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Introduction: The stable and secure supply of food and important agricultural
products is related to the foundation of people’s livelihoods and is a top priority
for the country’s economy. The construction of a robust supply chain system for
agricultural products can help to effectively cope with the impact of international
political conflicts, natural disasters, emergencies, and other uncertainties.
Currently, problems of chain breakage and blockage in the agricultural products
supply chain occur frequently, affecting food security. It has become a pressing
task to improve the resilience of the agricultural products supply chain by
utilizing smart technology and other emerging forms.

Methods: Based on panel data from 31 Chinese provinces (2013-2022), this
study employs a two-way fixed effects model and a panel threshold model to
analyze the impact mechanism of smart rural construction on the resilience
of the agricultural products supply chain. Composite indices for smart rural
construction and the resilience of the agricultural products supply chain were
constructed using the entropy weight method. The robustness of these indices
was rigorously tested through sensitivity analyses and by recalculating the smart
rural construction index using the coefficient of variation method.

Results and discussion: Ultimately, the results of the study show that smart rural
construction can enhance the resilience of the agricultural products supply chain
and improve it by promoting the upgrading of industrial structure. The effect of
smart rural construction on the resilience of the agricultural products supply
chain is regionally heterogeneous, with a more significant positive effect in the
central and western regions. Additionally, there is a threshold effect associated
with the impact of smart rural construction on the resilience of the agricultural
products supply chain. The conclusions of this paper show that the smart rural
construction gives new momentum for improving agricultural products supply
chain resilience in China and provides theoretical and practical guidance for the
modernization of China’s agriculture and rural areas, as well as the construction
of a strong agricultural products country.
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smart rural construction, food security, agricultural products, supply chain resilience,
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1 Introduction

The report of the Twentieth Party Congress emphasizes that efforts
should be made to improve the resilience and security level of the
industrial supply chain. As a fundamental industry of the national
economy, improving the resilience of the agricultural products supply
chain plays an important role in guaranteeing China’s food security,
contributing to the construction of a strong agricultural products
country, and realizing agricultural products modernization. The main
operations of the agricultural products supply chain, such as production,
processing, storage, and transportation, mainly take place in rural areas
due to the fact that most of China’s rural areas are currently characterized
by inadequate logistics infrastructure and a low level of information
technology. Once affected by sudden and uncertain factors, real-life
problems such as broken and blocked chains in the agricultural supply
chain will occur, directly affecting our food security. Therefore, it is
necessary to strengthen its top-level design and system construction,
seize the key subjects of the supply chain to enhance the resilience of the
agricultural products supply chain, which is an important task to
promote the transformation and upgrading of the supply chain of the
agricultural products industry chain and enhance the modernization of
the rural industry in the long-term future (Zhang, 2024). As smart
technology accelerates its extension and penetration into the agricultural
products and rural sectors, smart technology innovation and application
create favorable conditions for enhancing the resilience of the
agricultural products supply chain. The Outline of the Smart Rural
Development Strategy, which was introduced in 2019, comprehensively
deploys the construction of smart rural areas. The release of the Smart
Agriculture and Rural Development Plan 2019-2025 in 2020 marked
the transition of smart rural development from strategic planning to a
new stage of solid advancement. China’s no. 1 central document for
2024 proposed the continuous implementation of smart rural
development actions, further highlighting the importance the state
attaches to the construction of smart rural areas. Thus, clarifying the
logical relationship and influence mechanism between smart rural
construction and agricultural products supply chain resilience is one of
the important topics in the study of food security and agricultural
products industrial security, as well as the focus of high-quality
development of agriculture, which has important theoretical significance
and policy guidance value. It is important to note that China’s vast
territory encompasses significant regional disparities in natural
endowments, economic development levels, and agricultural production
models. Consequently, the composition of major agricultural products
(e.g., staple grains, commercial crops, livestock, aquaculture), the
primary vulnerabilities faced by agricultural supply chains (e.g.,
logistical inefficiencies, market access barriers, climate risks), and the
strategic focus of Smart Rural Construction (e.g., prioritizing smart
logistics, e-commerce platforms, or precision agriculture) vary
considerably from province to province. This study employs provincial-
level panel data to capture these macro-level regional heterogeneities.
While the composite indices for APSCR and SRC are designed to
be comparable across provinces, we acknowledge that the specific
manifestations of resilience and smart construction are
context-dependent.

Recent studies have further explored various dimensions of supply
chain resilience and smart rural development (Chang and Jiang, 2023;
2021; Sobczak-Malitka and Drejerska, 2024;

Zhang and Zhang, 2020). To explore the relationship between

Coluccia et al.,
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smart rural construction and agricultural supply chain resilience,
this paper attempts to utilize various models, and threshold
effects, to construct an evaluation index system of smart rural
construction and agricultural supply chain resilience based on
the panel data of 31 provinces in China from 2013 to 2022 to
empirically test the impact mechanism of smart rural
construction on the resilience of the agricultural supply chain,
thereby filling gaps in the existing research.

Firstly, smart rural areas and their practices have received late
attention compared to smart cities (Gong and Shan, 2023). However,
as the application of the concept of “smart” development in rural areas
has gradually received more attention, the construction of smart rural
areas has become a hot issue in academic research (Zeng et al., 2022).
The theoretical level of existing research mainly covers from the basic
concepts of smart rural construction, development trends, other
aspects of smart rural construction, how to build a smart rural area,
and other basic issues for interpretation (Park and Cha, 2019
Fernandez and Peek, 2023). The empirical level is mainly based on the
analysis of the impact and realization path of smart rural construction.
First, regarding the impact of smart rural construction, Chen et al.
(2022) used the 2SLS instrumental variable approach to analyze the
impact of smart rural construction on farmers’ income growth and its
potential mechanisms, and the results showed that smart rural
construction can significantly increase the level of farmers’ income.
Zhao et al. (2022) constructed a theoretical framework for smart rural
construction with the help of smart empowerment theory and verified
the theoretical framework through case analysis to provide reference
and guidance for smart rural construction. Mei et al. (2022) used the
entropy weight TOPSIS method to evaluate the current status of rural
smartization and high-quality economic development and empirically
examined the impact of smart countryside construction on the high-
quality development of the rural economy based on the fixed-effects
model and mediated-effects model. Liu et al. (2024) empirically
analyzed the impact of smart rural construction on the urban-rural
income gap. Wang et al. (2023) empirically examined the impact of
smart rural construction on county-level economic growth in China,
and the results of the study showed that smart rural construction
significantly increased county-level economic growth. Second,
concerning the realization path of smart rural construction, Wang
etal. (2022) described smart rural construction based on quantitative
analysis and intuitive visualization. Adamowicz and Zwolinska-Ligaj
(2020) assessed the potential for smart growth in rural areas in Poland
and presented the results of an empirical study on the potential in the
eastern region of Poland, suggesting that smart countryside
development contributes to the promotion of sustainable development
in rural areas. Chen and Li (Chen et al, 2024) discussed the
influencing factors of China’s smart community construction and its
effective path by taking 52 national-level community governance and
service innovation pilot zones in China as examples. Zhang et al.
(2023a) proposed a theoretical framework for smart rural systems
based on general systems theory and analyzed China’s smart rural
strategic planning and smart rural practice based on the theoretical
framework of smart rural systems.

Secondly, the concept of supply chain resilience is multidimensional
and multi-layered in its complexity (Stone and Rahimifard, 2018). In
conjunction with previous literature, this paper defines agricultural
products supply chain resilience as the ability of a supply chain to
recover to its original state or a more optimal state after disruption
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(Christopher, 2004). In the face of unprecedented changes, the
agricultural products supply chain may face huge adjustments, and the
supply chain shows instability, uncertainty, and complexity. Based on
this, scholars at home and abroad are committed to researching
agricultural products supply chain resilience. Hobbs (2021) discussed
agricultural products supply chain resilience and the differences that
exist by reviewing the changes that have occurred in the Canadian and
U. S. agri-food supply chains in the wake of the COVID-19 pandemic.
Belhadi et al. (2024) (Belhadi et al., 2024) used smart technology to
design resilience strategies to manage uncertainty arising from an
external environment disrupted by geopolitical events. Yuan et al.
(2024) employed the BP-DEMATEL-ISM and PLS-SEM methods to
conduct causal analysis and factor-level evaluation, aiming at key
strategies for building resilience in agricultural products supply chains
under climate change impacts. Risk management is extremely
important in the agricultural products supply chain due to the seasonal
and perishable nature of agricultural products (Behzadi et al.,, 2018).
Meuwissen et al. (2019) assessed the resilience of agricultural product
systems by developing a framework aimed at assessing the ability to
adapt to specific challenges (specific resilience) and the ability of
agricultural product systems to deal with unknowns, uncertainties, and
surprises. Ali et al. (2021) promoted the intertwined impact of
knowledge management, risk management culture, and resilience by
integrating them for resilience in agricultural product supply chains.
In recent years, research on supply chain resilience has increasingly
emphasized the pivotal role of smartization and emerging technologies
as strategic enablers. Recent advancements highlight that smart
capabilities are not merely supportive but fundamental to building
resilience against compounding disruptions, particularly in agri-food
systems (Belhadi et al., 2024). Furthermore, the discourse has evolved
to adopt a more systemic perspective, viewing resilience through the
lens of complex adaptive systems. This systemic approach argues that
resilience emerges from the dynamic interactions and information
flows between multiple actors within the supply chain network, rather
than from the strength of individual components alone (Zhang et al.,
2024). Concurrently, the application of smart technologies in rural
contexts has shown significant potential to enhance resilience.
Specifically, empirical evidence from China suggests that smart rural
construction, by integrating technologies like the Internet of Things
and big data, can directly mitigate operational risks and strengthen the
adaptive capacity of agricultural supply chains (Zhang et al., 2023b).
Despite the growing academic interest in agricultural supply chain
resilience, there are fewer studies on the relationship between smart
rural construction and agricultural supply chain resilience. Many
studies have focused mainly on the impact of smart rural construction
on agricultural resilience and food system resilience. For example,
Zhao and Zhao (2024) predicted that tracer models were used to
calculate scores for smart rural-level and agricultural products’
resilience, and instrumental variable methods and mediated effects
models were applied to analyze the impacts and mechanisms of smart
rural development on agricultural products’ resilience in ecologically
fragile ethnic areas. Alam et al. (2023) used the PRISMA methodology
to conduct a systematic evaluation of the existing literature, which
showed that ICTs can enhance the resilience of agri-food systems in
developing countries. Cai et al. (2023) empirically examined the
impact of smart rural construction on the resilience of rural
households and the underlying mechanisms of action. Singh et al.
(2023) empirically analyzed the role of smart platforms in enhancing
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rural resilience using a multi-case study approach. Guo et al. (2024)
empirically tested the impact of smartization on agricultural products’
economic resilience by constructing a comprehensive system of
agricultural products smartization and agricultural products’
economic resilience and adopting two-way fixed effect, adjustment
effect, and threshold effect models. In addition, traditional statistical
models usually assume linear relationships, which makes it difficult to
capture complex nonlinear interactions or threshold effects among the
influencing variables, thus limiting their multifactor explanatory
power in agricultural supply chain resilience.

