricultural finance.

Fourth, the promotion and adoption of modern agricultural
technology can enhance agri-food system resilience by improving
urban-rural coordination. One of the key obstacles to coordinated
urban-rural development is the limited flow of production factors.
From the perspective of capital competition theory, rural areas are at
a clear disadvantage when competing with urban areas, leading to a
greater concentration of resources in cities and non-agricultural
sectors. This results in significant resource shortages in rural regions
and restricts their development (74, 75). Rural areas face relatively
weak infrastructure and increasingly severe aging problems, while
urban-rural income inequality poses significant challenges to
agricultural development (76). Therefore, addressing the resource
disadvantages faced by rural areas is essential for promoting balanced
urban-rural development (77).

The development of NMADZ and the promotion and adoption
of modern agricultural technologies have reshaped the resource
competition landscape between urban and rural areas. With the
widespread adoption of new technologies, modern agricultural
technology promotion and adoption is becoming a key force in
advancing rural revitalization and urban-rural integration,
offering new opportunities for building a development model
where urban areas support rural progress and both share the
benefits (78).

The promotion and adoption of modern agricultural
technology contributes to urban-rural coordination by narrowing
income gaps, promoting deeper integration of industrial chains,
and improving agricultural productivity (79). Through access to
information and communication technologies, farmers are better
able to acquire knowledge about agricultural production and new
technologies. This allows them to choose more efficient farming
methods, techniques, and crop varieties, gradually improving
productivity and thereby strengthening Agri-food system
resilience. Based on the above analysis, this study proposes the
following hypothesis:

H2d: The promotion and adoption of modern agricultural

technology enhances agri-food system resilience by improving
urban-rural coordination.
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3 Research design
3.1 Data sources

This study employs panel data from 2,312 county-level
administrative districts in China covering the period 2006-2023 to
examine the impact and underlying mechanisms of the NMADZ
policy on agri-food system resilience. The NMADZ represents a
gradually implemented policy, which provides a favorable quasi-
natural experimental setting for evaluating policy effects using a
multi-period difference-in-differences approach. Specifically, a total
of 283 counties were designated as pilot zones in three batches in 2010,
2012, and 2015, forming the intervention group, while counties
without NMADZ designation served as the control group. Based on
these data, we applied the multi-period difference-in-differences
method to estimate the policy’s effects on agri-food system resilience.

Due to data availability constraints, counties with severe data
deficiencies, such as Suixian and Hengnan, were excluded from the
analysis. The data used in this study were primarily obtained from
official and authoritative sources, including databases released by the
National Bureau of Statistics of China, statistical reports from
provincial bureaus, the China Rural Statistical Yearbook, and the China
County Statistical Yearbook. To ensure data completeness and maintain
research quality, missing values were scientifically and reasonably
supplemented using interpolation methods.

3.2 Model specification

This study employs a multi-period DID model to empirically
examine the impact of modern agricultural technology promotion and
adoption on agri-food system resilience. The DID model, based on a
quasi-natural experiment, effectively addresses estimation bias caused by
endogeneity, thereby ensuring a more accurate identification of causal
relationships. The multi-period DID approach is well suited to policies
implemented in stages. It enables the observation of policy effects through
empirical analysis, helps identify potential biases during the policy
diffusion process, and allows for the examination of dynamic trends
before and after the policy (80). Using the rollout of this policy starting in
2010 as an exogenous shock, and following the methodology of Li et al.
(81), the multi-period DID model is constructed as shown in Equation (5):

RESI;, = a, + ayPOLICY;, + ot Xy + gt + v, + &3 (5)

In the model, i represents the county, t represents the year, RESI;
is the dependent variable, and POLICY}; is the independent variable
used to capture the exogenous impact of the NMADZ policy.
Specifically, POLICY;; =treat; x post; represents the interaction term
of the NMADZ policy, where treat; is the dummy variable for the
intervention group and post; is the dummy variable for time. If a county
was included in the pilot list of the NMADZ policy in year ¢, then in
year t and subsequent years POLICY;; = otherwise, POLICY;, = 0. X;t
is a vector of control variables, including income level, sown area,
agricultural production foundation, level of agricultural modernization,
grain production, and agricultural investment. z; denotes county fixed
effects, v; denotes year fixed effects, and &;; is the error term.
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3.3 Variable definitions

3.3.1 Dependent variable

Agri-food system resilience (RESI;). Drawing on the
counterfactual measurement approach, this study takes the state of the
agricultural system on the eve of the 2008 global financial crisis as the
ideal baseline. Agri-food system resilience is measured by the
difference between the actual and expected growth rates of economic
indicators such as agri-food output and employment (82, 83). Based
on the static Verdoorns law, a spatial autoregressive model is
constructed to examine the spatial dependence of agricultural
employment across regions. The specific calculation formula is
as follows:

Inx; =g+ pWlnx; +ylnx, )+ Slny, + & (6)

In the model, x; denotes the level of agricultural employment and
is measured by the number of people engaged in farming, forestry,
animal husbandry, and fishery, with data obtained from the National
Bureau of Statistics of China. y; denotes the total level of agri-food
output and is measured by the added value of the primary industry,
which comprises agriculture, forestry, animal husbandry, and fishery,
and the corresponding data are also sourced from the National Bureau
of Statistics of China.Wlnx; captures the spatial lag effect of
agricultural employment in neighboring regions, and &; is the random
disturbance term. Following the method of Doran and Fingleton (84),
Equation 6 is estimated using the difference GMM approach.
Furthermore, since the first batch of NMADZ was established in 2010,
the year 2006 is selected as the baseline in order to establish a clear
pre-policy window. Based on the actual agricultural output growth
data of each county, the counterfactual output growth rate, which
represents the rate that would have occurred in the absence of external
shocks, is estimated (85). In addition, the counterfactual agricultural
labor productivity, which refers to the productivity level in the absence
of external shocks, is also inferred for each county.

