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Abstract

From a configuration perspective, by using 99 prefecture-level cities in the Yellow River
basin as a sample, this paper reveals a variety of pathways through which digital and
intelligent technologies, in synergy with multiple factors, strengthen the resilience of agri-
cultural industrial chains. The research findings are as follows: First, none of the antecedent
conditions are essential for strengthening the resilience of the high agricultural industrial
chain in the Yellow River Basin. Nevertheless, digital and intelligent technologies and
digital infrastructure are central conditions in all four configurations that enhance the
resilience of the agricultural industrial chain. Second, the four configurations that produce
high agricultural industrial chain resilience are enabled by technology, driven by informa-
tion, facilitated through multi-stakeholder collaboration, and guided by policy, and there
are certain complementary and substitutive relationships among these conditions. Third,
the configuration which is empowered by technology fits regions with well-developed
digital infrastructure and established goose-formation agricultural entities; the configura-
tion that is driven by information fits areas with limited fiscal support but robust digital
infrastructure; the multi-stakeholder collaborative configuration fits regions with strong
economic foundations, robust fiscal support, and advanced digital infrastructure; and the
configuration which is guided by policy fits areas with weaker economic foundations but
advanced digital infrastructure and diverse agricultural entities. The above conclusions,
by revealing the diverse pathways by means of which digital technologies strengthen the
resilience of the agricultural industrial chain in the Yellow River Basin, demonstrate that
regional development must adopt tailored methods which are suited to local conditions.
They also provide novel solutions for sustainable agricultural development.

Keywords: digital and intelligent technologies; agricultural industrial chain resilience;
configuration analysis; TOE

1. Introduction
The change in global climate, frequent geopolitical conflicts, and the volatility of

heightened market demand have posed severe challenges to food security and the stability
of agricultural supply chains [1–3]. It has become essential to enhance the resilience and
security of industrial chains with the purpose of countering both internal and external
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disruptions [4]. It is crucial to enhance the resilience of the agricultural industrial chain
not only for food security and the transition from an agricultural giant to an agricultural
powerhouse [5–7], but also for achieving sustainable development goals in agriculture.
Indeed, at present, China is at a pivotal juncture in its transition from traditional to mod-
ern agriculture [8]. The challenges which are posed by Baumol’s disease [9,10] and the
phenomenon of “small-scale farming in a large country” [11,12] are especially salient. The
economic share of agricultural sector is reducing, production costs are rising, and market
competitiveness is weakening. Agriculture has been deeply rooted in a pattern of long-
term, extensive growth, which makes transformation a challenging process. Therefore, it is
urgent to find new drivers to promote qualitative, efficient, and dynamic transformations
within the agricultural industrial chain.

Digital and intelligent technologies, which focus on “digitalisation and smart solu-
tions”, are emerging as a key breakthrough for new momentum within the agricultural
industry chain [13]. Digital and intelligent technologies, taking advantage of data-driven
empowerment, intelligent decision-making, and information sharing, strengthen the ef-
ficiency of agricultural production and resource allocation while providing technical ap-
proaches to strengthen risk early warning and safeguard industrial chain security. This has
enormous significance for improving the quality, efficiency, and competitiveness of agricul-
tural development [14]. In developed nations such as Europe and America, agricultural
informatisation and scale are relatively advanced, which are primarily driven by intelli-
gent equipment and precision farming technologies. On the other hand, the fundamental
agricultural reality which confronts China is that it is a “large country with small-scale
farming”. It is necessary for the digital and intelligent transformation of the agricultural
sector to resolve the following two fundamental challenges: First, there is an urgent need to
integrate smallholder farmers into the existing economic structure. Second, it is required to
achieve coordination across the whole industrial chain. The Digital Agriculture and Rural
Development Plan (2019–2025), which was published by the Ministry of Agriculture and
Rural Affairs, reveals that the proportion of China’s agricultural digital economy within the
sector’s value added has increased from 7.3% in 2018 to 9.7% in 2021. Projections indicate
that this figure will reach 15% by 2025 [15], which reflects the sustained advancement of
agricultural digitalisation. However, compared to the industrial and service sectors, the
digitalisation gap in agriculture is markedly pronounced. Data from the China Academy
of Information and Communications Technology reveals that in 2023, the penetration rates
of digital economy for industry and services stood at 25% and 45.6%, respectively [16],
which is significantly higher than that of agriculture. This discrepancy indicates that the
digital transformation of agriculture has yet to achieve significant progress, and that it
has objectively constrained the enhancement of resilience within the agricultural supply
chain. The question of how to make use of digital and intelligent technologies to boost
the resilience of the agricultural supply chain has become a crucial issue in advancing
agricultural modernisation.

2. Literature Review
At present, research on digital and intelligent technologies and the resilience of the

agricultural industry chain primarily focuses on three aspects:
Hereby, this paper presents a study of the resilience of agricultural industrial chains.

Agricultural industrial chains consist of numerous segments, such as research and devel-
opment, production, processing, storage and transportation, sales, and services. These
chains are marked by their high dynamism and interconnectedness [17]. It is commonly
understood that resilience is the capacity of an agricultural system to maintain its funda-
mental functions, recover swiftly, and achieve sustainable development when encountering
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internal or external shocks such as natural disasters, market fluctuations, or policy adjust-
ments [18]. This capability not only concerns the sustainable development of agriculture,
but also profoundly affects national food security and social stability [19].

Second, research into digital and intelligent technologies is needed. These technologies
focus on data as their core element, which generate significant amplification and multiplier
impacts on traditional production factors through real-time, efficient data flow [20]. With
the help of the integration and sharing of data elements, information asymmetry can
be effectively mitigated, resource allocation efficiency can be enhanced, and integration
of the digital economy with the real economy can be deeply driven [21]. Meanwhile,
technological paradigms are reconfigured by digital and intelligent technologies. By means
of the integration of data and the transfer of knowledge, they have been verified to stimulate
business model innovation and breakthrough innovations [22,23]. Therefore, they have
the power to strengthen value connections across industries and accelerate the digital and
intelligent transformation of entire industrial chains [24].