Based on the above issues, this study examines the relationship
between smart rural construction and agricultural supply chain
resilience under the research framework of supply chain resilience and
constructs a double fixed effect model, which has revealed the
mechanism of the impact of smart rural construction on the resilience
of the agricultural supply chain. This study aims to answer the
following key questions:

QI: How does smart countryside building affect agricultural
supply chain resilience?

Q2: Is there regional heterogeneity in the impact of smart rural
development on agricultural supply chain resilience?

Q3: Does smart rural development have a nonlinear impact on
agricultural supply chain resilience?

Based on this, this paper utilizes a variety of models such as
two-way fixed effects, mediation effects, and threshold effects, and
constructs an evaluation index system for smart rural construction and
the agricultural products supply chain resilience based on the panel
data of 31 provinces in China from 2013 to 2022 to empirically test the
impact mechanism of smart rural construction on the resilience of
agricultural products supply chain. The results of the study show that
smart rural construction can enhance the resilience of the agricultural
products supply chain and can improve the resilience of the agricultural
products supply chain by promoting industrial structure upgrading.
The heterogeneity test shows that the positive effect of smart rural
construction on agricultural products supply chain resilience is more
significant in the central and western regions.

Compared with the previous literature, the marginal contributions
of this paper may be: (1) Including smart rural construction in the
research framework of agricultural products supply chain resilience and,
for the first time, exploring the influence mechanism of agricultural
products supply chain resilience based on the empowerment perspective
of smart rural construction, further deepening the understanding of the
relationship between the two. (2) Most of the existing studies summarize
agricultural products scientific and technological talents into the
dimension of smart infrastructure, but this paper innovatively
incorporates “farmers’ smart literacy,” which includes smart technologies
and talents, into the scope of the indicator construction of the level of
smart countryside construction, to further improve the quantitative
evaluation index system of the level of smart countryside construction,
and to construct an evaluation index system of agricultural products
supply chain resilience with Chinese characteristics. The evaluation
index system of resilience of the agricultural products supply chain is
also constructed with Chinese characteristics. (3) Utilizing the panel
data of 31 provinces in China from 2013 to 2022, we use the double
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fixed effects model and the mediation effects model to empirically test
the impact and path of smart rural construction in enhancing the
resilience of the agricultural products supply chain, providing empirical
evidence that smart rural construction enhances the resilience of the
agricultural products supply chain in China.

The paper is structured as follows: Section 2 presents the
theoretical analysis and research hypothesis. Section 3 presents the
materials and methods. Section 4 provides the results and analysis.
Section 5 presents the discussion. Section 6 presents the conclusions.
The research framework of this paper is shown in Figure 1.

2 Theoretical analysis and research
hypothesis

2.1 Theoretical framework and foundation
To clarify the intrinsic mechanism through which smart rural

construction affects agricultural product supply chain resilience
(APSCR), this study adopts dynamic capability theory as its core

10.3389/fsufs.2025.1659012

theoretical framework. This theory posits that enterprises (or
organizations/systems) gain and sustain competitive advantages by
integrating, building, and reconfiguring internal and external
resources and capabilities to adapt to rapidly changing environments.
Smart rural construction is essentially a process of deeply integrating
smart technologies into the socioeconomic systems of rural areas. Its
core objective is to enhance the dynamic capabilities of rural regions
to cope with uncertainties and disruptions both within and beyond
supply chains. Specifically, smart rural construction significantly
strengthens the ability of supply chain node enterprises to sense
internal and external information—such as market demand, price
fluctuations, natural disasters, and geopolitical risks—enabling earlier
and more accurate identification of opportunities and threats. By
optimizing resource allocation, facilitating knowledge flow, and
promoting collaborative cooperation, it empowers supply chain actors
to swiftly seize opportunities or effectively mobilize resources to
counter threats. Furthermore, by driving industrial structure
upgrading, innovating business models, and optimizing organizational
forms, it supports the agricultural product supply chain system in
carrying out necessary reconfiguration and transformation. As a
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result, the system is not only able to recover from disruptions but also
adapt to new environments and advance to a more optimal state.

Therefore, grounded in dynamic capability theory, smart rural
construction can be viewed as a strategic intervention that empowers
the agricultural product supply chain by enhancing its sensing,
seizing, and transforming capabilities, thereby systematically
improving its resilience—the ability to withstand disruptions, adapt
to changes, and achieve transformation. The subsequent hypotheses
of this study are developed within this theoretical framework. The
causal relationship frameworks for the four hypotheses in this paper
are illustrated in Figure 2.

2.2 The direct impact of smart rural
development on the resilience of
agricultural product supply chains

The impact of Smart Rural Construction (SRC) on Agricultural
Product Supply Chain Resilience (APSCR) is not monolithic but
operates through a multidimensional framework. Smart infrastructure
provides the physical backbone for resistance. This is measured by
indicators such as rural mobile network coverage and Internet
infrastructure construction, which enable real-time monitoring of
storage conditions (e.g., via IoT sensors) and GPS-tracked logistics. This
directly mitigates losses from operational shocks by preventing spoilage
and reducing transit times. Concurrently, smart industry applications,
captured by metrics like smart trading of agricultural products and rural
e-commerce, are pivotal for competitiveness. They diversify market
access, reduce monopsony power, and enable premium product
positioning (e.g., for traceable, organic goods), thereby enhancing the
chain’s long-term economic sustainability—a core aspect of resilience

10.3389/fsufs.2025.1659012

(Stone and Rahimifard, 2018). Smart livelihoods, proxied by the level of
smart financial development and mobile phone penetration rate,
alongside farmer smart literacy (measured by the size of the smart talent
service workforce), empower individual actors. This is crucial for
adaptability. When producers access real-time market prices via mobile
apps, they gain the informational capacity to make swift decisions, such
as switching sales channels in response to demand shocks. Smart finance
provides the liquidity to execute these decisions. This micro-level
behavioral agility, enabled by our measured indicators, aggregates to
enhance the entire chain’s adaptive capacity. Smart governance, measured
by funding for smart rural governance, strengthens the institutional
capability for recovery. This investment facilitates the development of
smart emergency response systems and e-platforms for swift permit
approvals. During a disruption, these platforms facilitate coordinated
responses among stakeholders. Streamlined e-governance processes can
fast-track aid distribution, significantly reducing downtime and
accelerating the return to normal operations, thus directly strengthening
the recovery dimension measured in our index (Belhadi et al., 2024).
Based on the above analysis, this paper proposes hypothesis H1:

HI: Smart rural construction has a positive direct impact on
agricultural products supply chain resilience.

2.3 Indirect impacts of smart rural
construction on agricultural products
supply chain resilience through rural
industrial structural upgrading

Smart rural construction improves the resilience of the
agricultural products supply chain by promoting the transformation
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and upgrading of rural industries (Cen et al, 2022). First, the
construction of smart rural areas promotes the integration of rural
industries. The traditional supply chain network is relatively closed,
and when a certain agricultural product suffers a shock, problems
such as chain breakage will occur. This leads to other subjects in the
supply chain being implicated. Therefore, the impact of any one of the
chains will affect the other chain nodes and network structure; that is,
there is an obvious “whip effect” The smart rural construction will
integrate the rural industry, relying on scientific and technological
progress and collaborative division of labor, to realize the efficient
operation of production, processing, sales, and other links, so that the
trust relationship between the supply chain subjects is closer, breaking
the rural industry island and enhancing the resilience of the supply
chain. Second, the construction of smart rural areas promotes the
direct and diversified rural industries. The traditional supply chain of
agricultural products may exhibit redundancy, requiring multiple
links of conduction from the origin to the intermediary and then to
the market, which increases the risk of agricultural products supply
chain shocks. With the construction of smart countryside to realize
the transformation and upgrading of the rural industrial structure
through the establishment of a smart countryside e-commerce
platform, farmers, agricultural product cooperatives, and agricultural
products enterprises in the country of origin can directly contact the
customers through the smart platform, thereby promoting the
“directness” of the agricultural products supply chain. At the same
time, it explores new modes of agricultural product online marketing.
Fully exploring the rural characteristics of resources and the
development of special agriculture, rural culture, rural tourism, and
other industries leads to the formation of a diversified rural industrial
system. The transformation and upgrading of rural industries may
improve the market access of agricultural products and promote
information sharing and collaborative work among supply chain
participants to improve the overall synergy and efficiency of the
supply chain. Based on the above analysis, this paper proposes
hypothesis H2:

H2: Smart rural construction improves the resilience of the
agricultural products supply chain by promoting the upgrading of
the rural industrial structure.