Drawing on the discussion by Martin et al. (86) on economic
resilience, this study defines agri-food system resilience as the
extent to which the potential growth rate of agriculture can
be maximized under external shocks. It is measured by the
difference between the actual potential growth rate and the
counterfactual potential growth rate. To calculate this, the study
applies the HP filter to estimate both the actual and counterfactual
potential growth rates, using their difference to assess agri-food
system resilience across regions.

3.3.2 Independent variable

The core independent variable is the interaction term POLICY};
representing the NMADZ policy. Treating the policy as a quasi-
natural experiment, the core explanatory variable is expressed as the
interaction treat; x post; between a dummy variable indicating
whether a county is designated as a NMADZ and a dummy variable
indicating the period of participation. If a county is included in the list
of NMADZ in a given year, the variable takes the value of 1 for that
year and the years that follow; otherwise, it takes the value of 0. The
list of demonstration zones is obtained from the official website of the
Ministry of Agriculture and Rural Affairs of China. Based on the
release dates published by the Ministry, the years 2010, 2012, and 2015
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correspond to the first, second, and third batches of designated pilot
zones, respectively.

The regional distribution of the first, second, and third batches
of NMADZ is shown in Figure 3. As illustrated, the first batch of
demonstration zones was relatively evenly distributed across
provinces. Sichuan Province, which is the only major grain-
producing region in western China, received a relatively large
number of demonstration zones in the first batch, and these zones
were more spatially clustered. In comparison, the second and third
batches were mainly located in the eastern regions of China. It is
important to note that the demonstration zones across the three
batches exhibit strong spatial clustering. Most of the zones
established in the second batch are adjacent to those from the first
batch, and the third batch is largely concentrated near the zones
from the previous two batches.

10.3389/fnut.2025.1677104

3.3.3 Control variables

In addition to the policy’s impact on agri-food system resilience,
it is necessary to control for other factors that may influence resilience.
Compared with earlier studies that may have overlooked certain
variables (87-89), this study enhances analytical rigor by controlling
for potential influencing factors from multiple dimensions. In
particular, we pay close attention to incorporating variables related to
natural shocks and systematically control for a range of confounding
factors that could simultaneously affect both policy implementation
and outcomes, as described below:

1 Income level (Inincome). As rural living standards improve,
demand for modern agricultural technologies and higher agri-
food system resilience also increases. This is measured by the
per capita disposable income of rural residents.
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Spatiotemporal dynamics of the NMADZ. (a) NMADZ established in 2010. (b) NMADZ established in 2012. (c) NMADZ established in 2015. (d) NMADZ
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Sown area (Insown-area). Sown area reflects the scale and
structure of agricultural production and is measured by the
total sown area of crops.

Agricultural production foundation (Infoundation). Cultivated
land is the fundamental resource for agricultural production.
This is measured by the area of commonly used arable land
(in hectares).

Level of agricultural modernization (Inmodernization). Facility
agriculture, supported by technology, represents the direction
of modern agricultural development. This is measured by the
land area used for facility agriculture.

Grain production (Inproduction). Grain output reflects the
level of agricultural development and supply capacity. The
promotion and adoption of modern agricultural technologies
can increase total grain production, thereby affecting agri-food
system resilience. This is measured by total regional
grain output.
Agricultural  investment (Ininvestment).  Agricultural
investment is an important support for agricultural
modernization. This is measured by rural fixed asset investment.
Precipitation (Inprecipitation): Precipitation serves as a
fundamental indicator for assessing extreme weather events
and is measured by the average precipitation in each region.
Low temperature (Inlow-temperature): Low temperature is
measured by the area affected, expressed in hectares, as a result
of damage caused by low temperatures.

Wind and hail (Inwind-hail): Wind and hail are measured by
the area affected, expressed in hectares, as a result of damage

caused by wind and hail.

3.3.4 Descriptive statistics of variables

Table 2 presents the descriptive statistics of the main variables.
The mean represents the average level of each variable, the minimum
shows the lower bound of the observed values, and the maximum
indicates the upper bound. The results reveal that the mean of agri-
food system resilience (RESI) is —0.5407, with a range from —22.2660
to 22.6986, suggesting that there is no pronounced disparity in agri-
food system resilience across the country. The mean of the interaction
term for the NMADZ policy (POLICY) is 0.1029, indicating that

TABLE 2 Variable definitions and descriptive statistics.

10.3389/fnut.2025.1677104

10.29% of the sample was treated, and the proportion of treated
observations to the control group is relatively balanced. The control
variables also exhibit notable individual differences, implying that the
sample as a whole has good discriminatory power. The descriptive
statistical results of the variables are reported in Table 2.

Table 3 presents the differences between the treatment group
and the control group. Before the policy implementation, that is,
during 2006-2009, the mean agri-food system resilience of the
treatment group (Ty.,.) was —0.7007, and that of the control group
(Coefore) was —0.7082. This indicates that prior to the implementation
of the NMADZ policy, the agri-food system resilience of the
treatment and control groups was nearly identical, demonstrating
that the two groups were comparable and satisfying the parallel
trend assumption of the DID approach. After the policy
implementation, the mean agri-food system resilience of the
treatment group (T,z.,) and the control group (C,.,) both increased,
but the increase was greater in the treatment group. The absolute
difference between the two groups widened from 0.0075 before the
policy to 0.0342 after the policy, suggesting that the implementation
of the NMADZ policy exerted a positive impact on agri-food
system resilience.

