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Based on this version, we have updated the Abstract as follows: The pig supply 
chain (PSC) is influenced by the pig cycle, environmental regulations, and livestock 
health and safety incidents, making its supply chain management highly complex. 
Currently, the primary focus of PSC management is on resilience upgrading, with 
less emphasis on sustainable development, which, limits the growth of PSC. 
Taking China, the world’s largest pig producer and consumer, as an example, this 
paper constructs an influencing indicator system for PSC from the perspective of 
resilience and sustainability synergy (RSS). It applies Fuzzy DEMATEL to calculate 
the causal relationships between indicators, ANP to calculate indicator weights, 
and obtains a comprehensive ranking and identifies key influencing factors 
(KIFs). Moreover, this paper analyzes the relationships and constraints between 
influencing factors. The stability of the KIFs and the regional applicability of the 
indicator system were verified through the fuzzy comprehensive evaluation of RSS 
in PSC in Zhejiang Province (eastern China), Henan Province (central China), and 
Sichuan Province (western China). The results show that Enterprise organizational 
capability (F2), Supply chain environmental interaction across the lifecycle (F13), 
Trust relationships among entities (F19), Logistics network adaptability (F7), Learning 
and continuous improvement mechanisms (F12), Supply chain digitalization level 
(F4), and Technological innovation capability (F8) are key factors influencing RSS 
in PSC. The findings emphasize that China’s PSC should prioritize resilience while 
leveraging the synergistic effects of KIFs to achieve sustainable development. 
This paper provides practical optimization strategies from the perspective of RSS 
for overcoming challenges related to environmental interactions and redundant 
configurations in PSC management.
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1 Introduction

China is the world’s most significantpig production and consumption market. According 
to data from the National Bureau of Statistics of China, in 2023, China’s pork production 
reached 57.94 million tons, and consumption was 57.43 million tons, accounting for more 
than 50% of the global total. The pig industry is a significant part of Chinese agriculture, with 
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pork being the primary source of meat for Chinese residents, playing 
a crucial role in the Chinese diet structure (Zhang et  al., 2023). 
Traditionally, there is a saying in China, “Grain and pigs stabilize the 
world,” reflecting the pivotal role of pigs in ensuring national food 
security and promoting social stability. The pig supply chain (PSC) 
mainly comprises five key stages: feed production, pig farming, 
slaughtering and processing, meat product production, and product 
sales, with farming, slaughtering, and meat processing being the core 
stages (Nadal-Roig et al., 2023). However, China’s PSC faces three 
issues within these core stages. Firstly, Low Intensification: In the pig 
farming stage, for instance, the market share of the top five companies 
(CR5) is only 15.83%, with many small and medium-sized farmers 
involved. Low intensification leads to high costs for technology 
promotion and disease prevention efforts, unstable supply, and severe 
pollution from farming waste. Secondly, Inadequate Logistics 
Network: live pig transport dominates in China, with local 
slaughtering and local sales being standard practices. The lack of 
advanced cold chain logistics infrastructure and modern logistics 
methods results in high morbidity and product loss rates during 
transportation. Thirdly, Imbalanced Ratio of High-Temperature and 
Low-Temperature Pig Products: This imbalance reduces the positive 
impact of the pig industry on residents’ health and distorts the pig 
product consumption market.

Besides China’s problems, PSC is also influenced by the macro 
environment. Firstly, Global Pig Market: The global pig market is 
highly competitive, with market prices primarily driven by supply. 
Due to the lengthy pig production cycle, industry supply adjustments 
often lag behind changes in production capacity and market prices, 
creating an obvious “hog cycle.” Secondly, Policy Environment and 
Biosecurity: Policies and biosecurity significantly impact the live pig 
farming industry. China’s new environmental regulations in 2014, the 
African Swine Fever outbreak in August 2018, and the COVID-19 
pandemic starting in February 2020 severely impacted PSC. Finally, 
Food Safety Standards and Environmental Protection: The increasing 
stringency of global food safety standards and heightened 
environmental awareness mean that the interaction between pigs and 
the environment, pork product quality standards, and quality 
traceability have become crucial factors affecting the performance of 
PSC (Kruger et  al., 2022). In summary, China’s PSC is subject to 
various internal and external impacts, necessitating reforming its 
supply chain management model.