2.4 Regional heterogeneity in the
effectiveness of smart rural construction to
enable supply chain resilience of
agricultural products

Different regions have different basic conditions in terms of
economic development, resource endowment, and agricultural
product production. Therefore, there may be regional differences
in the promotion of the resilience of the supply chain of
agricultural products by smart rural construction (Li et al., 2022).
First, the penetration rate of smart rural construction in the
agricultural products industry is different across regions, and the
proportion of the agricultural products industry in each region
also varies. Therefore, the impact of smart rural construction on
the resilience of the agricultural products supply chain is bound to
have regional differences. Second, the construction of smart
countryside in each region relies on the local level of science and
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technology innovation, policy, and other advantages, which leads
to regional differences. Finally, the countryside infrastructure
construction is updated at different speeds, resulting in
inconsistent development of smart infrastructure across various
regions. Overall, smart infrastructure in the eastern region has
become well-developed, while the central and western regions are
more capable of releasing smart dividends. Thus, the potential for
enhancing the resilience of agricultural products supply chain is
greater in these regions. Therefore, this study proposes
hypothesis H3:

H3: There is regional heterogeneity in the impact of smart rural
construction on the resilience of agricultural products
supply chains.

2.5 The nonlinear impact of smart rural
development on the resilience of
agricultural products supply chains

The process of smart rural construction to enhance the
resilience of the agricultural products supply chain will be affected
by many factors and uncertainties, and the level and speed of
financial development vary in different regions, which leads to
differences in regional economic development, infrastructure, and
urbanization. This, in turn, has a differentiated impact on the
resilience of the agricultural products supply chain (Wensheng,
2020). First of all, the higher the level of financial development, the
easier it is to provide sound and complete infrastructure and
strong consumer demand for the construction of smart rural areas,
which can promote the construction of smart rural and
simultaneously empower the resilience of agricultural products
supply chains. In regions with a relatively low level of financial
development, on the other hand, the construction of smart rural
areas is limited by the constraints of lagging supporting
mechanisms, weak smart infrastructure, and limited consumer
demand, which results in the resilience of agricultural products
supply chains not being enhanced. Secondly, the level of financial
development promotes technological innovation and talent
mobility; regions with a high level of financial development usually
gather more innovative and talent resources, and technological
innovation alongside high-quality talent promotes the upgrading
of agriculture and enhances the resilience of the agricultural
products supply chain. Conversely, in regions with a low level of
financial development, technological lag and a lack of talent may
constrain the development of agriculture. Overall, factors such as
infrastructure, consumer demand, technological innovation, and
talent make agricultural products supply chains more resilient in
regions with higher levels of financial development. The level of
financial development as a threshold variable causes smart rural
construction to have a nonlinear impact on agricultural products
supply chain resilience. Based on this, this paper proposes the
following hypothesis H4:

H4: When the level of financial development is used as the
threshold variable, the construction of smart rural areas will have
a certain nonlinear effect on the resilience of agricultural products
supply chains.
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3 Materials and methods
3.1 Model setup

3.1.1 Basic regression model

To test the impact of smart rural construction on the resilience of
the agricultural products supply chain, this paper constructs the
following two-way fixed effect model (see Equation 1):

ASCRy =a + BICCyt +¥ix rcontrol~ + i + 6 + &t (1)

Among them, [CCjas explanatory variables, smart rural
construction, ASCR jtis the explained variable, agricultural products
supply chain resilience, > Controlis a set of control variables, ¢jand
Grare province and year fixed effects, respectively, and &j is a
randomized perturbation term.

3.1.2 Mediation effects model

To further test the possible role mechanism of smart rural
construction in enhancing the resilience of the agricultural products
supply chain, based on model (1), the mediation effect test model is
constructed as follows (see Equation 2 and 3):

MED;; =6y +6ICCyy + y; 2 Control + @; + 6, + & (2)

ASCR,'[ =%+ }/1CC,'; + yZMEDit +7i > Control + a;+ 6’t +&jt (3)

Included among these, M E D is the mediating variable. If 8, 71, 72
are all significant, then, it indicates that the inclusion of mediating
variables changes the coefficient of the impact of smart rural
construction on the resilience of the agricultural products supply
chain, suggesting a partial mediating effect; If 8, 31 are significant, 4
is not significant, then there is a full mediation effect.

3.1.3 Threshold effect model

In order to verify the nonlinear relationship between smart rural
construction and the resilience of agricultural products supply chains,
a threshold effect model is constructed with the level of financial
development as the threshold variable (see Equation 4):

ASCRt = @y +ICCyp xI(TH;<0) + o 1CCyy x 1(THyz > 0)
+¢. 2. Controly + a; + 0, + ;¢

)

Among others, TH jtis the threshold variable, I (-) is the indicator
function, When the threshold variable satisfies the corresponding
condition, I () = 1, if not I (-) = 0; 0 is the threshold value.

3.2 Description of variables

3.2.1 Explanatory variable

In alignment with contemporary supply chain resilience literature
(Stone and Rahimifard, 2018; Belhadi et al, 2024), this study
conceptualizes APSCR as a multi-dimensional construct comprising
four core capacities: Resistance, Adaptability, Recovery, and
Competitiveness. This framework captures not only the ability to
withstand disruptions but also to adapt, recover, and sustain
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competitive advantage in the face of shocks (see Table 1) and uses the
entropy weight method to calculate the weights. The entropy weight
method assigns weights based on the degree of dispersion of each
indicator value. A higher dispersion indicates a greater impact of the
indicator on the overall evaluation, thus minimizing subjective
influence. Among these, resistance reflects the pre-disaster buffering
capacity. Indicators such as sown area (X1), effective irrigation rate
(X2), and agricultural labor input (X3) represent the foundational
productive capacity and resource endowment that enable the system
to absorb initial shocks without immediate collapse. The producer
price index (X5) and education level (X6) proxy the economic and
human capital buffers that enhance stability. Adaptability captures the
system’s dynamic response and reconfiguration capabilities during a
disruption. The number of processing enterprises (X8) and leading
enterprises (X9) indicate the flexibility and diversification of the
supply chain’s nodal structure. Cargo turnover (X10) and road
accessibility (X11) measure logistical agility, crucial for rerouting flows
and maintaining operational continuity under stress. Recovery
signifies the post-disaster bounce-back ability. The disaster rate (X13)
directly measures vulnerability, while input intensity indicators like
pesticide use (X14) and fertilizer application (X16) serve as inverse
proxies: their overuse indicates ecological fragility and reduced long-
term systemic resilience, as they compromise soil health and
ecosystem self-regulating capacity. Among these, the extent of
pesticide use refers to the phenomenon where over-reliance on
chemical pesticides undermines soil health, reduces biodiversity
(including beneficial pollinators and natural pest predators), and leads
to pest resistance. This creates a “paradox” in which short-term gains
in pest control compromise the long-term health and self-regulating
capacity of agroecosystems, making them more vulnerable to future
disruptions and weakening their ability to recover robustly (Zhang
et al, 2025) (Table 2). This negative causal relationship between
excessive pesticide use and systemic resilience has been widely
documented in agroecological studies. Competitiveness embodies the
long-term sustainability and market advantage regained after a shock.
Mechanization level (X17), labor productivity (X18), and government
support (X19) reflect efficiency gains and policy backing that foster
robust recovery. Export share (X21), comparative advantage (X22),
and patent applications (X24) indicate innovation and market
repositioning capabilities, essential for transforming and thriving
post-disruption. Specialized statistical data on the circulation of
agricultural products only is insufficient in official yearbooks, which
often report aggregate logistics data encompassing both agricultural
and non-agricultural goods. Directly using these aggregate figures
(e.g., total cargo turnover, total value-added of logistics) would
introduce significant measurement error into our APSCR index, as it
would be inflated by the circulation of industrial products, minerals,
and manufactured goods, which constitute a substantial portion of
logistics in a modernizing economy like China. This study adopts the
methodology of Wang et al. (2023) to ensure the scientific validity and
accuracy of the results by multiplying the relevant data with the food
consumption rate in order to exclude the influence of non-agricultural
distribution factors. The rationale behind this method lies in the fact
that foodstuffs are the main component of the distribution of
agricultural products, and the food consumption rate can effectively
eliminate the influence of non-agricultural products in residents’
consumption. This approach aims to more precisely capture the actual
proportion of agricultural products in overall circulation and enhance
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TABLE 1 Evaluation indicator system of agricultural products supply chain resilience level.