4 Empirical analysis
4.1 Baseline regression

Based on model (1), the empirical analysis examines the impact of
modern agricultural technology promotion and adoption on agri-food
system resilience, and the benchmark regression results are reported in
Table 4. Specifically, without controlling for related variables, the
estimated coeflicient of the interaction term for the NMADZ policy is
0.1887 at the 1% significance level, indicating that the promotion and
adoption of modern agricultural technologies induced by this policy
increased agri-food system resilience by 18.87%. After controlling for
related variables, the regression coeflicient of the interaction term is
0.1531 at the 1% significance level, showing that the policy-driven
promotion and adoption of modern agricultural technologies
enhanced agri-food system resilience by 15.31%. This result

Variable Obs. Mean Standard Minimum Maximum
deviation
RESI 41,616 —0.5407 3.2404 —22.2660 22.6986
POLICY 41,616 0.1029 0.3039 0.0000 1.0000
Inincome 41,616 8.7201 0.6960 6.3733 10.6946
Insown-area 41,616 3.6669 1.1327 0.0000 6.3891
Infoundation 41,616 10.1164 1.2868 1.0986 13.1189
Inmodernization 41,616 5.9397 1.8514 0.6931 12.0952
Inproduction 41,616 11.6881 1.5142 0.0000 15.1077
Ininvestment 41,616 12.6557 1.5614 1.6094 17.6117
Inprecipitation 41,616 0.0030 0.0015 0.0002 0.0088
Inlow-temperature 41,616 3.4659 1.7541 0.0953 6.5174
Inwind-hail 41,616 3.9819 1.4521 0.0000 6.7010
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TABLE 3 Differences between the treatment group and the control group.

Mean value
2006-2009

10.3389/fnut.2025.1677104

Overall mean

Policy-period

difference

2010-2023

Treatment group Tefore = —0.7007 Toper = —0.4697 Toefore = Taprer = —0.2310 —0.432
Control group Chepore = —0.7082 Cprer = —0.5039 Cueore = Cupier = —0.2043 —0.552
Difference (treatment-

Tyefore = Chegore = 0.0075 Topeer = Caprer = 0.0342 Difference-in-differences test —0.120%*
control)

Standard errors in parentheses *p < 0.1, **p < 0.05, **¥p < 0.01.

TABLE 4 Baseline regression results.

Variable (1) (2)
POLICY 0.1887%#%* 0.1531%%*
(0.0689) (0.0529)
Constant 4.5630%%* 0.68147%%*
(1.5606) (0.0072)
Control variable No Yes
Year fixed effect Yes Yes
County fixed effect Yes Yes
N 41,616 41,616
R 0.232 0.394

Standard errors in parentheses *p < 0.1, **p < 0.05, **¥p < 0.01.

demonstrates that, compared with non-pilot counties, the promotion
and adoption of modern agricultural technologies strengthened agri-
food system resilience in the pilot counties. The finding is consistent
with Hypothesis H1 and extends the perspective of existing research
(90, 91). Moreover, it is supported by other studies (12, 92).

4.2 Parallel trend test

The parallel trend test is a key identifying assumption of the DID
model. It requires that, in the absence of the NMADZ policy
intervention, the treatment and control groups would exhibit the same
trajectory in agri-food system resilience. Figure 4 presents the event-
study coefficients for each period along with their 95% confidence
intervals. In terms of statistical significance, the post-treatment
coefficients are positive and significant, indicating that the policy
shock exerts a measurable effect on the promotion and adoption of
regional agricultural enterprise activity and thus satisfies the parallel-
trends assumption. Moreover, the coefficients display an overall
upward trajectory, suggesting that the policy’s impact on agri-food
system resilience is both positive and sustainable.

Under the policy context of establishing NMADZ, increases in
farmers’ income lead to greater consumption of higher-quality food,
reflecting an optimization of the consumption structure. A rise in the
Engel coefficient indicates enhanced stability of food consumption,
which in turn reflects an improvement in farmers’ risk resilience.
Through the dynamic regression results of the Engel coefficient,
we examine the policy’s impact on rural household consumption
structure and the resilience of the agricultural economy. Table 5 shows
that all coeflicients in the pre-treatment period are statistically
insignificant, suggesting that there was no difference in the trend of
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Engel coefficients between the treatment and control groups before
the policy was implemented. This finding satisfies the parallel trends
assumption of the DID model and supports the causal interpretation
of the policy effect. The coefficient in the year of policy implementation
is 0.2745 and is not significant. The coeflicients for lag 1 and lag 2
increase significantly, indicating that the policy effect exhibits a one-
to two-year delay, which may be related to the gradual implementation
of agricultural technology diffusion and industrial chain integration.
The coeflicients for lag 3 through lag 6 further increase to the range of
0.6205 to 0.7225, with results being statistically significant. This
pattern demonstrates that the policy effect accumulates over time,
which is consistent with the theoretical expectation that NMADZ
gradually enhance agri-food system resilience.

However, some scholars have argued that pre-treatment trend tests
cannot serve as valid empirical evidence for the parallel trends
assumption (93). Traditional pre-treatment trend tests are statistically
low-powered and may introduce bias and distortion in estimation and
inference. To address this issue, Rambachan and Roth (94) proposed a
testing approach for situations where the parallel trends assumption may
be violated. The key idea is to conduct inference and sensitivity analysis
on the confidence intervals of post-treatment point estimates. The test
consists of two parts: first, constructing the maximum deviation from
parallel trends (Mbar); second, constructing the confidence intervals of
post-treatment point estimates corresponding to this degree of deviation.
If the confidence interval of the post-treatment estimates does not
include zero under the maximum deviation, it indicates that the
treatment effect is robust to violations of the parallel trends assumption.
Following the approach of Biasi and Sarsons (95), this study sets the
maximum deviation Mbar =1 x standard error to examine the
sensitivity of the treatment effect to the parallel trends assumption after
the implementation of the pilot policy. This approach to testing the
sensitivity of the parallel trend assumption is still rarely applied in the
existing literature. Our study presents in Figures 5-7 the results of
parallel trend sensitivity tests for the treatment effects of the second,
third, and fourth phases of policy implementation under constraints on
relative deviations. This practice greatly enhances the rigor and
transparency of the research and provides strong evidence that, within
the range of relative deviations, the positive effect of the NMADZ policy
on agricultural resilience after its implementation is highly robust and
successfully passes the parallel trend sensitivity test.