In theoretical research, both supply chain resilience and supply 
chain sustainability are popular topics in the field of supply chain 
management. Scholars have conducted extensive and in-depth studies 
on the key influencing factors and upgrading strategies for resilience 
and sustainability separately. For PSC, both resilience and 
sustainability are operational goals. The supply chain must be stable, 
efficient, and resistant to disruptionswhile maintaining sustainable 
development across the “economic-social-environmental” dimensions. 
Therefore, optimizing the supply chain must consider the synergy 
between resilience and sustainability. However, current supply chain 
performance assessment typically considers resilience or sustainability 
as single goals and has not established an assessment indicator system 
that integrates both. The key factors influencing resilience and 
sustainability also differ based on the core products of the supply 
chain (Khezeli et al., 2023). From a synergistic perspective, the key 
factors affecting the resilience and sustainability in PSC cannot simply 
be  the intersection or union of the two, as some factors do not 

positively influence both simultaneously and may even have 
contradictory effects. For example, innovative sales models (such as 
live e-commerce) can enhance supply chain efficiency and resilience. 
Still, they can also limit the intensification of the pig industry to some 
extent, affecting the supply chain’s sustainable development (Zhu et al., 
2023). Additionally, the frequent interactions between pig products 
and the environment during production and transportation require 
companies to balance decisions between environmental protection 
and economic efficiency, essentially a game between resilience and 
sustainability (Ruckli et al., 2022). Thus, balancing the goal weights of 
resilience and sustainability from a synergistic perspective and 
identifying the key factors influencing RSS based on regional 
development stages and conditions are pressing issues currently 
facing PSC.

To address the issues mentioned earlier, this paper develops an 
indicator system for the factors influencing the development of RSS in 
China’s PSC. This system measures not only the response capacity, 
adaptation strategies, and recovery speed of the pig industry when 
facing external disturbances (resilience indicators), but also includes 
a comprehensive assessment of environmental protection, social 
responsibility fulfillment, and sustained economic growth capacity 
(sustainability indicators). Moreover, by identifying KIFs, analyzing 
the causal relationships among them, and conducting regional case 
analyses, the paper offers refined suggestions for the synergistic 
development of resilience and sustainability in the PSC. This research 
is framed as a typical Multi-Criteria Decision-Making (MCDM) 
problem. The paper combines the strengths of Fuzzy Set Theory, the 
Decision-Making Trial and Evaluation Laboratory (DEMATEL) 
method, and the Analytic Network Process (ANP) method to ensure 
the scientific rigor of the research process and the reliability of the 
results. This research enriches the theory of multi-objective control in 
supply chains and provides theoretical support for optimizing the 
PSC, enabling it to better adapt to dynamic internal and external 
conditions and enhance its core competitiveness.

The remainder of this paper is organized as follows: Section 2 
reviews existing research outcomes, including directions on 
agricultural products and pig supply chains, supply chain collaboration 
theory, and key factors influencing supply chain resilience and 
sustainability. Section 3 introduces the research methods used in this 
study. Section 4 analyzes the research results. Section 5 discusses the 
similarities and differences between the research findings and existing 
studies, providing optimization suggestions for the PSC. Section 6 
presents the conclusion.

2 Literature review

2.1 Agricultural product supply chain and 
PSC

The agricultural product supply chain is a network of interconnected 
individuals and organizations involved in the production, transportation, 
distribution, and consumption of agricultural products (Zhao et al., 2023). 
The goal of agricultural product supply chain management is to ensure 
the efficient, safe, and sustainable flow of agricultural products from 
production to consumption while meeting consumers’ needs and 
expectations (Fang and Ge, 2023). Early research in the field of agricultural 
product supply chains focused on supply chain organizational models 
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suitable for the market and the characteristics of agricultural products 
(Routroy and Behera, 2017; Syahruddin and Kalchschmidt, 2012), 
optimal resource allocation from a supply chain integration perspective 
(Bian and Tian, 2022; Cui, 2021), supply chain risk management (Behzadi 
et al., 2018), and supply chain performance evaluation (Kamble et al., 
2020). Since 2020, the impact of the global COVID-19 pandemic has led 
to frequent production disruptions and transportation obstacles (Raihan 
and Himu, 2023), increasing supply chain interruptions and market 
uncertainty, and consequently, the incidence of supply chain breakages 
has risen. Against this backdrop, research on supply chain resilience has 
become a current hot topic (Roberta Pereira et al., 2014; Scholten and 
Schilder, 2015; Tukamuhabwa et al., 2015). Its practical value is guaranteed 
by considering the perishability of agricultural products, circulation 
losses, and the characteristics of agricultural product supply chain forms 
under different operational models. Some scholars have also focused on 
the interaction between the agricultural product supply chain and the 
environment and society, such as the environmental impact of production 
processes, carbon emissions during circulation, and the impact of cross-
sectoral technological integration on the agricultural product supply 
chain. This has led to the evolution and improvement of the theoretical 
system of sustainable development for agricultural product supply chains. 
Compared to crop-based agricultural products, the management of PSC 
exhibits certain peculiarities. The upstream elements such as feed, 
vaccines, veterinary drugs, and piglets; the midstream elements like pig 
farming and cultivation; and the downstream elements including 
slaughtering, processing, and sales channels differ significantly from 
efficiency-oriented agricultural products (such as grains, fruits, and 
vegetables). However, current research often targets broad categories of 
agricultural products (Guohua, 2013; Yan et al., 2020), with specialized 
studies on PSC being relatively rare. This has resulted in overly macro-
level research outcomes that lack guidance on the optimization of PSC.