Third, it is required to conduct research on the effect of digital and intelligent tech-
nologies on the resilience of agricultural supply chains. By using their strengths in the
transmission of information, the circulation of goods, and the allocation of capital, these
technologies have been promoting the digital and intelligent transformation of conven-
tional agriculture, extending industrial chains [25] and giving rise to a variety of novel
business formats and models [26]. By means of optimisation of agricultural production
systems and digital and intelligent transformation of the entire industrial chain, the agricul-
tural industrial chain is being restructured [25–27]. In terms of information transmission,
commodity circulation, and capital allocation, the advantages of this system promote the
intelligent upgrading of traditional agriculture and the extension of industrial chains [28],
while developing various new business formats and innovative models [29]. Specifically,
technologies such as remote sensing monitoring, IoT sensors, and blockchain traceability
have enormously strengthened the quality and yield of agricultural products [30]. Specifi-
cally, the application of technologies such as remote sensing monitoring, IoT sensors, and
blockchain traceability has significantly enhanced the quality and yield of agricultural
products [31]. Nevertheless, owing to different levels of digitalisation across different
segments of the industrial chain, there exists a mismatch between technological supply
and demand [32]. Additionally, the application of technologies such as drones and cloud
computing is impacted by several factors, such as policy, market conditions, and cultural
considerations. As a result, it is necessary that the digital transformation of the agricultural
supply chain must be based on market demand and result from coordinated support from
government policies and institutional frameworks.

Although existing research has obtained findings on the relationship between digital
and intelligent technologies and the resilience of agricultural industrial chains, there still
remain certain limitations. First, the research angle tends to be rather macro-level. Existing
quantitative analyses mainly focus on the internal–provincial level and pay no sufficient
attention to the actual operational status and digitalisation levels of industrial chains at
the prefecture-level city level. Second, there is not enough consideration of multi-factor
synergies. It involves the interaction of multiple links and stakeholders to strengthen the
resilience of agricultural industrial chains; a single factor cannot fully explain its complex
mechanisms [33], while the configurational effects of multi-factor synergies are often
ignored. Third, the applied research methodologies have their limitations. The present
tendency in contemporary research is the utilisation of linear regression analysis, which is
inherently limited in its capacity to adequately capture the intricate causal relationships
that emerge from multiple concurrent pathways.
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In light of this, this paper adopts a configuration perspective and introduces
the Technology–Organisation–Environment (TOE) framework to analyse the complex
relationships—both necessary and sufficient—between different combinations of digital
and intelligent technology elements and the enhancement of agricultural industrial chain
resilience. It aims to address the following questions: First, it investigates whether and to
what extent digital and intelligent technologies constitute a necessary condition for achiev-
ing high agricultural industrial chain resilience. Second, the paper explores how different
regions can enhance the resilience of agricultural supply chains through the development of
digital and intelligent technologies. The potential contributions of this paper are as follows:
Firstly, it broadens the research perspective on the relationship between the digital economy
and the resilience of agricultural industrial chains. Existing studies predominantly adopt a
single-factor independent analysis approach, overlooking the interactions and combined
effects of multiple factors. This paper adopts a configuration perspective to explore how
combinations of multiple factors influence the enhancement of agricultural industrial chain
resilience, thereby expanding the research horizon on the interplay between the digital
economy and agricultural industrial chain resilience. Secondly, with regard to the research
scope, the present paper employs empirical analysis using data from 99 prefecture-level
cities within the Yellow River basin. A comparison of this approach with provincial-level
data is provided, since the former is considered to better reflect the operational status
of grassroot agricultural industrial chains. Thirdly, in terms of research conclusions, this
study identifies four distinct pathways through which different combinations of digital and
intelligent technologies empower agricultural industrial chains to enhance resilience. These
findings provide a basis for local governments to formulate policies and may also serve as
a reference for other countries and regions exploring pathways to strengthen agricultural
industrial chain resilience.

3. Research Framework
3.1. Conceptual Definition
3.1.1. Digital and Intelligence Technology

The current continuous progression of the contemporary technological revolution
and industrial transformation has caused the rapid dissemination of digital and intelligent
technologies on a global scale. The core value of the organisation is to support efficient cor-
porate management and scientific decision-making by means of the mining and analysis of
vast data sets. The China Digital Economy Development Research Report (2023) [34], which
was published by the China Academy of Information and Communications Technology,
suggests that digital and intelligent technologies show high diffusivity and pervasiveness.
Predictions indicate that by the year 2030, these technologies will make the global GDP
increase by 1.2% annually and hence continuously catalyse the emergence of new products,
new business models, and new modes of operation. The SenseTime Institute for Intelligent
Industry assumes that digital intelligence technology constitutes a comprehensive techno-
logical framework which underpins the development of the information industry among
multiple domains, such as big data, artificial intelligence, cloud computing, blockchain, and
the Internet of Things [35]. Dai Kui et al. (2025) argue that digital–intelligent technology
constitutes a technical framework which integrates big data and artificial intelligence on
a digital foundation [36]. Gao Jing et al. (2025) argue that digital–intelligent technology
constitutes an integrated concept which encompasses digital, networked, and intelligent
technologies [37]. In general, despite the fact that scholars provide a variety of definitions
of digital–intelligent technology, there is unanimous consensus among them in terms of
the fundamental nature of this technology, which is defined by the profound integration of
digitisation and intelligence. This paper provides a definition for digital–intelligent technol-
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ogy as a technological system which is underpinned by digital, networked, and intelligent
technologies. It is supported by data-driven approaches and intelligent algorithms, and it
is aimed to reconstruct and optimise elements within the agricultural industrial chain.