4.3 Test of heterogeneous treatment effects
When the treatment and control groups satisfy the parallel trend

assumption, the two-way fixed effects model is a commonly used
method for evaluating policy effects. However, recent studies indicate
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Results of the parallel trend test

that, in order to obtain an unbiased estimate of the average treatment
effect, the estimated coeflicient of the interaction term (POLICY) for
the NMADZ policy must also meet an additional condition beyond
the parallel trend assumption, namely that the treatment effect
remains constant both across groups and over time (96, 97). The
impact of modern agricultural technology promotion and adoption
on agri-food system resilience may vary across regions and periods,
and the estimated coefficient of the interaction term (POLICY) for the
“Later vs. Earlier Treated” comparison could introduce bias in the
policy evaluation. To address this concern, this study first applies the
Bacon decomposition method to test for the presence of negative
weight problems. The results show that the proportion of negative
weights from “Later vs. Earlier Treated” comparisons is only 2.1% (see
Table 6). This suggests that the risk of bias when using a two-way fixed
effects model to estimate the effect of modern agricultural technology
promotion and adoption on agri-food system resilience is low, and the
conclusions are robust.

4.4 Placebo test

To eliminate the influence of confounding factors, we conducted
arobustness check using a placebo test. Drawing on the distributional
characteristics of the DID variable, we randomly assigned treatment
status and performed 500 simulated placebo iterations of the above
DID analysis to demonstrate that our results are not driven by chance.
The findings, presented in Figure 8, show the distributions of the
estimated coeflicients and their p-values for the randomly generated
treatment groups. The simulated coeflicients closely follow a normal
distribution, fluctuate around zero, and lie well away from the baseline
estimate. This indicates that our identified policy effect is not
materially influenced by unobserved factors, offering further support
for the conclusion that the pilot policy enhances agri-food
system resilience.
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4.5 PSM-DID

Since the selection of counties for the NMADZ policy was not
random, this study adopts propensity score matching combined with
difference-in-differences (PSM-DID) and propensity score matching
with inverse probability weighting and difference-in-differences
(PSM-IPW-DID) to mitigate potential endogeneity problems arising
from self-selection bias and omitted variables in the pilot county
selection process. These methods ensure that, after matching, there are
no significant differences between the treatment and control groups.
By reasonably controlling for differences between pilot and non-pilot
counties, the tests are conducted, and the corresponding regression
results are presented in Table 7. The results show that under both the
PSM-DID and PSM-IPW-DID methods, the estimated coefficient of
the interaction term (POLICY) for the NMADZ policy remains
significantly positive, providing further confirmation of the reliability
of the estimation results.

4.6 Endogeneity test

To mitigate the potential endogeneity problem between NMADZ
and agri-food system resilience, we construct a second instrumental
variable by interacting county-level terrain flatness with the national
average mechanization level per mu. Terrain, as a natural endowment,
remains essentially unchanged over time and lacks dynamic variation,
whereas the national average mechanization level per mu has steadily
increased, reflecting technological progress at the national level. By
interacting these two variables, the instrumental variable incorporates
a macro-level temporal trend.

The validity of this construction rests on two key considerations.
First, relevance: the establishment of NMADZ requires favorable
natural terrain conditions. Counties with flatter terrain face lower
transportation and maintenance costs, achieve higher efficiency in
mechanized operations, and are thus more likely to adopt and promote
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TABLE 5 Parallel trends test and analysis of policy dynamic effects.

Variable Engel coefficient
(1)
Lead 6 —0.0035
(0.2260)
Lead 5 0.1945
(0.1960)
Lead 4 0.3070
(0.2140)
Lead 3 0.3605
(0.2440)
Lead 2 0.3070
(0.1885)
Lag0 0.2745%
(0.1605)
Lag 1 0.3640%%%
(0.1370)
Lag 2 044707
(0.1770)
Lag3 0.6205%%*
(0.1180)
Lag 4 0.6670%%%
(0.1485)
Lag5 0.7125%%*
(0.1575)
Lag 6 0.7225%%%
(0.1565)
Constant 3.2210%%*
(0.3377)
N 41,616
R 0.910

Standard errors in parentheses *p < 0.1, **p < 0.05, **¥p < 0.01.

technologies, thereby satisfying the relevance condition of the
instrumental variable. Second, exogeneity: county-level terrain
flatness is determined by natural geographic endowments and remains
stable over time, unaffected by policies or economic activities. The
national average mechanization level per mu represents the macro-
level trend of technological diffusion. After controlling for county
fixed effects and year fixed effects, the interaction term does not
directly affect the agri-food system resilience but influences it only
through the adoption of modern agricultural technologies.
Consequently, the instrumental variable is not systematically
correlated with the error term of the dependent variable, thereby
meeting the exogeneity requirement. Table 8 reports the instrumental
variable estimation results obtained using the two-stage least squares
(2SLS) method. The estimated coefficient of the interaction term
(POLICY) for the NMADZ policy is significantly positive, which is
consistent with the benchmark regression.
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4.7 Additional robustness checks

This study verifies the robustness of the benchmark regression
results through a series of tests, including changing the time
window, changing the fixed effects structure, controlling for the
impact of other pilot policies, applying quantile regression, and
performing winsorization. The findings indicate that after the
implementation of the NMADZ policy, the promotion and adoption
of modern agricultural technologies exert a positive effect on agri-
food system resilience. Due to space limitations, the detailed
procedures and results of the other robustness checks are presented
in the appendix of the Supplementary material, including
Appendix Tables A1, A2.