Level 1
indicators

Secondary indicators

Interpretation of indicators

10.3389/fsufs.2025.1659012

causality

Resistance Sown area of agricultural products(X1) Area sown of major crops Thousand hectares +

Effective irrigated area for agricultural products(X2) Effective irrigated area for major crops/Area % +

sown of major crops
Agricultural products factor inputs(X3) Employment in primary agriculture All the people +
Output of major agricultural products(X4) Output of major agricultural products Tons +
Agricultural products producer price index(X5) Data direct % +
Years of schooling per rural resident(X6) Years of schooling per rural resident Year +
Ownership of agricultural products fresh storage Data direct 10,000 units / bend +
equipment(X7)

Adaptability Number of agro-processing enterprises(X8) Data direct Size +
Number of leading agricultural products industrialized Data direct Size +
enterprises(X9)

Agricultural products cargo turnover(X10) Cargo turnover *N Billions of kilometers +

Rural road network accessibility(X11) (Class railroad mileage + Road mileage)/ Area | % +

Value added of agricultural products logistics(X12) Value added of transportation, storage and billions +
postal services *N

Recovery Agricultural products disaster rate(X13) Crops affected / Sown area of major crops % -

Extent of pesticide use(X14) Pesticide application / Sown area of major % -
crops
Extent of agricultural products plastic film use(X15) agricultural products plastic film application/ | % -
Sown area of major crops
Agricultural products fertilizers, pure(X16) agricultural products fertilizers, pure tons -
Competitiveness | Level of agricultural products mechanization(X17) Gross power of agricultural products % +
machinery / Sown area of major crops
Agricultural products labor productivity(X18) Gross agricultural products output / Primary % +
sector employment
Government financial support to agriculture(X19) Amount of government expenditure on % +
agriculture, forestry, and water / Total
government expenditure
Value added of primary industry(X20) Data direct billions +
agricultural products export market share(X21) Value of the province’s agricultural products % +
export / Amount of national agricultural
products export
Index of demonstrated comparative advantage in Share of total agricultural products exports of | % +
agricultural products (X22) the province in the total value of all export
commodities of the province / Share of total
national agricultural products exports in the
total value of all national exports
Agricultural products trade competitiveness index (X23) (Province’s agricultural products exports - % +
Province’s agricultural products imports)/
(Province’s agricultural products exports +
Province’s agricultural products imports)
Number of agricultural products patent applications Data direct Size +
(X24)
Number of workers in the logistics industry(X25) Data direct People +
Fixed Asset Investment in Logistics (X26) Data direct billions +

N, food consumption rate (N = final consumption rate x residential consumption rate x Engel’s coefficient).
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the accuracy and comparability of the Agricultural Products Supply
Chain Resilience indicator. Therefore, using the food consumption
rate to adjust the relevant circulation data can reasonably approximate
the actual situation of agricultural products logistics.

3.2.2 Core explanatory variables

The explanatory variable in this paper is Smart Rural Construction
(1CQ).
we conceptualize SRC as a multidimensional systemic transformation.

Moving beyond a simplistic view of digitization,

The evaluation indicator system is constructed from five theoretically
distinct yet interconnected dimensions, each representing a critical
pillar for building a smart rural ecosystem, which in turn forms the
foundation for a resilient agricultural supply chain. Smart
infrastructure constitutes the physical and smart backbone of the
smart rural ecosystem. It is measured by indicators such as rural
logistics coverage, Internet infrastructure, and mobile network
coverage. The theoretical rationale is that high-speed connectivity and
pervasive sensor networks (IoT) are prerequisite enabling
technologies. They facilitate the real-time data acquisition and
transmission that are fundamental to all other smart applications.
Without this backbone, the information flows necessary for supply
chain visibility, coordination, and rapid response to disruptions would
be impossible (Hrustek, 2020). Smart industry captures the productive
application of smart technologies in the economic sphere. Measured
by e-commerce activity, smart trading, and levels of agricultural
technology, it reflects the transition from traditional to smart
agriculture. The theoretical contribution of this dimension lies in its
direct value-creation mechanism. It enhances resilience by diversifying
income sources (e.g., through e-commerce), optimizing production
decisions (via data analytics), and improving resource efficiency
(through precision agriculture), thereby increasing the economic
robustness of the entire chain (Zhao et al., 2022). Smart livelihoods
measure the integration of smart tools into daily life and the
consumption side of the economy, proxied by smart finance,
electrification, and IT services. Its theoretical importance is in
empowering individual end-users (farmers, residents). Access to
smart financial services (e.g., mobile payments, microloans) enhances
their adaptive capacity to absorb financial shocks. Improved access to
information and services improves human capital, which is a critical,
often overlooked, component of a resilient system (Singh et al., 2023).
Smart governance represents the institutional and governance
modernization enabled by technology, measured by funding for smart
governance and postal network coverage. Its theoretical role is to
strengthen the institutional response capacity. Smart governance
platforms can streamline administrative processes, enable faster policy
dissemination, and facilitate coordinated crisis management during
supply chain disruptions, thus directly contributing to the system’s
recovery capacity (Belhadi et al, 2024). Farmer smart literacy
evaluates the human capital aspect of smart transformation. Skilled
farmers are more capable of adopting advanced technologies, engaging
in smart markets, and responding to smart information, which is
critical for sustaining supply chain adaptability and innovation.

It is worth noting that the agricultural product mix and smart rural
development priorities vary significantly across Chinese provinces. For
instance, provinces like Heilongjiang and Henan are major grain
producers, where resilience may focus on yield stability and logistics
efficiency. Conversely, coastal provinces such as Shandong and Zhejiang
emphasize high-value products like seafood and fruits, requiring
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cold-chain and e-commerce capabilities. Similarly, smart rural initiatives
range from IoT-based precision farming in Jiangsu to e-commerce
platforms in Guangdong. These regional distinctions underline the need
for context-specific resilience strategies, though our composite indicators
aim to capture these variations through multidimensional measurement.

3.2.3 Other variables

In this study, the mediating variable is industrial structure
upgrading (MED), measured as the ratio of the value-added of the
tertiary industry to that of the secondary industry. The following
control variables are also included: (1) government support level (GS),
represented by the proportion of regional fiscal expenditure to
regional GDP; (2) regional economic development level (RED),
measured as the per capita GDP of each province, expressed in
logarithmic form; (3) urbanization rate (UR), indicated by the
proportion of urban permanent residents to the total population. (4)
Financial development level (FDL), defined as the ratio of the loan
balance of financial institutions to regional GDP. To address potential
concerns that this broad macroeconomic indicator may not accurately
reflect rural financial conditions, an additional rural-specific financial
indicator is introduced as a robustness check in our threshold analysis:
(5) Rural financial development (RFD), measured by agricultural
insurance depth, calculated as the premium income of agricultural
insurance divided by the value-added of the primary industry. This
indicator offers distinct advantages for our analysis, as it specifically
captures the penetration and development of financial services within
the agricultural sector. The availability of agricultural insurance serves
as a critical financial tool for farmers to mitigate production risks,
such as natural disasters and price fluctuations. Higher insurance
depth implies a more robust financial safety net, which can enable
farmers and cooperatives to invest in and adopt smart technologies
with greater confidence. Unlike the broad FDL ratio, agricultural
insurance depth directly targets the financial ecosystem in which
smart rural initiatives operate, providing a clearer depiction of
financial constraints or empowerment at the rural level.

3.3 Data sources and descriptive statistics
of variables

In this paper, the panel data of 31 provinces in China (excluding
Hong Kong, Macao, and Taiwan) from 2013 to 2022 are selected as the
research sample. The main data for the study come from the China
Statistical Yearbook, China Rural Statistical Yearbook, Peking
University Smart Financial Inclusion Index, as well as statistical
yearbooks and statistical bulletins of each province. In addition, the
interpolation method is used to fill in the missing sample data. The
descriptive statistics of each variable are shown in Table 3.

4 Results and analysis
4.1 Base regression analysis

Table 4 reports the regression results of the effect of smart rural
construction on the resilience of the agricultural products supply

chain, where column (1) shows the regression results without
considering the control variables and fixed effects, and column (2)
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TABLE 2 Evaluation indicator system for smart rural construction.

Level 1 indicators

Secondary indicators

Interpretation of
indicators

10.3389/fsufs.2025.1659012

Causality

Smart infrastructure Rural logistics coverage(X1) Rural delivery routes(one way) Kilometers +
Logistics infrastructure Value added of transportation, Billions +
investment(X2) storage and postal services
Internet infrastructure Rural broadband access subscribers Also translated as Marquis +
building(X3)

Agrometeorological Agro-meteorological observatories Size +
observatories(X4)

Level of digitization of Level of facility-based agriculture % +
agriculture(X5)

Rural smart technology Income from information Ten thousand dollars +
development base(X6) technology services

Rural mobile network coverage(X7) = Telecom fiber optic cable line length | Kilometers +

Smart industry Rural e-commerce(X8) Taobao Rural Size +

Smart technology services(X9) Number of legal entities in the Size +
information transmission, software
and information technology services
industry
Financing of e-commerce Local transportation expenditures Billions +
infrastructure(X10)
Smart trading of agricultural E-commerce sales Billions +
products(X11)
Mechanization of agriculture (X12) | Gross power of farm machinery Kilowatt +
Level of agricultural products Number of patents in agricultural Size +
technology(X13) products science and technology

Smart Livelihoods Level of development of smart Smart Inclusive Finance Index % +
finance(X14)

Level of rural household Rural electricity consumption kWh +

electrification(X15)

Broadcasting penetration(X16) Population coverage of rural radio % +
programs

Information technology Total telecommunication services Billions +

services(X17)

Cell phone penetration rate(X18) Average number of cell phones per Whole / hundred people +
100 rural households

Smart Governance Smart Rural Governance Expenditures on urban and rural Billions +
Funding(X19) community affairs in local finance
Share of administrative rural with Proportion of administrative rural % +
postal service(X20) with postal service

Farmer smart Smart Talent Service Number of persons engaged in People +

literacy Workforce(X21) agricultural products scientific and % +
Smart Skills Training Participation technological activities % +
Rate (X22) Proportion of agricultural laborers
E-commerce Platform Usage Rate trained in smart technology
(X23) application

Proportion of farmers/cooperatives
selling products via e-commerce
platforms
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demonstrates the regression results with the inclusion of the individual
year fixed effects in both directions. Column (3) examines the
regression results with the inclusion of control variables fixed in both
directions. The results show that the regression coefficients of smart
rural construction are significantly positive regardless of whether
control variables and two-way fixed effects are added, which indicates
that smart rural construction significantly improves the resilience of
the agricultural products supply chain and verifies Hypothesis H1. As
mentioned in the previous section, the implementation and
advancement of smart rural construction not only provides complete
infrastructure for rural construction but also helps to improve the flow
of information optimize resource allocation, and upgrade the rural
industry. As mentioned above, the implementation and promotion of
smart rural construction not only provides complete infrastructure for
rural construction, but also helps to improve information circulation,
optimize resource allocation, and provide a long-term guarantee for
the upgrading of rural industries, thus promoting the enhancement of
the toughness of the agricultural products supply chain.