3.1.2. Resilience of the Agricultural Supply Chain

The notion of the agricultural industrial chain was initially put forward by the German
economist Hirschman, who was referring to the organic connections formed across stages
from production to processing and sales of agricultural products [38]. This concept has
been explained by scholars home and abroad from different perspectives, with a popular
viewpoint that the agricultural industrial chain constitutes an interdependent network
system which is formed by multiple production sectors based on shared interests [17,39,40].
This integration of multidimensional structures includes value chains, supply chains,
benefit chains, and spatial chains [41]. The concept of resilience has originated from
engineering resilience, ecological resilience, and evolutionary resilience. The concept of
engineering resilience was first put forward by Holling (1973), who emphasised a system’s
ability to revert to its original equilibrium state following a disturbance [42]. Based on this
foundation, Martin and Sunley (2015) introduced the concept of ecological resilience, which
focuses on a system’s capacity to maintain functional and structural stability under external
shocks, while exploring its adaptive and threshold-modulating mechanisms [43]. When
applied to the field of agriculture, the aforementioned theory was defined by Chen Junya
(2019) as the capacity of an agricultural system to resist and recover when confronted with
risk [44]. It was further suggested that higher levels of resilience are indicative of greater
strength in both these capacities [45]. He Yali et al. (2021) further note that, supported
by modern technology, the resilience of agricultural industrial chains manifests as the
capacity to effectively disperse, absorb, and transfer external shocks within uncertain
environments, while achieving fast self-repair and renewal [46]. The popular academic
understanding of industrial chain resilience has evolved from a static recovery model
to a dynamic adaptation paradigm, which gradually evolves into a multidimensional
conception encompassing shock resistance, adaptability, and regeneration. On this basis,
the present paper defines the resilience of the agricultural industrial chain as follows: a
comprehensive capacity of the agricultural system which can maintain structural stability,
ensure functional continuity, and achieve developmental advancement within complex
and volatile environments through risk mitigation, adaptive responses to change, and
innovative regeneration.

3.2. Technology–Organisation–Environment Analysis Perspective

The Technology–Organisation–Environment (TOE) framework, proposed by Tor-
natzky and Fleischer in 1990, tests the interactions between technological adoption be-
haviour within and outside organisations [47]. The TOE framework has been extensively
used in agricultural and rural sectors, owing to its strong operationality and broad appli-
cability. The effect of digital and intelligent technologies on the resilience of agricultural
supply chains results not only from multi-level technological applications but also from an
evolutionary process of deep integration between digital innovation elements and tradi-
tional industrial systems. The process is not only contingent on the availability of digital
and intelligent technologies themselves but also constrained by external factors such as
agricultural operators, policy support, and institutional environments. As a result, the
employment of the TOE framework for the analysis of the effectiveness of digital and
intelligent technologies in enhancing agricultural industrial chain resilience is a highly
appropriate endeavour.

https://doi.org/10.3390/su18020675

https://doi.org/10.3390/su18020675


Sustainability 2026, 18, 675 6 of 21

3.3. Logical Analysis Framework

The enhancement of agricultural industrial chain resilience is not only contingent on
regional resource endowments and industrial foundations but also influenced by a number
of factors, such as the application level of digital and intelligent technologies, organisational
coordination capabilities, and policy environments. It is apparent that a solitary condition
is inadequate for reflecting the intricacies of its formation mechanism. The current study
applies the TOE model and introduces the fuzzy set qualitative comparative analysis
(fsQCA) to explore the mechanism through which digital and intelligent technologies
impact agricultural industrial chain resilience. The construction of a logical analytical
framework for the effect of digital and intelligent technologies on agricultural industrial
chain resilience is illustrated in Figure 1.

Digital Intelligence 
Technology

Technology-
enabled

Configuration
Impact

Government financial 
investment

Development of 
Agricultural Business 

Entities

Digital infrastructure

Digital Policy 
Environment

Economic Development 
Environment

Enhancing the Resilience of 
the Agricultural Industry 

Chain

The resilience of the 
agricultural industry chain 
has not been enhanced.

Environmental 
conditions

Organisational 
conditions

Environ
mental 

conditio
ns

Figure 1. Logical analysis framework.

3.3.1. Technical Specifications

Technological capabilities form the bedrock for enhancing the resilience of the agricul-
tural supply chain. The integration of digital and intelligent technologies across all stages of
agricultural production, processing, storage, and distribution ensures the efficient operation
of the agricultural supply chain. Within the production phase, precise sensing and real-time
monitoring strengthen operational efficiency and product quality while mitigating risks
from natural disasters and market fluctuations. In the context of processing, storage, and
distribution, intelligent coordination and supply chain optimisation have been shown to
promote logistics efficiency and market responsiveness. Furthermore, the data sharing has
been demonstrated to boost collaboration among different entities along the value chain,
thereby increasing the adaptability and stability of the entire agricultural system.

3.3.2. Organisational Conditions

The secondary factors that comprise organisational conditions are government invest-
ment and the capacity of agricultural operators. Academic research in this field typically
examines the factors that influence technology adoption from organisational and man-
agerial perspectives. Government financial support has been demonstrated to enhance
agricultural infrastructure, facilitate the implementation of digital and intelligent agri-
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cultural projects, and provide financial and institutional safeguards for supply chains to
withstand external shocks. Agricultural operators, such as leading enterprises, cooper-
atives, and family farms, serve as vital catalysts for the implementation of digital and
intelligent technology. The integration of resources and organisation of innovations has
been demonstrated to increase the efficiency of technology adoption and diffusion, thereby
driving overall optimisation across the industrial chain.

3.3.3. Environmental Conditions

Environmental conditions, which are seen as the external safeguards for digital and
intelligent technology empowerment, include three secondary conditions: digital infrastruc-
ture, digital policy environment, and level of economic development. Digital infrastructure,
such as broadband, 5G networks, and agricultural big data platforms, affects the effective-
ness of digital and intelligent technology adoption by agricultural operators. The digital
policy environment provides institutional support for technological innovation and dissem-
ination; for instance, the Digital Agriculture and Rural Development Plan (2019–2025) [15]
advocates accelerating the speed of the integration of agriculture with digital technologies,
while local measures like “Digital Agriculture Enhancement” programmes and specialised
subsidies create favourable policy conditions. Regional economic development levels
directly influence the capacity to implement and the extent of diffusion of digital and
intelligent technologies.

4. Research Design
4.1. Research Methodology

The employment of the fsQCA analytical method in this study is predicated on the
following rationales: It is evident that the enhancement of agricultural industrial chain
resilience is not determined by a single factor. Rather, it is the result of the intertwined
and synergistic effects of multiple conditions. While traditional regression approaches are
capable of testing the “net effect” of individual variables, they show certain limitations
when dealing with complex phenomena such as interactions between conditions, non-
linear relationships, and the coexistence of multiple pathways [48]. In contrast, fsQCA,
founded on set theory, demonstrates a particular ability for analysing how a multitude of
conditions collectively engender an outcome, thus providing a more accurate reflection
of the intricacies inherent in agricultural supply chains as complex systems. Second, this
paper integrates multiple dimensions—including digital intelligence technologies, organi-
sational conditions, and policy environments—within a unified analytical framework. By
constructing condition sets and truth tables, fsQCA reveals the synergistic and substitutive
effects of these multidimensional conditions, thereby finding high-resilience configuration
pathways. Compared to traditional statistical methods, fsQCA more effectively reflects the
diverse realisation mechanisms under varying combinations of conditions.