5 Further analysis
5.1 Mechanism test

As discussed in the previous theoretical analysis, the promotion
and adoption of modern agricultural technology may enhance agri-
food system resilience through several channels: strengthening
agricultural technological innovation capacity, increasing local
government attention to agriculture, promoting agricultural financial
development, and improving urban-rural coordination.

5.1.1 Enhancing agricultural technological
innovation capacity

To measure agricultural Technological innovation capacity, this
study uses the number of granted valid agricultural invention patents
(98-100). The regression results are reported in column (1) of Table 9.
The estimated coeflicient of the interaction term (POLICY) for the
NMADZ policy is significantly positive, indicating that the rapid
development of modern agriculture enhances agricultural
technological innovation capacity, facilitates the promotion and
adoption of modern agricultural technologies, and strengthens agri-
food system resilience. Taken together, these findings support
Hypothesis H2a. Our conclusion is further supported by Wan

etal. (101).

5.1.2 Increasing local government attention to
agriculture

When a region places greater importance on agricultural
development, it is more likely to take proactive steps to improve agri-
food system resilience, including implementing relevant policies. This
study uses a word frequency analysis to measure the level of attention
local governments give to agriculture. Based on the concept and
connotations of agri-food system resilience and drawing on various
policy documents and media reports, this study selects keywords such
as “agriculture” and “agricultural modernization” and applies textual
analysis to regional government documents to perform term-
frequency analysis. The natural logarithm of each search term’s
occurrence count is then used as an indicator of local governments’
attention to agriculture (102, 103). The regression results are reported
in column (2) of Table 9. The estimated coefficient of the interaction
term (POLICY) for the NMADZ policy is significantly positive at the
1% level, indicating that the promotion and adoption of modern
agricultural technologies increased local government attention to
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agriculture and in turn enhanced agri-food system resilience. Taken
together, these findings support Hypothesis H2b. Furthermore, within
the scope of our literature search, we did not identify prior studies
examining the interaction between local government attention to
agriculture and agri-food system resilience. Existing research has
primarily applied government attention measures to studies of climate
impacts on agricultural development (104, 105). By innovatively
applying the concept of local government attention to agriculture in
the context of modern agricultural technology promotion and
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adoption, this study demonstrates that the diffusion of modern
agricultural technologies can raise local government attention to
agriculture and thereby improve agri-food system resilience.

5.1.3 Promoting agricultural financial
development

The diffusion of modern agricultural technologies not only
directly improves agricultural production efficiency but also indirectly
strengthens the agri-food system resilience by promoting the
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TABLE 6 Bacon decomposition.

‘ POLICY ‘ 0.168 ‘
Type Weights Estimated
coefficients

Earlier vs. Later 0.012 0.167

treated

Later vs. Earlier 0.021 0.006

treated

Treated vs. Never 0.967 0.174

treated

In the Bacon decomposition, control variables are not included (consistent with the policy’s
implementation level), and county and year fixed effects are employed.

development of agricultural finance. By reducing agricultural risks,
modern technologies increase the willingness of financial institutions
to extend credit, broaden financing channels, and enhance the
provision of financial services. The rapid development of agricultural
finance further underscores the level of government attention devoted
to agriculture. To measure the development of agricultural finance,
this study uses fiscal expenditures on agriculture, forestry, and water
as a proxy (106, 107). The regression results are reported in column
(3) of Table 9. The estimated coeflicient of the interaction term
(POLICY) for the NMADZ policy is significantly positive, indicating
that the promotion and adoption of modern agricultural technologies
facilitate the development of agricultural finance, thereby improving
agri-food system resilience. This finding supports Hypothesis H2c and
provides a new perspective beyond the work of Yang et al. (108). Yang
et al. (108) argue that the development of financial technology can
enhance the resilience of the agricultural economy, with agricultural
technological innovation playing a critical mediating role. Our
research places greater emphasis on agri-food system resilience.
Unlike studies that focus on agricultural financial resilience, the
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present study addresses a broader concept of agri-food system
resilience, which encompasses a wider range of influencing factors.
We highlight the impact of the promotion and adoption of modern
agricultural technologies on agri-food system resilience and also
consider the positive contribution of agricultural financial
development to resilience. The key difference from Yang et al. (108)
lies in our empirical confirmation that the promotion and adoption of
modern agricultural technologies can improve agri-food system
resilience by fostering agricultural financial development. This
difference arises because, with rapid social and economic progress, the
promotion and adoption of modern agricultural technologies have
become indispensable elements of agricultural development, and our
study places particular emphasis on these factors.

5.1.4 Improving urban—rural coordination

Urban-rural integration has been extensively examined in the
literature (78, 109), but it has rarely been applied as an influencing
factor in studies of agri-food system resilience. To measure the
level of urban-rural coordination, this study uses the urban-rural
dual structure coefficient as an indicator (110, 111). The
regression results are reported in column (4) of Table 9. The
estimated coefficient of the interaction term (POLICY) for the
NMADZ policy is significantly positive, indicating that the
promotion and adoption of modern agricultural technologies
foster urban-rural coordination and thereby enhance agri-food
system resilience. Taken together, these findings support
Hypothesis H2d.

5.2 Heterogeneity analysis
To further investigate whether the impact of modern

agricultural technology promotion and adoption on agricultural
technology exhibits heterogeneity, this study examines five
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TABLE 7 PSM-DID and PSM-IPW-DID regression results.