4.2 Robustness and endogeneity tests

4.2.1 Replacement of explanatory variable
measures

This paper uses the entropy weight method to measure the
development level of smart rural construction in the benchmark
regression. To avoid the error generated by a single objective assignment,
this paper draws on the practice of Zhang et al. (2023a), who used the
coefficient of variation method to re-measure the level of smart rural
construction for robustness testing. The coeflicient of variation method
determines the weights by evaluating the difference between the average
value of each indicator and the initial value, and the differences between
the weights of the indicators are small compared to the entropy weight
method of assigns weights based on the degree of discretization between
the indicators. As can be seen from column (1) of Table 5, the coefficient
estimates of the level of smart rural construction measured using the
coeflicient of variation method are all significantly positive at the 1%
level, indicating that the results of the study are robust. The smart rural
construction index (ICC) was developed using both the entropy weight
method and the coefficient of variation method. Regression analyses
incorporating these indices consistently demonstrated a significant
positive impact of smart rural construction on agricultural supply chain
resilience, with consistent coefficient directions and significance levels
(see Column 1 of Table 5). These results indicate that our index
construction method exhibits strong robustness and remains insensitive
to the choice of weighting approach.

4.2.2 Excluding municipalities

China’s municipalities have special characteristics in the level of
agricultural products economic development, agricultural product
policy support, and the quality of agricultural products labor force
avoid the influence of other unobservable factors, and to further verify
the reliability and robustness of the conclusions, this paper draws on
the practice of Yao and Chen (2024) to re-test the sample by re-moving
the municipality. Column (2) of Table 5 reports the regression results
with the exclusion of four municipalities, from which it can be seen
that the coefficient of smart rural construction after the exclusion of
municipalities is 0.178, which is significantly positive at the 1% level,

Frontiers in Sustainable Food Systems

10.3389/fsufs.2025.1659012

indicating that the smart rural construction enhances the resilience of
the agricultural products supply chain, which verifies the robustness
of the benchmark regression mentioned above.

4.2.3 Bilateral indentation treatment

In order to avoid extreme values of each variable in the analysis,
this paper draws on the practice of Qin and Wang (2022), shrinking
2% for each study variable. The regression results after shrinkage are
shown in column (3) of Table 5, and the regression coefficient of smart
rural construction is 0.208, which is significantly positive at the 1%
level. This indicates that smart rural construction significantly
enhances the resilience of the agricultural products supply chain,
further indicating that the findings of this paper are robust.

4.2.4 Exclusion of provinces with special policies

The heterogeneity results may be confounded by the fact that
central and western regions often overlap with key national strategy
zones, such as the Western Development Strategy and the Rise of
Central China Strategy, which entail substantial financial transfers and
preferential policies. To ensure that our estimated heterogeneity is
driven by smart rural construction itself rather than other concomitant
regional policies, we conduct a robustness test by excluding provinces
that are typically classified as national-level rural revitalization key
assistance counties (a policy targeting the most underdeveloped
regions). These provinces include: Gansu, Qinghai, Ningxia, Xinjiang,
Sichuan, Guizhou, Yunnan, Tibet, Guangxi, Inner Mongolia, Jilin,
Heilongjiang, and Hainan.

As shown in column (4) of Table 5, after excluding these provinces,
the coefficient of smart rural construction (ICC) remains positive and
statistically significant at the 1% level, although the coeflicient size
changes. This confirms that the positive impact of smart rural
construction on APSCR is robust. More importantly, it suggests that the
core finding of regional heterogeneity—stronger effects in less developed
regions—is not solely attributable to other special support policies but is
indeed linked to the marginal utility of smart infrastructure construction.

4.2.5 Endogenous processing

Both smart rural construction and agricultural product supply
chain resilience are composite indices, which may introduce
endogeneity issues due to measurement bias, in addition to potential
omitted variables not accounted for. To address endogeneity concerns
as much as possible, an instrumental variable (IV) approach is
employed to estimate the baseline model. In selecting the instrumental
variable, the use of the one-period lagged explanatory variable is a
common method in econometrics to mitigate endogeneity caused by
reverse causality or omitted variables. The lagged value is correlated
with the current explanatory variable (relevance condition) but is not
influenced by the current error term (exogeneity condition), making it
a suitable instrumental variable. This approach has been widely adopted
in similar studies in regional and agricultural economics. For instance,
Yang and Sun (2024) and Zhang et al. (2023a) used lagged variables as
instruments when assessing the impact of smart transformation using
smart infrastructure indicators, supporting the validity and rationality
of this method. The endogeneity of the empirical analysis results was
tested based on Two-Stage Least Squares (2SLS). The relevant test
results are shown in the table. Column (5) of Table 5 presents the first-
stage regression results, indicating that the instrumental variable L. ICC
is positively correlated with ICC at the 1% significance level, suggesting
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TABLE 3 Descriptive statistics for variables.
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Variable type  Variable name Variable Sample size Mean Standard
symbol value deviation

Explained variable Agricultural APSCR 310 0.227 0.109 0.056 0.625
products supply
chain resilience

Explanatory variable | Smart rural 1cc 310 0.130 0.098 0.009 0.481
construction

Intermediary Upgrading of MED 310 1.423 0.746 0.665 5.283

variable industrial structure

Control variable Level of government | GS 310 0.291 0.204 0.105 1.354
support
Level of regional RED 310 10.94 0.432 10.00 12.15
economic
development
Urbanization rate UR 310 0.019 0.013 0.0005 0.067
Level of financial FDL 310 1.555 0.442 0.743 2.996
development
Rural financial RFD 310 0.015 0.019 0.001 0.136
development

a strong correlation between the selected instrumental variable and the
explanatory variable. Column (6) reports the second-stage regression
results, showing that smart rural construction remains significantly
positively correlated with agricultural product supply chain resilience,
verifying the robustness of the aforementioned conclusions.

4.3 Mechanism testing

In this paper, industrial structure upgrading is selected as the
mediating variable. Column (1) in Table 6 shows the regression results
of smart rural construction on industrial structure upgrading, and the
estimated coefficient of smart rural construction is 1.476 and
significant, which indicates that smart rural construction can promote
the upgrading of industrial structure. The coefficient of industrial
structure upgrading in column (2) is significantly positive, indicating
that the resilience of the agricultural products supply chain increases
when the degree of industrial structure upgrading increases.
Therefore, smart rural construction can promote regional agricultural
products by promoting rural industrial structure upgrading. The
coefficient of ICC in Column (2) is significantly positive, indicating
that smart rural construction has a positive effect on the enhancement
of the toughness of the agricultural products supply chain, thus
indicating that there is a mediating effect of industrial structure
upgrading in the impact of smart rural construction on the toughness
of the agricultural products supply chain (Coopmans et al.,, 2021), and
hypothesis H2 is valid.

4.4 Heterogeneity test
Given the significant disparities in economic development,

resource endowment, and smart infrastructure across China, this
study investigates the regional heterogeneity of the impact of smart
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TABLE 4 Benchmark regression results.