4.2. Research Sample

This study selected 99 prefecture-level cities across nine provinces within the Yellow
River basin—Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan,
and Shandong—as research samples, primarily based on the following considerations:
Firstly, this region possesses strong representativeness. The Yellow River basin spans
eastern, central, and western China, which serves as a primary production area for grain
and speciality agricultural products. The diverse agricultural types within the basin reflect
the typical characteristics of different agricultural industrial chains, which make it valu-
able for promoting best practices. Second, the basin has relatively well-developed digital
infrastructure. In recent years, provinces within the Yellow River basin have actively imple-
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mented strategic initiatives such as “Digital Villages” and “Smart Agriculture”. Projects
including agricultural IoT, intelligent equipment, and e-commerce have accelerated their
implementation speed, laying a solid foundation for the digital and intelligent transforma-
tion of the agricultural industrial chain. Third, significant disparities exist across the basin.
Regions within the Yellow River basin show distinctive differences in their application
of digital and intelligent technologies, policy responsiveness, and resource endowments.
This diversity provides a valuable testing ground for exploring how agricultural industrial
chain resilience can be boosted under varying combinations of conditions.

4.3. Variable Measurement
4.3.1. Prerequisite Conditions

Drawing upon existing research and guided by the TOE framework, this paper selects
digital and intelligent technologies, government fiscal investment, new types of business
entities, policy environment, digital infrastructure, and regional economic development as
prerequisite conditions for measurement. The specific variable composition and indicator
design are presented in Table 1:

Table 1. Measurement specifications for antecedent conditions.

Prerequisite Secondary Indicators Measurement Method Weighting

Digital and
intelligence technology Level of artificial intelligence

The logarithmic value of the number of
artificial intelligence enterprises in the

region for that year
100%

Government
financial investment

Government
financial investment

Government expenditure on science,
technology and finance 100%

agricultural business entities

Enterprise stock in the
agricultural product
processing industry

Number of agricultural product
processing enterprises in the region 38.87%

Existing family farms Number of family farms in the region 13.27%

Existing farmers’ cooperatives Number of farmers’ cooperatives in
the region 47.86%

Digital infrastructure
Internet penetration rate Number of internet users per

hundred people 50.48%

Total telecommunications
business volume Telecommunications services per capita 49.52%

Digital policy environment Policy support for the
digital economy

Textual analysis of the government work
report for the region in that year 100%

Economic
development environment

Regional
economic development GDP per capita 100%

1⃝ Digital and intelligent technologies. Drawing upon Wang Linhui’s (2022) [49]
research methodology, this paper applies artificial intelligence enterprise data to represent
regional development levels in digital and intelligent technologies, which effectively reflects
technological agglomeration and diffusion potential. 2⃝ Government fiscal investment.
Following the approach of Li Xuhui and Chen Mengwei (2023) [50], local government
support is measured by fiscal expenditure on science and technology. 3⃝ Agricultural
business entities. Drawing upon the research of Cai Xiaohui (2025) [51], this study assesses
organisational foundations from three aspects: agricultural processing enterprises, family
farms, and farmers’ cooperatives. 4⃝ Digital infrastructure. Following Li Xuhui and Chen
Mengwei (2023) [50], this study applies two indicators—“internet penetration rate” and
“telecommunications services volume per capita”—to reflect regional digital infrastructure
development and network support capabilities. 5⃝ Digital policy environment. Following
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Jiang Xu (2023) [52], this study applies text analysis to conduct word frequency statistics
on municipal government work reports across the Yellow River Basin. Keywords such
as “digital economy”, “information economy”, and “internet” are prioritised to gauge
local governments’ policy-level attention and support intensity for digital transformation.
6⃝ Economic development environment. Drawing upon the research of Li Xia and Zhang

Yulong (2024) [53], this study applies per capita GDP as the metric to reflect the supporting
conditions for promoting the continuous optimisation and resilience enhancement of
agricultural industrial chains at the regional level.

4.3.2. Outcome Variable

To scientifically measure the resilience level of the agricultural industrial chain in
the Yellow River Basin, this paper draws upon the research of Lü Yanhui et al. (2025)
and Hao Aimin et al. (2024) [54,55]. An integrated evaluation framework is built across
the three aspects—resilience capacity, recovery capacity, and innovation capacity—which
include 15 indicators (Table 2). Resilience denotes the capacity of the agricultural industrial
chain to maintain core functions following external shocks; recovery capability reflects the
speed and efficiency with which the chain returns to normal operations; and innovation
capacity has the potential for the agricultural system to promote continuous upgrading
through technological advancement, structural optimisation, and model innovation. This
framework comprehensively captures the dynamic resilience of the agricultural industrial
chain in risk response, operational recovery, and long-term development, thereby providing
a basis for empirical analysis.

Table 2. Explanation of resilience indicator selection for the agricultural industry chain.

Subsystem Assessment
Objectives Guideline Indicators Testing Metrics Symbol

Resistance capacity

Development capacity

Value added of
the primary sector

Agricultural
labour productivity

Value added of the primary sector
Agricultural labour productivity

(CNY per person)

+
+

Risk management
capabilities Risk sharing Agricultural insurance

premium income +

Collaborative
capability

Development of the
agricultural product
processing industry

Main business revenue of
agricultural product processing

enterprises above designated size
(in billion CNY)

+

Recovery
capacity

Level of
economic efficiency

Contribution rate of the
agricultural industry

Farmers’ income levels
Coordinated

urban–rural development

Primary industry value added as a
percentage of GDP (%)

Per capita income of rural
residents (CNY)

Rural–urban income ratio (%)

+
+
+

Level of
supply security

Production facility
assurance

Human resource
safeguarding

Agricultural input supply
Human capital

Total agricultural machinery
power per capita (kilowatts)

Employment in the primary sector
(ten thousand persons)

Application of pesticides and
chemical fertilisers (10,000 tonnes)

Average years of schooling for
rural residents (years)

+
+
+
+
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Table 2. Cont.