Variable PSM-DID PSM-IPW-DID

(1) (2)
POLICY 0.1543%%* 0.17827%%%*

(0.0697) (0.0338)
Constant 0.5854%* %% 0.4008**%*
(0.0342) (0.0578)
Control variable Yes Yes
Year fixed effect Yes Yes
County fixed effect Yes Yes
N 36,698 36,718
R 0.327 0.303
Standard errors in parentheses *p < 0.1, **p < 0.05, **¥p < 0.01.
TABLE 8 Instrumental variable estimation.
Variable ()]
0.89427%%*
POLICY
(0.0417)

Control variable Yes
Year fixed effect Yes
County fixed effect Yes
N 41,616
Kleibergen-Paap rk LM statistic 71.99
Kleibergen-Paap rk Wald F statistic 64.30

Standard errors in parentheses *p < 0.1, **p < 0.05, **¥p < 0.01.

perspectives: regional transfer of rural labor, major grain-producing

policy
concentration,

regions, implementation batches, ethnic minority

and differences in educational attainment.
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Specifically, the analysis divides rural labor transfer into rural labor
inflow and rural labor outflow, and also distinguishes between
major and non-major grain-producing regions, the first, second,
and third batches of NMADZ policy implementation, Han-majority
and ethnic minority regions, as well as areas with higher and lower
educational attainment. The regression results are presented in
Table 10. Through this comprehensive heterogeneity analysis,
we identify key boundary conditions under which the NMADZ
policy operates, refine the previous overly generalized understanding
of the policy’s effects, and propose more precisely targeted
policy recommendations.

5.2.1 Heterogeneity analysis of regional labor
transfer

The promotion and adoption of modern agricultural technology
has accelerated rural labor outflow. This is because demonstration
zones widely adopt technologies such as smart agricultural machinery
and drones, which increasingly replace traditional manual labor,
thereby reducing agriculture’s dependence on conventional labor. The
promotion and adoption of modern agricultural technologies meets
the practical needs of transitioning agricultural production toward
modernization and increases reliance on mechanization-especially in
major labor-exporting regions, where this demand is more
pronounced. In areas with high levels of labor outflow, where
agricultural labor is relatively scarce, improving land use and
production efficiency becomes more critical. The promotion and
adoption of modern agricultural technology can more effectively
support labor substitution through mechanization, thereby
strengthening agri-food system resilience. The estimated coefficient of
the interaction term (POLICY) for the NMADZ policy is significant
at the 1 percent level, as reported in columns (1) and (2) of Table 10,
providing evidence in support of Hypothesis H1. Additionally,
although modern agriculture improves efficiency, the profit margins
in agriculture remain lower than those in the secondary and tertiary
sectors, making it difficult to attract labor back to rural areas.
Moreover, modern agricultural technology requires a higher skill
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TABLE 9 Mechanism test results.

Variable Agricultural

technological

innovation capacity

Local government
attention to
agriculture

10.3389/fnut.2025.1677104

Urban—rural
coordination

Agricultural financial
development

(1) (2) (3) (4)
POLICY 0.27027%%%* 0.20837#%* 1.3196%** 2.8759%%*
(0.0180) (0.0101) (0.0081) (0.1304)
Constant 1.4788%%% 2.2001%** 3.7006%** 0.40927% %%
(0.3012) (0.1690) (0.1404) (0.0212)
Control variable Yes Yes Yes Yes
Year fixed effect Yes Yes Yes Yes
County fixed effect Yes Yes Yes Yes
N 41,616 41,616 41,616 41,616
R 0.161 0.103 0.275 0.146

Standard errors in parentheses *p < 0.1, **p < 0.05, **¥p < 0.01.

TABLE 10 Results of heterogeneity test 1.

Variable Labor Major grain- Non-major The first  The second @ The third
inflow producing grain- batch batch batch
regions producing
regions
(2) (3) (4) (5) (6) (7)
POLICY 0.5515%%* 0.1275 0.2180* 0.29967%** 0.0491 0.3933%%* 0.1050%%*
(0.1955) (0.0973) (0.1239) (0.1112) (0.2818) (0.1932) (0.0499)
Constant 0.5686%** 0.53407%** 0.30307%** 0.4148%%* 0.7309 0.1611% 0.1038%%*
(0.0205) (0.0195) (0.0147) (0.0322) (0.5965) (0.0839) (0.0439)
Control variable Yes Yes Yes Yes Yes Yes Yes
Year fixed effect Yes Yes Yes Yes Yes Yes Yes
County fixed effect Yes Yes Yes Yes Yes Yes Yes
N 15,171 25,374 13,564 27,115 851 1,659 4,936
R? 0.114 0.150 0.427 0.423 0.127 0.131 0.137

Standard errors in parentheses *p < 0.1, **p < 0.05, **¥p < 0.01.

level, which many traditional farmers or low-skilled migrant workers
may not possess.

5.2.2 Heterogeneity analysis of major
grain-producing regions

Differences in agricultural functional zoning may affect the
effectiveness of the NMADZ policy. Based on the National Medium-
and Long-Term Plan for Food Security (2008-2020), this study
divides the sample into major grain-producing regions and non-major
grain-producing regions. As shown in Columns (3) and (4) of
Table 10, the promotion and adoption of modern agricultural
technology enhances agri-food system resilience in both types of
regions. However, the effect is stronger in non- major grain-producing
regions. On one hand, non- major grain-producing regions generally
face resource disadvantages, and traditional agricultural models have
weaker risk resistance. Modern agricultural technologies, through
precise adaptation, can systematically compensate for these
limitations. On the other hand, agricultural structures in non- major
grain-producing regions tend to focus on higher-value-added crops
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and integrated operations, which are more compatible with industrial
upgrading supported by modern technology. Given the convergence
in policy standards and funding allocation, the demonstration zone
policy is more effective in improving natural endowment constraints
in non- major grain-producing regions.