Variant

ICC 0.428%** 0.279%%* 0.175%%*
(0.0185) (0.0251) (0.0329)
GS 0.0759%%*
(0.0298)
RED 0.0208
(0.0158)
UR 5.721%%%
(0.979)
FDL —0.0157%#%*
(0.00511)
RFD —0.340%#*
(0.112)
Constant 0.171%%% 0.171%%* —0.141
(0.0146) (0.00307) 0.171)
Individual year No Yes Yes
fixed effects
Sample size 310 310 310
R’ 0.744 0.836

*, #% and *** indicate significance at the 10, 5 and 1% levels, respectively, with t-values in
parentheses.

rural construction on APSCR. The regional division follows the
standard classification officially adopted by the National Bureau of
Statistics of China (NBSC). Specifically, Eastern region includes
Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian,
Shandong, Guangdong, and Hainan; the Central region comprises
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Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei, and Hunan;
and the Western region consists of: Inner Mongolia, Guangxi,
Chongging, Sichuan, Guizhou, Yunnan, Tibet, Shaanxi, Gansu,
Qinghai, Ningxia, and Xinjiang. Grouped regressions were conducted
for the eastern, central, and western regions of China to further
examine the regional heterogeneity in the impact of smart rural
construction on agricultural product supply chain resilience. The
estimation results are presented in Table 7. Columns (1) to (3) report
the results for the eastern, central, and western regions, respectively.
The findings indicate that the coefficients of smart rural construction
on APSCR are 0.072, 0.605, and 0.277 in the eastern, central, and
western regions, with the estimates for the central and western regions
being statistically significant at the 10% level. This suggests that smart
rural construction significantly enhances APSCR in the central and
western regions. A comparison of the coefficient magnitudes reveals
notable regional disparities in the effect of smart rural construction
on APSCR. Specifically, the promoting effect is most substantial in the
central region, followed by the western region, and weakest in the
eastern region. This pattern of significant regional disparity leads us
to conclude that Hypothesis H3 is supported. This pronounced
regional heterogeneity can be attributed to differences in economic
foundations, agricultural structures, policy environments, and their
interplay with the developmental stages of smart rural initiatives
across regions. The relatively weaker effect observed in the eastern
region may be explained by the following factors: (1) Structural
divergence in the agricultural economy: Agriculture constitutes a
smaller share of the economy in the eastern region, with a greater

TABLE 5 Robustness and endogeneity regression results.

10.3389/fsufs.2025.1659012

emphasis on high-value-added sectors (e.g., urban agriculture and
leisure agriculture). Enhancements in resilience in these sectors may
rely more on non-smart precision management or specialized
technologies, thereby reducing the marginal contribution of universal
smart infrastructure. (2) Diminishing marginal returns on policy and
technology investments: As an early adopter of smart agriculture, the
eastern region has already capitalized on initial dividends. Further
improvements necessitate addressing more complex system
integration challenges, resulting in lower marginal returns from
additional investments. (3) Transition to advanced smart application
phases: The focus of smart transformation in the eastern region has
shifted from “tool dissemination” to “value creation,” a process that
inherently involves longer gestation periods for tangible outcomes.
In contrast, smart rural construction demonstrates a stronger
empowering effect in the central and western regions due to the
following reasons: (1) Precise alignment between resources and pain
points: As major production bases for bulk agricultural products, the
central and western regions face critical supply chain challenges—
such as information asymmetry, logistical inefficiencies, and market
access barriers—that can be effectively mitigated by inclusive smart
technologies like e-commerce and the Internet of Things. (2) Targeted
policy support and resource allocation: As prioritized regions under
national strategies such as Rural Revitalization, these areas benefit
from substantial central fiscal transfers and policy resources, ensuring
robust implementation and extensive coverage of smart rural projects,
which amplifies policy effectiveness. (3) Pronounced late-mover
advantages and leverage effects: These regions can adopt mature

Variant (1) Replacement (2) Excluding (3) Bilateral (4) Excluding = (5) First-stage = (6) Second-
of explanatory municipalities 2% special regression (1V) stage
variable measures APSCR winsorization policy ICC regression
APSCR APSCR provinces (\%)
APSCR APSCR
v 090477
(0.0296)
1cC 02147 0.17875% 02087 0.175%% 0.545%%%
(0.0376) (0.0420) (0.0293) (0.0404) (0.122)
GS 0.0694% 0.088%* 0.107%%% —0.00007 0.0479%* 0.06417%%%
(0.0298) (0.0353) (0.0350) (0.0717) (0.0242) (0.0230)
RED 0.0164 0.0235 0.0814%% 0.0278 —0.00121 —0.0202%
(0.0157) (0.0174) (0.017) (0.024) (0.0148) (0.0116)
UR 52307 59617 1.602 7.741%5% 2.940%%% 3.115%%
(1.007) (1.153) (0.983) (1.287) (0.905) (0.835)
FDL —0.0156%* —0.0180% —0.003 —0.0225% —0.0113%* —0.0805% %
(0.00507) (0.0059) (0.005) (0.013) (0.00476) (0.0100)
RFD —0.3290% —0.2006 —0.667%%% —0.2136 0.378%%% —0.791%%%
(0.1074) (0.2232) (0.171) (0.143) (0.0909) (0.222)
Constant term —0.093 —0.169 —0.738 —0.245 —0.0231 0.439%%%
(0.169) (0.185) (0.180) (0.267) (0.164) (0.127)
Sample size 310 270 310 180 279 279
R’ 0.838 0.839 0.783 0.861 0.994 0.810
F 90.90 79.43 63.49 60.77 475.28 111.64

*, #% and *** indicate significance at the 10, 5 and 1% levels, respectively, with t-values in parentheses.
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technological solutions directly, avoiding trial-and-error costs.
Moreover, their initially underdeveloped infrastructure allows new
smart investments to yield significant leverage and “catch-up effects””
It is important to note that the central and western regions are also the
main beneficiaries of national policies like the Western Development
and Rural Revitalization strategies. While our robustness test in
section 4.2.4 helps to mitigate this concern, we cannot fully rule out
the possibility that some of the observed effect are amplified by these
broader policy environments. Future research could employ more
granular data or quasi-experimental designs to better disentangle the
pure effect of smart rural construction from confounding
regional policies.

4.5 Threshold effect analysis

The level of financial development is selected as the threshold
variable. After determining the existence of threshold effects in the
model, the number of thresholds is tested. The results are shown in
Table 8. The single threshold of smart rural construction passed the
test of significance at the 5% level, and the corresponding self-
sampling p-value was 0.036. The double threshold and triple threshold
tests were not significant. Therefore, the single threshold model
was analyzed.

The estimate of the threshold parameter y in a single threshold is
1.868, the confidence interval is [1.848, 1.884]. According to the
single threshold value, China’s provinces are categorized into two
types: provinces with a low level of smart countryside construction
(ICC < 1.868) and provinces with a high level of smart countryside
construction (ICC > 1.868). As shown in Table 9, when ICC < 1.868,
the estimated coeficient of the impact of smart rural construction on
the resilience of the agricultural products supply chain is 0.453, which
passes the 1% significance test; when ICC > 1.868, the estimated
coefficient of the impact of smart rural construction on the resilience
of the agricultural products supply chain is 0.338 and is more
significant. This non-linear relationship, where the effect diminishes
after financial development reaches a certain high level, provides
clear evidence to support Hypothesis H4. This finding reveals a
nonlinear characteristic of the empowering effect of smart rural
construction on supply chain resilience, consistent with the concept
of diminishing marginal returns. We provide the following theoretical
explanation for this pattern: In the initial construction phase, the
proliferation of smart infrastructure and general-purpose
technologies can rapidly break down information barriers and
optimize resource allocation, yielding significant marginal gains.
However, at higher development levels, further growth becomes
increasingly dependent on building complex, agriculture-specific
smart capabilities (e.g., precision agriculture, predictive analytics).
Cultivating such capabilities requires more specialized knowledge,
substantial complementary investments (e.g., in high-skilled talent,
organizational process redesign), and might encounter coordination
bottlenecks (e.g., data standards, benefit sharing), resulting in higher
marginal costs and slower realization of benefits, thus leading to a
slowdown in the rate of marginal return (Hrustek, 2020; Stone and
Rahimifard, 2018). Furthermore, the results using the level of
financial development (FDL) as the threshold variable indicate that
the financial system plays a critical moderating role in the
aforementioned relationship. In the high FDL regime, well-developed
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TABLE 6 Analysis of intermediation effects.

Variant (1) (2)
MED APSCR
I1CC 1.476%** 0.154%#*
(0.358) (0.0336)
MED 0.0142%*
(0.00560)
GS 1.443%%* 0.0553%*
(0.324) (0.0306)
RED —0.807%%%* 0.0323%%*
(0.172) (0.0163)
UR —31.89%** 6.175%%*
(10.65) (0.986)
FDL —0.0660 —0.01487%%**
RFD (0.0556) (0.00507)
0.0681 —0.341%%*
(1.214) (0.111)
Constant term 9.818%** —0.281
(1.847) (0.177)
Sample size 310 310
RrR? 0.704 0.840
Number of provinces 31 31
Year/province fixed T e
effects
F 41.94 86.02

*, #% and *** indicate significance at the 10, 5 and 1% levels, respectively, with t-values in
parentheses.

credit and insurance markets can effectively alleviate the financing
constraints faced by agricultural entities and provide a buffer against
the risks associated with adopting smart technologies, thereby
“activating” and amplifying the empowering effect of smart rural
construction (Wensheng, 2020). Conversely, under low financial
development, even where smart infrastructure exists, capital shortage
and risk aversion significantly constrain the depth and breadth of
practical technology adoption by entities. This prevents the
investments in smart rural construction from being fully translated
into resilience enhancement, attenuating the observed effect.
Therefore, financial development acts as a vital complementary asset
for smart rural construction to exert its empowering effect, and its
level determines the strength of this effect.

To enhance the practical relevance of our findings, we further
employ the rural-specific financial indicator (RFD - Agricultural
Insurance Depth) as a new threshold variable. The threshold effect test
results for RFD are presented in Table 10. A single threshold is
identified and is statistically significant at the 5% level (F = 25.06,
p=0.096).

The estimate of the threshold parameter y for RFD is 0.839, with
a confidence interval of [0.796, 0.852]. This threshold value
meaningfully categorizes provinces into those with a lower level of
rural financial development (RFD < 0.839) and those with a higher
level (RFD > 0.839). As shown in Table 11, when rural financial
development is below the threshold (RFD < 0.839), the estimated
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TABLE 7 Results of regional heterogeneity analysis.