Subsystem Assessment
Objectives Guideline Indicators Testing Metrics Symbol

Innovative capacity

Digital
service capability Service chain capability Percentage of computer services

and software practitioners +

Financial
service capabilities

Level of digital
inclusive finance Digital inclusive finance index +

Government
support capacity Policy guidance Strength of environmental

regulation +

Innovative capacity Technological support Number of agricultural
invention patents +

4.4. Variable Calibration

With the purpose of ensuring the comparability of the variables and the robustness of
the analytical outcomes, this study applies the entropy weighting method to objectively
allocate weights to each indicator. The primary indicators are derived, and a direct cali-
bration approach is then applied to align antecedent conditions with outcome variables.
The calibration process was conducted on the basis of three anchor points: complete mem-
bership, maximum fuzzy point, and complete non-membership. The 75th, 50th, and 25th
percentile values of the variable data were designated as thresholds for complete mem-
bership, the crossover point, and complete non-membership, respectively. The calibrated
data range extends from 0 to 1, where values approaching 1 signify higher membership
degree and values approaching 0 denote lower membership degree. When the value is 0.5,
it signifies that the case lies at the intersection between complete membership and complete
non-membership, resulting in the case being excluded from fuzzy set analysis. In order to
circumvent this issue, the values of 0.5 are adjusted by the present study by incrementing
them by 0.001. The calibrated results are presented in Table 3.

Table 3. Variable calibration.

Variable Wholly Subordinate Intersection Not Affiliated in Any Way

Digital and intelligence technology X1 6.249 5.069 4.094
Government fiscal investment X2 54,696.750 22,867.500 11,703.250
Agricultural business entities X3 0.081 0.047 0.028

Digital information environment X4 0.698 0.466 0.359
Digital policy environment X5 20.000 13.000 7.000

Economic environment X6 66,677.000 47,978.000 34,656.500
Resilience of the agricultural industry chain 0.156 0.127 0.103

4.5. Data Source

The data presented in this paper has been sourced from a variety of reliable publi-
cations and databases, including the China Statistical Yearbook, China Rural Statistical
Yearbook, China Financial Yearbook, China Insurance Yearbook, China Regional Economic
Statistical Yearbook, and China Population and Employment Statistical Yearbook, as well
as provincial statistics bureaus, the China National Intellectual Property Administration,
Wind Database, Guotai Junan Database, and the CCAD (China Agricultural Development)
Database from Zhejiang University’s Carter-Qiyan China Agricultural Research. In cases
where individual data points were missing, estimates and supplements were made based
on relevant trends in order to ensure data integrity and research reliability.
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5. Empirical Analysis Results
5.1. Necessity Analysis of Individual Conditions

Before conducting a configuration analysis of the conditions, the necessity of each
antecedent condition is tested individually to determine whether the set of outcome vari-
ables consists of a subset of a given set of conditional variables. The necessity analysis is
based on the identification of conditions that are present in all high-outcome cases, with its
statistical criterion based on aggregated consistency.

In the case that the consistency level of a given condition exceeds 0.9, it is considered
a necessary condition for the outcome variable [56]. As shown in Table 4, the consistency
levels of all antecedent conditions are below 0.9, which indicates that no single condition
alone suffices as a necessary prerequisite for agricultural industrial chain resilience. The
formation of such resilience is contingent on the interplay of numerous factors, as opposed
to being driven by any individual element. When the adjustment distance is less than
0.2, dynamic QCA aggregation has been shown to yield higher consistency precision and
provide stronger support for the judgement outcomes [57]. As shown in Table 4, seven sets
of conditions showed inter-group consistency exceeding 0.2, which necessitates further
examination of their consistency and coverage. The results of the study are presented in
Table 5. However, as nearly one-third of case points lie above the diagonal line, or the
majority are distributed to the right of the diagonal, none passed the independence test. As
a result, this study still does not deem it necessary. In the following part, the aforementioned
antecedent conditions are incorporated into a multi-condition combination framework.
This is conducted in order to further explore the diverse pathways that influence the
resilience of high-level agricultural industrial chains.

Table 4. Necessity analysis.

Predictor
Variable

Consistency in
Aggregation

Aggregate
Coverage

Inter-Group
Consistency

Adjustment Distance

Intra-Group
Consistency

Adjustment Distance

X1 0.723 0.721 0.345 0.313
~X1 0.386 0.383 0.589 0.586
X2 0.634 0.651 0.058 0.556

~X2 0.459 0.444 0.105 0.677
X3 0.714 0.730 0.243 0.424

~X3 0.376 0.364 0.443 0.697
X4 0.766 0.769 0.058 0.525

~X4 0.349 0.344 0.178 0.737
X5 0.620 0.621 0.454 0.333

~X5 0.474 0.469 0.483 0.475
X6 0.588 0.591 0.182 0.505

~X6 0.505 0.498 0.225 0.667

Table 5. Between-group analysis.

Circumstances Causal
Combination Indicator

Year

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Scenario 1 X1-Y
Inter-group consistency 0.388 0.431 0.486 0.551 0.596 0.686 0.797 0.858 0.938 0.975

Inter-group coverage 0.71 0.71 0.711 0.757 0.752 0.732 0.71 0.717 0.699 0.729

Scenario 2 ~X1-Y
Inter-group consistency 0.743 0.699 0.652 0.584 0.53 0.448 0.349 0.258 0.127 0.055

Inter-group coverage 0.248 0.297 0.336 0.386 0.437 0.462 0.462 0.568 0.715 0.746
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Table 5. Cont.