5.2.3 Heterogeneity analysis of implementation
batches

After the implementation of the NMADZ policy, differences
emerged in the effects of different batches on enhancing the agri-
food system resilience. The estimated coefficient of the interaction
term (POLICY) for the first batch is positive but not significant,
whereas the second and third batches significantly improved agri-
food system resilience at the 5% level, as shown in columns (5),
(6), and (7) of Table 10. These differences are mainly due to
phased optimization during the pilot and promotion stages,
adjustments in resource allocation, and varying capacities of
regions to adapt to policy implementation. The first batch of
demonstration zones primarily focused on single-dimension
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investments in technology promotion and infrastructure
construction. However, they lacked a systematic design for
enhancing agri-food system resilience, and resource distribution
was relatively coarse. In addition, due to the absence of mature
technology adaptation standards and resilience evaluation
systems, some modern agricultural technologies underperformed
in practice due to complexity and high maintenance costs. The
early experiences of the first batch served as trial-and-error
inputs, providing valuable data and insights for subsequent
improvements. Over time, resource allocation shifted from basic
input toward more scientific investment, and regional strategies
evolved into more diversified and adaptive models. Therefore,
future policies should further strengthen dynamic evaluation and
flexible adjustment, and establish additional NMADZ on the basis
of the first, second, and third batches of NMADZ in order to
address complex environmental challenges.

5.2.4 Heterogeneity analysis of ethnic minority
districts

China is a unified multi-ethnic country in which the Han
nationality constitutes the majority, while ethnic minorities are
distributed in a pattern characterized as “large-scale dispersal,
small-scale concentration, and mixed inhabitation” (112). Ethnic
minority districts are widely distributed, and the vast majority of
them are located in frontier areas of China, ranging from
Heilongjiang in the northeast to Xinjiang in the northwest, and to
Tibet, Yunnan, and Guangxi in the southwest. Owing to their
distinctive geographical locations, agricultural development in
these districts has been relatively lagging (113). Consequently,
differences between minority and Han-majority districts may
influence the implementation outcomes of the NMADZ policy.
After the establishment of demonstration zones, the improvement
in agri-food system resilience differs between Han Chinese and
minority districts. In Han Chinese districts, the policy exerts a
significantly positive effect at the 5% level, indicating that the
NMADZ policy has substantially enhanced agricultural resilience,
as shown in column (1) of Table 11. This result can be explained
by the fact that Han-majority districts generally possess more
developed agricultural infrastructure and market networks, which
enable them to absorb policy benefits more rapidly. Moreover, the
promotion and adoption of modern agricultural technologies tend
to favor standardized cultivation practices, which are more
consistent with traditional Han farming methods. In contrast,
minority districts exhibit a positive effect at the 10% level,
suggesting that the policy has also enhanced agricultural resilience
in these areas, although to a lesser extent than in Han Chinese
districts, as reported in column (2) of Table 11. A possible
explanation is that minority districts rely predominantly on
traditional agriculture, which is less compatible with the
industrialization-oriented objectives of the demonstration zone
policy. In addition, language and cultural barriers in minority
districts often delay the transmission of information, thereby
weakening the effectiveness of policy outreach. For this reason,
the promotion and adoption of modern agricultural technologies
in minority districts should be adapted to local characteristics,
with greater efforts devoted to establishing high-quality
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TABLE 11 Results of heterogeneity test 2.

Variable Han Ethnic High Low
Chinese = minority education education
districts  districts

(2) (2) (3) (4)

POLICY 0.6523%%* 0.1230%* 0.1471%* 0.1891

(0.3057) (0.0727) (0.0802) (0.4312)
Constant 4.6661 6.2401%%* 5.3792%%* 5.6133
(2.3273) (1.6191) (1.4626) (4.3459)
Control
Yes Yes Yes Yes
variable

Year fixed

Yes Yes Yes Yes
effect

County

Yes Yes Yes Yes
fixed effect

N 39,570 6,591 29,957 11,659

R’ 0.201 0.214 0.206 0.228

Standard errors in parentheses *p < 0.1, **p < 0.05, **¥p < 0.01.

demonstration zones that are aligned with the distinctive features
of these districts.

5.2.5 Heterogeneity analysis of educational
attainment

After the implementation of the NMADZ policy, differences
in educational attainment appear to influence its effects on agri-
food system resilience. Groups with higher levels of education are
able to master modern technologies more quickly and make better
use of the resources provided by the policy. In addition, these
groups possess stronger agricultural risk management capabilities,
allowing the policy’s impact to be amplified through the
enhancement of human capital. As a result, higher educational
attainment increases agricultural resilience at the 10% significance
level, as shown in column (3) of Table 11, indicating that the
policy is more effective in improving agricultural resilience in
areas with higher educational levels. However, in areas with lower
educational attainment, the estimated coefficient of the interaction
term (POLICY) for the NMADZ policy is positive but not
significant, as reported in column (4) of Table 11. This suggests
that the policy’s impact is limited in these areas. A possible
explanation is that groups with lower levels of education lack the
capacity to apply modern technologies, making it difficult to
achieve effective adoption and diffusion of agricultural
innovations. Moreover, their limited access to information reduces
participation in the policy, further constraining its effectiveness.

5.3 Three-dimensional kernel density
analysis

Kernel density estimation provides a smoothed estimate of the
probability density function of a random variable, capturing the
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distributional shape, characteristics, extensibility, and polarization
trends. Compared with other estimation methods, kernel density
estimation is less dependent on model assumptions and exhibits
stronger robustness. In this section, we apply a Gaussian kernel
function to estimate the kernel density and further analyze the
spatiotemporal dynamics of agri-food system resilience in China.

We construct a three-dimensional coordinate system integrating
agri-food system resilience, time (year), and kernel density, and
conduct an in-depth analysis of the spatiotemporal evolution of
agri-food system resilience in China from 2006 to 2023, as
illustrated in Figure 9. The X-axis represents agri-food system
resilience, the Y-axis represents the year, and the Z-axis represents
the kernel density. The spatial probability surface formed by the
blue base and multicolored density peaks reveals the spatiotemporal
variation in agri-food system resilience across different years.