Variant (1) Eastern (2) Central (3) Western
Region Region Region
APSCR APSCR APSCR
ICC 0.072 0605 0.277%
(0.0612) (0.215) (0.166)
GS —0.0462 04227 0.0504
(0.0805) (0.118) (0.0358)
RED 0.109%* —0.0352 0.0428
(0.0451) (0.0346) (0.0264)
UR 10,7275 0.862 6.282%%
(1.945) (2.122) (2.821)
FDL —0.0268* —0.0681%% —0.0159%
(0.0161) (0.0196) (0.00584)
RED —0.00589 -0.938 —0.204
(0.185) (0.892) (0.233)
Constant term —1.188%%* 0.495 —0.375
(0.515) (0.391) (0.275)
Sample size 110 80 120
R2 0.868 0.895 0.851
F 36.70 32.47 35.28

*, #% and *** indicate significance at the 10, 5 and 1% levels, respectively, with t-values in
parentheses.

coeflicient of smart rural construction on APSCR is 0.488 and
significant at the 1% level. When rural financial development exceeds
the threshold (RFD > 0.839), the empowering effect becomes even
stronger, with a coefficient of 0.322 (significant at the 1% level). This
result reveals a more nuanced story than the one using the macro
FDL indicator: The positive and significant coefficient in the low
RFD regime confirms that financial development is indeed a
constraint. In regions where the agricultural financial safety net is
weak, smart rural construction still has a positive effect, but it is
somewhat limited. Crucially, when rural financial development
(proxied by insurance depth) reaches a certain threshold, it does not
exhibit diminishing returns but instead becomes a powerful enabler.
A robust rural financial system amplifies the positive impact of smart
rural construction. This is likely because better risk mitigation
through insurance encourages greater adoption of smart
technologies and investments in smart agriculture, leading to a
multiplicative effect on supply chain resilience. Therefore,
we conclude that the development of rural-specific financial
instruments is not merely a complementary factor but a critical
amplifier that unlocks the full potential of smart rural initiatives in
enhancing agricultural supply chain resilience.

4.6 Sensitivity analysis

To further assess the robustness of our Agricultural Products
Supply Chain Resilience (APSCR) index and identify which
underlying indicators exert the most substantial influence on the
composite measure, we conducted a sensitivity analysis. This analysis
helps to determine how variations in individual input indicators affect
the overall APSCR score, thereby providing insights into the relative
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importance and stability of each component within our
multidimensional index framework. We employed a standardized
linear regression approach, normalizing the values of each indicator
and then regressing the APSCR index against these normalized inputs
to derive sensitivity coefficients.

4.6.1 Sensitivity analysis of agricultural products
cargo turnover

We selected Agricultural Products Cargo Turnover (X10) for
sensitivity analysis due to its critical role in capturing the logistical
efficiency and fluidity of the agricultural supply chain. This indicator,
adjusted by the food consumption rate to isolate agricultural product
movement, reflects the volume-distance of goods transported and is a
direct measure of the supply chains operational throughput and
connectivity. Efficient cargo turnover is essential for maintaining
supply chain continuity, reducing time lags, and mitigating disruptions
caused by logistical bottlenecks.

As illustrated in Figure 3, the scatter plot displays a clear positive
linear relationship between the normalized values of Agricultural
Products Cargo Turnover (X10) and the APSCR index. The sensitivity
coeflicient, derived from the linear regression slope, is positive and
statistically significant, indicating that enhancements in logistical
efficiency—proxied by cargo turnover—contribute substantially to
overall supply chain resilience. This finding underscores the
importance of investing in and optimizing transportation
infrastructure and logistics management as a key strategy to bolster
the resilience of agricultural supply chains, particularly in mitigating
risks associated with delays and distribution inefficiencies.

4.6.2 Sensitivity analysis of agricultural products
disaster rate

The Agricultural Products Disaster Rate (X13) was chosen for
sensitivity analysis because it directly measures the vulnerability of
agricultural production to natural shocks and adverse events. This
indicator, calculated as the ratio of affected crop area to total sown
area, serves as a critical inverse proxy for the buffering capacity and
pre-disaster resistance of the supply chain. A high disaster rate
signifies heightened exposure to environmental risks, which can
severely compromise production stability and supply chain continuity.

Figure 4 presents the scatter plot of the normalized Agricultural
Products Disaster Rate (X13) against the APSCR index. The
regression analysis reveals a significant negative sensitivity
coefficient, confirming that an increase in the disaster rate
corresponds to a decrease in overall supply chain resilience. This
strong inverse relationship highlights the detrimental impact of
production vulnerabilities on the system’s ability to withstand and
recover from disruptions. It emphasizes the necessity of integrating
robust risk management strategies—such as improved irrigation,
disaster forecasting systems, and climate-resilient agricultural
practices—to enhance the defensive capacity of the supply chain
against environmental uncertainties.

Together, these sensitivity analyses validate the construction of the
APSCR index by demonstrating that its composite score is
meaningfully and intuitively responsive to changes in both enabling
(e.g., logistics efficiency) and constraining (e.g., disaster exposure)
factors. The results reinforce the importance of addressing both
operational efficiencies and environmental risks in policies aimed at
enhancing the resilience of agricultural product supply chains.
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TABLE 8 Threshold effect test.

Mold F P 5% threshold
Single threshold 22.67 0.036 20.208
Double threshold 10.43 0.293 18.076
Triple threshold 4.00 0.746 14.686

TABLE 9 Threshold regression analysis results.

Variant (1) ICC <1.868 (2) ICC > 1.868
APSCR APSCR
ICC1 0.453%#* 0.1927%3*
(0.0158) (0.0322)
I1CC2 0.338%%% 0.121%%*
(0.0170) (0.0276)
GS 0.0961%3*
(0.0265)
RED 0.0429%**
(0.00603)
UR 4.936%%*
(0.976)
FDL —0.00741
(0.00475)
Constant term 0.164%** —0.381%%*
(0.00227) (0.0650)
Sample size 310 310
R? 0.756 0.824
Number of provinces 31 31

*#, *% and *** indicate significance at the 10, 5 and 1% levels, respectively, with t-values in
parentheses.

5 Discussion
5.1 Primary causal link

Our findings underscore that the effectiveness of smart rural
construction in enhancing agricultural supply chain resilience is
highly context-dependent, influenced by regional economic
structures, product types, and local policy emphases. For example,
western provinces with extensive farming systems may benefit most
from smart logistics and disaster early-warning systems, whereas
eastern regions with high-value products might prioritize smart
traceability and e-commerce integration. Future policy-making
should therefore adopt a differentiated approach, aligning smart
technologies with local agricultural profiles and resilience needs.
This study empirically analyzes the direct impact of smart rural
construction on agricultural supply chain resilience through a
two-way fixed effects model and a panel threshold model. The
results show that smart rural construction significantly enhances
agricultural supply chain resilience (the coefficient is 0.175,
significant at a 1% level). This causal relationship is mainly reflected
in the following aspects: breaking down of information barriers:
smart rural construction reduces information asymmetry in the
supply chain through smart technology (e.g., e-commerce platforms,
Internet of Things, etc.) and improves the efficiency of information
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transfer, thus enhancing the transparency and coordination of the
supply chain. Improvement of infrastructure: Improvement of smart
infrastructure (e.g., logistics network and Internet coverage) reduces
the cost of agricultural product circulation and improves the supply
chain’s risk-resistant ability to cope with emergencies. Optimized
allocation of re-sources: the construction of smart rural promotes
the efficient flow of production factors, optimizes the allocation of
resources in agricultural production and circulation, and thus
enhances the overall resilience of the supply chain. Our findings
robustly demonstrate a significant positive direct impact of smart
rural construction on agricultural supply chain resilience (ASCR).
This aligns with and extends the growing body of literature that
underscores the role of digitalization in enhancing agri-food system
robustness. For instance, Belhadi et al. (2024) conceptually argued
that smart capabilities are fundamental to building resilience against
compounding disruptions, particularly in agri-food systems. Our
empirical results from the Chinese context provide strong
quantitative support for their theoretical proposition, moving from
conceptual framing to measurable evidence. Furthermore, our
results resonate with the findings of Guo et al. (2024), who identified
a positive impact of agricultural digitization on economic resilience.
However, our study diverges by focusing specifically on multi-
dimensional supply chain resilience rather than broader economic
resilience, thereby offering a more granular understanding of the
mechanisms within the agricultural product flow. The positive
impact we observe can be primarily attributed to three mechanisms
derived from our analysis: the breaking down of information
barriers, the improvement of infrastructure, and the optimized
allocation of resources. This multi-pathway explanation addresses
the call by Stone and Rahimifard (2018) for a more nuanced
understanding of how resilience is built in agri-food supply chains,
moving beyond a monolithic view.

5.2 Mechanical effect

The study further examined the role path of smart rural
construction affecting the resilience of the agricultural supply chain
through the mediation effect model and found that industrial
structure upgrading is an important mediating variable. The results of
the mediated effect test show that smart rural construction indirectly
improves the resilience of the agricultural supply chain by promoting
industrial structure upgrading (the mediated effect coefficient is
0.0142, which is significant at the 5% level), which verifies hypothesis
H2. The specific mechanisms can be elucidated by integrating insights
from recent literature on the broader impacts of smartization: First,
the foundational element of smart rural construction is the
deployment of smart infrastructure, such as broadband internet.
Evidence from the “Broadband China” policy (a key component of
smart rural initiatives) shows that while its primary aim was to reduce
the urban-rural smart divide, its effect on income inequality is
nuanced (He et al., 2025). Crucially, this infrastructure “bridges”
information gaps for rural entrepreneurs and enterprises, providing
them with unprecedented access to market information, online
marketplaces, and knowledge resources. This access is a critical
prerequisite for industrial upgrading. It enables rural producers to
move beyond traditional cultivation by facilitating engagement in
e-commerce, brand building, and the development of value-added
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TABLE 10 Threshold effect test.