Circumstances Causal
Combination Indicator

Year

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Scenario 3 X3-Y
Inter-group consistency 0.378 0.489 0.588 0.659 0.697 0.758 0.77 0.796 0.814 0.828

Inter-group coverage 0.796 0.744 0.674 0.675 0.677 0.698 0.687 0.744 0.777 0.817

Scenario 4 ~X3-Y
Inter-group consistency 0.725 0.629 0.545 0.464 0.4 0.35 0.314 0.274 0.252 0.224

Inter-group coverage 0.236 0.273 0.312 0.367 0.411 0.426 0.416 0.472 0.533 0.563

Scenario 5 X5-Y
Inter-group consistency 0.117 0.216 0.412 0.698 0.649 0.674 0.646 0.769 0.792 0.711

Inter-group coverage 0.647 0.68 0.539 0.492 0.566 0.641 0.604 0.664 0.651 0.732

Scenario 6 ~X5-Y
Inter-group consistency 0.937 0.874 0.712 0.407 0.48 0.454 0.455 0.327 0.258 0.366

Inter-group coverage 0.278 0.331 0.383 0.495 0.562 0.531 0.564 0.664 0.849 0.832

Scenario 7 ~X6-Y
Inter-group consistency 0.665 0.621 0.608 0.578 0.562 0.54 0.538 0.506 0.388 0.303

Inter-group coverage 0.274 0.328 0.371 0.435 0.51 0.555 0.588 0.719 0.855 0.922

5.2. Sufficiency Analysis of Condition Configuration

The present paper is an extension of the former study, insofar as it analyses the suf-
ficiency of the condition configurations. This analysis is based on the establishment of
the necessary conditions. It is obvious that academic circles demonstrate variations in the
standards for setting case frequency, original consistency thresholds, and PRI consistency
thresholds, due to different data characteristics and research objectives. When taking into
account factors such as sample size, the number of configurations, and the heterogeneous ef-
fects of antecedent conditions, this paper sets the case frequency, raw consistency threshold,
and PRI consistency threshold at 1, 0.8, and 0.65, respectively. A comparison of intermediate
and simplified solutions can promote the identification of the core or peripheral role of each
variable within the configuration [58]. The present study found four typical configuration
pathways for achieving high agricultural industrial chain resilience, with specific results
presented in Table 6. In terms of the overall fitting results, the model showed a consistency
of 0.893 and an overall PRI of 0.865, both of which exceeded the minimum standards. This
finding suggests that the proposed configuration adequately explains the sufficiency of
enhancing agricultural industrial chain resilience. Meanwhile, the overall coverage rate of
0.588 demonstrates that the identified configuration pathways can explain approximately
58.8% of the cases, exhibiting strong explanatory power and practical representativeness.

Table 6. Configuration analysis.

Predictor Variable Configuration 1 Configuration 2 Configuration 3 Configuration 4

Digital and intelligence technology • • •
Government financial investment ⊗ • ⊗

Agricultural business entities • •
Digital information environment • • • •

Digital policy environment ⊗ •
Economic environment • ⊗

Consistency 0.927 0.858 0.909 0.870
PRI 0.908 0.758 0.882 0.795

Coverage 0.470 0.131 0.379 0.142
Unique coverage 0.069 0.019 0.057 0.031

Inter-group consistency adjustment distance 0.040 0.091 0.029 0.113
Intra-group consistency adjustment distance 0.242 0.253 0.222 0.242

Overall consistency 0.893
Overall PRI 0.865

Overall coverage 0.588

Note:• indicates that the core condition exists; • indicates the presence of boundary conditions; ⊗ indicates
the absence of core conditions; ⊗ indicates missing boundary conditions.

5.2.1. Configuration 1

Technology-enabled configuration. In Configuration 1, digital intelligence technolo-
gies, agricultural operators, and the digital information environment are seen as funda-
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mental prerequisites, while government fiscal investment, digital policy frameworks, and
economic conditions are considered as negligible variables. The path consistency metric
reaches a value of 0.927, including approximately 47.0% of the observed cases, with 6.9% of
this percentage exclusively attributable to this configuration. This pathway reveals that
digital and intelligent technologies offer precision-driven, efficient operational methods
for the agricultural industrial chain. Agricultural operators, as key contributors to the
chain, directly influence technological implementation and resource integration. The digital
information environment is featured by the facilitation of unobstructed information flow
and responsive efficiency across all chain segments. Collectively, these three elements
constitute the fundamental support for improving the resilience of the Yellow River Basin’s
agricultural industrial chain.

The core mechanism of technology-enabled configuration lies in digital and intelligent
technologies driving end-to-end operations through data elements. New agricultural oper-
ators serve as transformative agents within this framework, which converts technological
tools into standardised production processes and intensive resource allocation. By means
of organised learning, they promote technological diffusion, thereby establishing resilient
organisational vehicles. Meanwhile, the comprehensive digital infrastructure serves as the
“neural network” underpinning system operations, which can ensure high-speed data flow
and real-time system responsiveness to provide foundational support for resilience. The
synergistic interaction of these three elements significantly boosts information circulation
capacity and resource allocation efficiency within the Yellow River Basin’s agricultural
industrial chain, thereby increasing its overall resilience.

5.2.2. Configuration 2

Information-driven configuration. In Configuration 2, digital intelligence technologies
and the digital information environment are found as fundamental prerequisites. How-
ever, government fiscal investment is seen to be slightly deficient, and the digital policy
environment is found to be fundamentally lacking. The pathway consistency score is
0.858, covering approximately 13.1% of cases, with 1.9% of cases exclusively explainable
by this configuration. This pathway shows that even in scenarios of limited government
financial investment and relatively weak digital policy support, the deep application of
digital and intelligent technologies, as well as the enhancement of digital infrastructure,
can still greatly improve the stability and adaptability of the agricultural industrial chain
in the Yellow River Basin. This pathway shows that even under conditions of limited
government financial investment and weak digital policy support, the deep application
of digital and intelligent technologies alongside improvements in the digital information
environment can still have a positive effect on the resilience of the Yellow River Basin’s
agricultural industrial chain. This phenomenon can be attributed to the compensatory role
that technological and informational factors can play when policy support is inadequate.

The core characteristics of configuration driven by information are “technology-based,
data-centric, and collaboration-driven”. This shows that when formal institutional sup-
port is relatively weak, digital intelligence technologies and digital infrastructure can be
synergistically embedded within production scenarios, which serves as an “external sub-
stitute factor” to replace policy and fiscal support. This method not only optimises factor
allocation and process management in agricultural production but also activates functions
such as data-driven risk early warning, emergency response, and decision support. It
promotes the transformation of agricultural production in the Yellow River Basin from
experience-driven to data-driven practices, thereby achieving the goal of improving the
resilience of the agricultural industrial chain.

https://doi.org/10.3390/su18020675

https://doi.org/10.3390/su18020675


Sustainability 2026, 18, 675 14 of 21

5.2.3. Configuration 3

Multidimensional synergistic configuration. In Configuration 3, digital intelligence
technologies, government fiscal investment, digital information environments, and eco-
nomic conditions all play the role of core prerequisites, while agricultural operators and
digital policy environments remain insignificant variables. Path consistency stands at 0.909,
covering approximately 37.9% of cases, with 5.7% of the cases exclusively explainable by
this configuration. This pathway demonstrates the synergistic effects of multidimensional
factors: within a favourable economic environment, government finance provides strong
financial backing for the digital and intelligent transformation of agricultural supply chains.
This creates favourable external conditions for the development of the supply chain, which
fosters a correspondingly adapted digital information environment. The combined action
of these diverse factors further strengthens the supply chain’s capacity to withstand risks
and recover from setbacks.