Given that the first batch of NMADZ was launched in 2010, and
the second batch was established in 2012, we observe a significant
clustering effect of high-resilience regions emerging approximately
3 years after the initial policy implementation. In addition, the
narrowing of the density peak width over time from 2006 to 2023
indicates a reduction in disparities in agri-food system resilience
across counties, suggesting that the promotion and adoption of
modern agricultural technologies have played a positive role in
enhancing agri-food system resilience. This analysis provides a spatial
measurement foundation for understanding how the adoption of
modern agricultural technologies contributes to strengthening Agri-
food system resilience.

10.3389/fnut.2025.1677104

6 Conclusion and policy implications
6.1 Conclusion

China is transitioning from a major agricultural country to a
strong agricultural power, and the promotion and adoption of modern
agricultural technologies play a pivotal role in enhancing agri-food
system resilience and ensuring food security. The establishment of
NMADZ and the large-scale adoption of modern agricultural
technologies in China have provided valuable experience and
managerial insights for developing countries. At the theoretical level,
this study constructs a strategic game model among counties to explore
the positive impact of modern agricultural technology promotion and
adoption on agri-food system resilience. This study uses data from
2,312 counties in China from 2006 to 2023 and treats the NMADZ
policy as a quasi-natural experiment. A multi-period DID approach is
employed to empirically examine the impact of modern agricultural
technology promotion and adoption on agri-food system resilience.

The findings show that the promotion and adoption of modern
agricultural technologies significantly improves agri-food system
resilience, and this conclusion remains robust across a series of validation
tests. Mechanism tests suggest that the enhancement of agri-food system
resilience occurs through several channels, including strengthening
agricultural innovation capacity, increasing local government attention
to agriculture, promoting agricultural financial development, and
improving urban-rural coordination. The heterogeneity analysis shows
that the diffusion of modern agricultural technologies has a more
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pronounced effect in counties experiencing labor outflow. Compared
with major grain-producing regions, the positive impact is more evident
in non-grain-producing areas. Similarly, relative to the first batch of pilot
counties under the NMADZ policy, the promotion effect on agri-food
system resilience is stronger in the second and third batches of pilot
counties. In addition, the diffusion of modern agricultural technologies
exerts greater positive effects in Han Chinese districts and in counties
with higher levels of educational attainment. The kernel density analysis
further indicates that the diffusion of modern agricultural technologies
has reduced disparities in agri-food system resilience across counties.

6.2 Policy implications

Based on the above findings, several key insights can be drawn to
enhance agri-food system resilience and ensure food security in
developing countries:

First, establishing NMADZ and promoting the application of
modern agricultural technologies can effectively improve agri-food
system resilience. It is essential to continuously refine the top-level
institutional design of these demonstration zones, sustain the
implementation of relevant policies, and provide consistent policy
support. The study finds that the pilot effects of the second and third
batches of demonstration zones are significantly stronger than those
of the first batch. Therefore, the scope of the NMADZ should
be expanded and their implementation further institutionalized.
Moreover, since the impact of modern agricultural technology
promotion and adoption in ethnic minority districts has been less
pronounced than in Han Chinese districts, the development of
demonstration zones should take into account the distinctive
characteristics of minority districts and establish models that align
with local conditions.

Second, local governments should increase their attention to
agriculture by strengthening the role of agricultural technology,
improving the effectiveness of labor substitution through
mechanization, actively investing in farmland infrastructure, and
enhancing the quality of local agricultural services. They should also
encourage the development of region-specific agricultural products.
During the process of promoting and adopting modern agricultural
technologies, particular consideration should be given to the barriers
faced by women farmers who remain in rural areas. Professional skill
training should be provided to them, along with access to channels
that can improve agricultural productivity. In addition, more efficient
management mechanisms should be established to improve policy
implementation in agricultural product marketing and service
delivery. Efforts should be made to enhance agricultural technology
training and extension services, and to provide online technical
support through e-commerce platforms to help farmers adopt
advanced technologies.

Third, it is essential to vigorously promote the development of
rural finance and to optimize urban-rural coordination. On the one
hand, relevant policies should be formulated to encourage financial
institutions to collaborate with enterprises along the agricultural
industrial chain by providing comprehensive financial support and
service guarantees. The widespread use of advanced financial
instruments, such as those enabled by the digital economy, can further
support the growth of rural finance. In addition, locally tailored
financial tools should be designed to meet regional needs and to
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mitigate the financial risks that may constrain agricultural
development. On the other hand, efforts should be made to strengthen
the interconnection of urban and rural infrastructure, promote the
joint construction and sharing of public services, and foster
coordinated industrial development, thereby narrowing the urban-
rural gap. Encouraging the flow of urban capital, technology, and
talent into rural areas will further advance integrated urban-
rural development.

6.3 Limitations and future research

Although this study demonstrates that the diffusion of
modern agricultural technologies can significantly enhance the
agri-food system resilience and provides valuable insights, certain
limitations remain. The data used in this study are confined to
2,312 counties in China, without incorporating information from
other developing countries. This may limit the generalizability of
the conclusions, and further validation is needed regarding their
applicability to other national or regional contexts. Future
research could include cross-country or cross-regional datasets to
explore how the effects of modern agricultural technology
diffusion on agri-food system resilience vary across different
settings. In addition, although we examined to the greatest extent
possible whether heterogeneity exists in the effects of modern
agricultural technology diffusion on resilience, some influencing
factors, such as the number of left-behind women and the age
structure of farmers, were not analyzed in depth because of
limitations in data availability. Future studies may benefit from
collecting more diverse datasets on factors influencing agri-food
system resilience and from investigating how the impact of
modern agricultural technology diffusion varies under these
different conditions.
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