Mold F P 5% threshold
Single threshold 25.06 0.086 27.94
Double threshold 16.82 0.176 24.569
Triple threshold 4.49 0.926 28.926
TABLE 11 Threshold regression analysis results.
(1) (2)
Variant APSCR APSCR
ICC1 0.488 %% 0.143%*%
ICC2 (0.0200) (0.0326)
GS 0.3227%%% 0.183%#%*
(0.0393) (0.0338)
0.0859%#%*
(0.0274)
RED 0.0476%**
(0.00645)
UR 5.5627%%%
(1.012)
FDL —0.00954%*
RFD (0.00482)
—0.00367%**
(0.00117)
Constant term 0.167%%* —0.4297%%%
(0.00258) (0.0659)
Sample size 310 310
R? 0.713 0.822
Number of provinces 31 31

*, % and *** indicate significance at the 10, 5 and 1% levels, respectively, with t-values in
parentheses.

products (e.g., processed foods, organic goods), thereby driving the
vertical upgrading of the local industrial structure from primary
towards secondary and tertiary sectors. Second, smart rural
construction fosters the development of Smart Inclusive Finance
(DIF), which directly alleviates a critical constraint on industrial
upgrading: capital. The study by Li et al. (2025) demonstrates that DIF
impacts agricultural outcomes by altering production and investment
behaviors. Improved access to credit through mobile platforms and
fintech solutions allows farmers and agricultural cooperatives to invest
in productivity-enhancing technologies (e.g., advanced machinery,
smart irrigation systems, green technologies) that they were previously
unable to afford. This investment not only has environmental
implications but also fundamentally changes the mode of production.
It enables capital-for-labor substitution and a shift towards more
efficient, scale-oriented, and technology-intensive operations. This
transition is the essence of industrial structure upgrading within the
agricultural sector itself, enhancing its competitiveness and reducing
its vulnerability to disruptions. In summary, smart rural construction
drives industrial structure upgrading through two intertwined
channels: (1) by providing the informational bridge (via infrastructure
like broadband) that enables market participation and value chain
extension, and (2) by providing the financial tools (via smart inclusive
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FIGURE 3
Scatter plot for sensitivity analysis of agricultural products cargo
turnover.

finance) that enable investment in technological modernization and
efficient production practices. This upgraded industrial structure,
characterized by higher value-added activities and more efficient
operations, subsequently enhances the overall resilience of the
agricultural supply chain.

5.3 Policy recommendations

Based on the mechanisms, heterogeneity, and threshold effects
identified in this study, we propose the following region-specific and
technology-focused policy recommendations to deepen the
application of smart technologies in smart rural construction and
enhance the agricultural supply chain resilience:(1) The significant
regional heterogeneity observed in our findings indicates that a
“one-size-fits-all” policy approach is inefficient. In the eastern region,
policies should move beyond universal smart infrastructure coverage
and instead focus on supporting advanced, industry-integrated smart
innovations—such as Al-driven decision-making and blockchain-
based traceability—to overcome diminishing returns. In contrast,
policy priorities in the central and western regions should continue to
emphasize expanding smart infrastructure coverage and reducing the
cost of technology adoption to unlock their significant “catch-up
dividends” and “leverage effects”(2) The threshold effect suggests that
financial development acts as a critical “complementary asset” and
“enabler” for the effectiveness of smart rural initiatives. Policymaking
must therefore synergize smart infrastructure investment with the
development of the rural financial system. In regions with lower levels
of financial development, priority should be given to promoting
inclusive finance and agricultural insurance to alleviate financing
constraints and mitigate smart transformation risks for farmers and
agribusinesses, thereby removing barriers to the effective
implementation of smart rural projects.(3) While smart rural
construction enhances resilience by promoting industrial structure
upgrading, this process may also lead to agricultural labor reallocation
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and potential technological unemployment—particularly among
low-skilled workers. Policies must be forward-looking and incorporate
smart skills training, occupational transition support, and social safety
nets as essential components of smart rural initiatives. This will ensure
an inclusive transition process and prevent the exacerbation of social
inequality. (4) As smart rural construction advances, data silos and
coordination bottlenecks are likely to emerge as major constraints.
Governments should take a leading role in establishing standards and
protocols for agricultural data sharing and interoperability to facilitate
data flow and operational collaboration among supply chain actors.
This will fully unlock the potential of smart rural development at more
advanced stages.

5.4 Limitations and future research
directions

Although this study empirically examines the impact and
pathways of smart rural construction on agricultural supply chain
resilience, several limitations inherent to the research design and data
availability should be acknowledged. These limitations, however, pave
the way for fruitful future research:(1) Measurement of Smart
Infrastructure and Literacy: Our study, like many in this field,
measures smart infrastructure using proxy indicators like network
coverage and logistics investment. However, this approach fails to
capture critical qualitative aspects such as network stability, broadband
speed, and the affordability of data plans—factors that ultimately
determine the usability and impact of smart tools. Similarly, while
we innovatively incorporated “farmers’ smart literacy; it was measured
by the number of technical personnel, which does not directly assess
farmers’ actual skills in using smartphones, e-commerce platforms, or
agricultural apps. Future research should prioritize developing more
nuanced metrics, perhaps through large-scale farmer surveys, to
directly gauge usage frequency, competency levels, and the perceived
usefulness of smart technologies. This will provide a more accurate
understanding of the human capital constraints on smart

Frontiers in Sustainable Food Systems

10.3389/fsufs.2025.1659012

transformation. (2) Potential Data and Omitted Variable Biases: Our
reliance on provincial-level panel data, while necessary for macro-
analysis, masks significant intra-provincial heterogeneity. The benefits
of smart rural construction likely vary greatly between rich and poor
counties within the same province, leading to aggregation bias.
Furthermore, despite our efforts to include a comprehensive set of
control variables, unobserved factors such as local governance quality,
the social capital of rural communities, and the presence of pioneering
smart entrepreneurs could confound our results. Future studies should
employ more granular (county- or rural-level) data and adopt quasi-
experimental designs, such as difference-in-differences (DID) models
leveraging the phased rollout of smart rural pilot policies, to better
establish causality and uncover micro-level mechanisms. (3) Evolving
Nature of Smart Technology: This study treats smart rural construction
as a relatively static investment. However, technologies like generative
Al blockchain, and autonomous drones are rapidly evolving and their
integration into agriculture is still in its infancy. Our findings capture
the first-order effects of foundational smartization but may not predict
the second-order transformative effects of these next-generation
technologies. Therefore, we strongly encourage longitudinal case
studies and continuous monitoring to explore how emerging
technologies disrupt traditional supply chain models and create new
pathways for building resilience. This study proposes several
promising research directions aimed at prioritizing the resilience of
agricultural supply chains while systematically aligning them with the
development of a green economy. Specifically, future research should
focus on digital-environment synergies, exploring how smart
technologies can simultaneously enhance supply chain resilience and
promote green practices—such as optimizing logistics to reduce
carbon emissions, adopting precision agriculture to minimize
chemical inputs, or leveraging blockchain for sustainable traceability.
skills-based should
be advanced, utilizing primary survey data and structural equation

Concurrently, behavioral and research
modeling to examine how farmers™ digital literacy and behavioral
adoption patterns influence the effectiveness of intelligent supply
chain interventions. Furthermore, attention must be paid to resilience
under compound shocks, investigating the performance of digitally
enhanced supply chains in concurrent disruptions such as climate
events and market breakdowns, and whether green resilience
strategies yield synergistic benefits. Lastly, research on policy
integration is critical, particularly in developing regions, to assess
comprehensive policy designs that incorporate digitalization,
resilience, and sustainability objectives within agri-food systems,
thereby bridging theoretical insights and practical innovation.

6 Conclusion

This study empirically analyzes the mechanism of the impact of
smart rural construction on the resilience of agricultural supply chain
based on panel data from 31 provinces in China from 2013 to 2022
through a two-way fixed effects model and panel threshold model. The
main conclusions of this study directly support and fulfill the proposed
marginal contributions: First, the baseline regression and a series of
robustness tests confirm a significant direct enhancing effect of smart
rural construction on APSCR, filling the theoretical and empirical gap
of incorporating smart rural construction into the APSCR research
framework. Second, the mediation effect analysis reveals that
industrial structure upgrading is a key pathway, and the innovative
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inclusion of “farmers’ smart literacy” in the evaluation index system
provides a more scientific measurement tool to accurately capture its
multidimensional nature, addressing a deficiency in existing index
system construction. Finally, the heterogeneity test and threshold
effect analysis reveal that the empowering effect varies by region and
financial development level, providing new evidence from Chinese
provincial panel data for understanding its nonlinear impact
mechanisms and emphasizing that policy intervention must consider
regional development stages and complementary asset conditions.
This study underscores smart rural construction as a catalyst for
agricultural supply chain resilience, mediated by industrial upgrading
and moderated by regional disparities. Policymakers should leverage
smart technologies to build adaptive, efficient, and sustainable
agricultural systems, ensuring food security in an era of
global uncertainties.
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