The core mechanism of a multifaceted, synergistically driven configuration lies in the
complementary and collaborative interplay of its constituent elements, which represents
the most ideal model for enhancing efficiency. Building upon a sound economic founda-
tion, government fiscal investment and digital infrastructure have built a “public goods
platform”. This underpins the large-scale integrated application of digital and intelligent
technologies, which can significantly enhance the operational efficiency, market respon-
siveness, and risk resilience of the agricultural industrial chain within the Yellow River
Basin. This promotes a transformative leap from fragmented growth towards systemic
resilience enhancement.

5.2.4. Configuration 4

Policy-guided configuration. In Configuration 4, agricultural operators, the digital
information environment, and the digital policy environment play the role of core enabling
conditions. Government fiscal investment is seen as a core deficiency, while the economic
environment shows a slight deficiency. Pathway consistency stands at 0.870, covering ap-
proximately 14.2% of cases, with 3.1% of cases exclusively explained by this configuration.
This pathway shows that in scenarios of insufficient government fiscal investment and
relatively weak economic foundations, the agency of agricultural business entities and the
guidance of the digital policy environment can become key driving factors for enhanc-
ing industrial chain resilience. By making full use of their own organisational resource
integration capabilities, business entities can choose appropriate operational decisions in
alignment with the digital policy environment. Then, they can standardise their develop-
ment direction by meeting the institutional requirements of the environment. The synergy
between these two factors compensates for shortcomings at the economic and fiscal levels.

Policy-guided configuration embodies the leveraged effect of “guidance and mobil-
isation”. Its mechanism emphasises that in regions which are constrained by fiscal and
economic conditions, forward-looking and guiding industrial policies can serve as a piv-
otal lever. By developing a favourable institutional environment and building incentive
mechanisms, such policies can mobilise and integrate market and social resources to solve
technological and market deficiencies. The resulting collaborative mechanism of “policy
guidance–stakeholder response–technological support” has charted a course for underde-
veloped regions to enhance the resilience of their agricultural supply chains by means of
policy incentives and stakeholder innovation.

5.3. Inter-Group Result Analysis

As shown in Figure 2, the inter-group consistency of most configurations shows a
dynamic pattern of decline followed by recovery. Overall, between 2013 and 2019, inter-
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group consistency in most configurations fluctuated downward. This may be due to the
fact that this period coincided with the early stages of digitalisation within the agricultural
industrial chain of the Yellow River Basin. Due to varying resource endowments across the
regions, the synergistic effects of key factors were relatively weak, which rendered the chain
less resilient to risks. Post-2020, configuration consistency has shown a recovery trend.
This indicates that in recent years, driven by national policies such as the Digital Rural
Development Strategy Outline and the 14th Five-Year Plan for National Green Agricultural
Development, which is coupled with advancing agricultural technological innovation, the
Yellow River Basin’s agricultural sector has progressively realised digital transformation.
Synergistic effects among factors have become more apparent, with the explanatory power
of configuration consistency across configurations generally maintaining at a high level.

Figure 2. Inter-group consistency trends.

5.4. Analysis of Results Within the Group

By statistically aggregating the coverage rates of Configurations 1–4 across the case
study cities, it is obvious that the explanatory power of different configurations varies
significantly across each case. For example, Changzhi City shows coverage rates which
exceed 0.9 for Configurations 1–3, whereas its coverage rate for Configuration 4 is only
slightly above 0.5. The variation in coverage across cases may be due to disparities in the
developmental levels of core elements that are required for each of the four configurations
within different cases, which are coupled with differing levels of synergy among these
elements. This finding indicates that improving the resilience of the agricultural industrial
chain in the Yellow River Basin necessitates the tailoring of approaches to regional agri-
cultural development realities, specifically by strengthening the allocation and matching
mechanisms of core elements. In view of the considerable number of cases examined in this
study, coverage data for 20 representative cities is presented here for reference, as shown in
Table 7.
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Table 7. Intra-group coverage.

Case Study Configuration 1 Configuration 2 Configuration 3 Configuration 4

Lüliang City 0.961 0.961 0.655 0.584
Changzhi City 1 0.931 1 0.568
Guang’an City 0.824 0.830 0.072 0.284

Datong City 0.824 0.813 0.684 0.722
Jinzhong City 0.930 0.778 0.922 0.563
Yangquan City 1 0.755 1 0.836
Neijiang City 0.844 0.671 0.189 0.738

Panzhihua City 0.074 0.51 0.415 0.036
Jincheng City 0.797 0.502 1 0.32
Ankang City 0.269 0.500 0.073 0.164
Xinzhou City 0.577 0.454 0.351 0.561
Xianyang City 0.572 0.448 0.278 0.205
Shuozhou City 0.437 0.437 0.169 0.073
Meishan City 0.623 0.415 0.227 0.574
Leshan City 0.147 0.403 0.097 0.120

Liaocheng City 0.842 0.367 0.179 0.448
Dazhou City 0.408 0.364 0.100 0.299
Linfen City 0.635 0.341 0.146 0.656
Zigong City 0.743 0.340 0.744 0.321
Yan’an City 0.090 0.325 0.305 0.021

5.5. Robustness Analysis

In order to strengthen the robustness of the findings, this study applies an adjusted
original consistency threshold to verify the configuration results. It was assumed that if the
original consistency threshold and PRI threshold were maintained, and the case frequency
increased to 2, then it would be observed that the number of new configuration paths,
overall coverage, and consistency values would remain largely unchanged. This finding
reveals that the research outcomes demonstrate a high degree of robustness, as shown in
Table 8.

Table 8. Robustness test.

Predictor Variable Configuration 1 Configuration 2 Configuration 3 Configuration4

Digital and intelligence technology • • •
Government financial investment ⊗ • ⊗

Agricultural business entities • •
Digital information environment • • • •

Digital policy environment ⊗ •
Economic environment • ⊗

Consistency 0.927 0.858 0.909 0.870

PRI 0.908 0.758 0.882 0.795

Coverage 0.470 0.131 0.379 0.142

Unique coverage 0.069 0.019 0.057 0.031

Inter-group consistency adjustment distance 0.040 0.091 0.029 0.113

Intra-group consistency adjustment distance 0.242 0.253 0.222 0.242

Overall consistency 0.893

Overall PRI 0.865

Overall coverage 0.588

Note: • indicates that the core condition exists: • indicates the presence of boundary conditions; ⊗ indicates
the absence of core conditions; ⊗ indicates missing boundary conditions.

6. Research Findings and Policy Recommendations
6.1. Research Findings

How digital and intelligent technologies interact synergistically with organisational
and environmental conditions to improve the resilience of agricultural supply chains
constitutes a critical issue for advancing agricultural modernisation and safeguarding food
security. This also directly affects the achievement of sustainable development goals in
agriculture. The current study applies a configurational angle, integrating the entropy
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weight method, and applies the fsQCA method to examine 99 prefecture-level cities within
the Yellow River basin. Hence, this study explains the multifaceted pathways through
which digital and intelligent technologies strengthen the resilience of agricultural supply
chains in this region. The following conclusions are reached:

First, none of the previous conditions are necessary prerequisites for improving the
resilience of the agricultural industrial chain in the Yellow River Basin. Digital and intelli-
gent technologies, as well as digital infrastructure, play a vital role in improving resilience.
Technological and informational factors pose a substitution effect, thereby supporting the
stable operation of the industrial chain. Second, the four configurations that generate
high agricultural industrial chain resilience are technology-enabled, information-driven,
multi-stakeholder collaborative, and policy-guided. These four configurations develop a
hierarchical complementary relationship in achieving high agricultural industrial chain
resilience, which implies that institutional design and policy incentives must consider the
balance and optimisation of multiple resources. Third, technology-enabled configurations
are well-suited to regions that possess well-developed digital infrastructure and established
agricultural business entities that operate in a geese-formation pattern. Information-driven
configurations are considered appropriate for areas with limited fiscal support but vigorous
digital infrastructure. Multifaceted collaborative models are optimally suited to regions that
possess vigorous economic foundations, substantial fiscal backing, and advanced digital
infrastructure. It is obvious that policy-guided approaches are especially well-suited to
regions characterised by a weaker economic base but equipped with well-developed digital
infrastructure and a diverse array of agricultural business entities. This finding reflects the
diverse pathways for improving agricultural industrial chain resilience across different
regions of the Yellow River Basin, which is based on varying digital and intelligent technolo-
gies, organisational conditions, and policy environments. It also emphasises that regional
development varies, necessitating customised approaches adapted to local circumstances.

6.2. Policy Recommendations

First, it is urgent for governments to build bespoke governance models that are in line
with the predominant configuration types within their respective regions. In regions that
are enabled by technology and driven by information, policy priorities should focus on
overcoming smallholder farmers’ technical application bottlenecks by building a “Digital
Intelligence Technology Application Subsidy Scheme”. By means of fiscal funding guidance,
this scheme would cooperate with leading enterprises to provide farmers with support for
purchasing smart equipment and skills training. In multi-collaborative and policy-guided
regions, government should focus efforts on optimising factor allocation and innovating
institutional frameworks, implementing differentiated regional investment strategies: in
areas with vigorous economic foundations and fiscal strength, prioritise support for end-
to-end digital integration projects across entire industrial chains; in regions with weaker
foundations, assign resources towards “shortfall-addressing” infrastructure such as 5G
networks and cold-chain logistics.

Second, for agricultural operators, it is necessary to undertake digital and intelligent
practices that are in line with their inherent resource endowments. In regions that are driven
by technology and information, operators such as family farms, cooperatives, and leading
enterprises should actively incorporate technologies like the Internet of Things and blockchain
to promote standardisation and precision in production processes. In the meantime, they
should actively take part in training programmes that are organised by government bodies
or leading enterprises to enhance technical operational and data analysis capabilities, while
making use of data platforms to optimise production decisions and mitigate risks. In regions
that are characterised by multi-stakeholder collaboration and policy guidance, leading enter-
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prises must spearhead efforts by establishing intensive production and supply chain networks
through models such as “company + cooperative + base”. Cooperatives and family farms
should actively integrate with e-commerce platforms and smart supply chains to extend sales
channels, while making use of policy instruments including government subsidies and tax
incentives to reduce the costs of digital and intelligent transformation.

Third, for agricultural technology companies, it is essential to develop products and
services that meet regional development needs. Technology providers may offer tailored,
cost-effective solutions that are based on the distinct characteristics of different regions
within the Yellow River basin. For example, in technology-enabled areas, the focus should
be put on developing straightforward, low-maintenance one-stop solutions to reduce the
adoption threshold for smallholder farmers. In multi-stakeholder collaborative regions,
efforts should centre on creating middleware systems which feature open interfaces that
seamlessly integrate with regional data platforms, thereby promoting data interconnectivity
and operational synergy among diverse entities.

6.3. Shortcomings and Future Prospects

This paper still has certain limitations and requires further deepening and expansion
in the future. First, in terms of the research methodology, while the fsQCA method has
the capacity to reveal the sufficiency and multi-path characteristics of different condition
combinations, it remains inadequate in characterising the causal mechanisms between
conditions and their dynamic evolutionary processes. Meanwhile, in terms of indicator
weighting, this study applies entropy-based weighting with the purpose of circumventing
subjectivity. Nevertheless, it should be noticed that the results of the study are dependent
on sample structure and quality, which may limit its generalisability. It is recommended
that future research consider the introduction of a comprehensive weighting method that
combines objective and subjective approaches. Second, in terms of scope, the current study
uses a sample of 99 prefecture-level cities across nine provinces in the Yellow River basin,
hence demonstrating strong regional representativeness. Nevertheless, it must be noted that
generalising conclusions to other river basins or countries may bring certain challenges. It
is recommended that subsequent research be conducted in order to validate the universality
and dynamic adaptability of these findings. Such validation should be achieved by means of
cross-regional comparisons, thereby enriching the empirical research framework on digital
and intelligent technologies. This would enhance agricultural industrial chain resilience.
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