By reviewing the research outcomes of agricultural and pig supply 
chains, it is evident that in recent years, resilience and sustainability 
have become the main directions for supply chain optimization. Some 
scholars have recognized the important relationship between supply 
chain resilience and sustainability, but there is still a lack of 
comprehensive research on their synergy. Moreover, research on the 
synergy of resilience and sustainability within PSC remains 
largely unexplored.

2.2 Supply chain collaboration theory

As supply chain management research evolves toward networked 
governance, collaboration theory serves as a fundamental perspective 
for tackling systemic synergy challenges (Touboulic and Walker, 
2015b). Supply chain collaboration is the process of forming a strategic 
partnership among supply chain members to facilitate deep 
information exchange, resource integration, goal alignment, and joint 
decision-making to achieve a shared value-added process (Cao and 
Zhang, 2011). The fundamental mechanisms of collaborative 
innovation and benefit sharing create the theoretical foundation for 
achieving RSS in the PSC. Collaborative innovation necessitates that 
members jointly invest complementary resources and develop 
systemic solutions through their collective actions (Soosay et  al., 
2008). At the resilience level, supply chain collaboration improves 
visibility, predictive abilities, and risk response speed through 
information sharing and joint planning (Scholten et al., 2019). At the 

sustainability level, it encourages the collaborative use of eco-friendly 
technologies to share risks (Beske and Seuring, 2014). Benefit sharing 
maintains collaborative viability, fair profit-distribution mechanisms 
encourage vulnerable entities to engage long-term in resilience-
building (Hingley, 2005), while scientifically crafted sharing models 
convert sustainability initiatives into economic incentives, mutually 
reinforcing RSS (Touboulic and Walker, 2015a).

In summary, supply chain collaboration theory offers a strong 
theoretical foundation for understanding and achieving the 
RSS. However, when examining China’s complex and nationally 
crucial PSC, which is vital to both the national economy and people’s 
livelihoods, current research has not yet developed a systematic, clear, 
and locally contextualized framework for identifying the key factors 
that drive or constrain resilience and sustainability within this system.

2.3 Factors influencing the resilience of 
PSC

The resilience of agricultural product supply chains is defined as 
the ability of agricultural food supply chain stakeholders to ensure 
an acceptable, adequate, and stable food supply at the required time 
and place by accurately predicting disruptions and using strategies 
that delay impacts, aid recovery, and allow for cumulative learning 
after disruptions (Montanyà and Amat, 2023). Scholars have studied 
the key factors affecting the resilience of agricultural product supply 
chains under different conditions and dimensions. From a macro-
management perspective, Coopmans et al. (2021) suggest that the 
resilience of agricultural product supply chains is influenced by 
diversity, flexibility, openness, and self-organization (Coopmans 
et al., 2021; Ivanov and Das, 2020) identify production inventory 
dynamics, customer performance, financial performance, and 
delivery time performance as determinants of supply chain elasticity 
(Ivanov and Das, 2020). From the disruption recovery perspective, 
Dixit et al. quantify supply chain recovery capability through unmet 
demand capacity and total transportation cost control post-disaster 
(Dixit et  al., 2016). Mishra et  al. (2022) indicate that training 
company personnel in disruption awareness and management is a 
critical factor (Mishra et  al., 2022). Establishing rapid response 
mechanisms, robust supply chain information systems, highly 
coordinated partnerships, and pre-planning for post-disaster 
reconstruction are also key elements for enhancing recovery 
capabilities. For PSC, Pfeifer et al. (2022) investigate the resilience 
strategies of European organic pig producers in response to 
economic, legislative, labor, and climate-related shocks. Analyzing 
narratives from 18 producers, it identifies three strategies: efficiency-
based, nutrient substitution, and farm diversification. Ntakiyisumba 
et al. confirm the widespread prevalence of Salmonella in the South 
Korean PSC and identify critical factors that contribute towards the 
Salmonella contamination of pork carcasses at slaughter 
(Ntakiyisumba et al., 2023).

Research on the resilience of agricultural product supply chains 
mainly focuses on operational robustness, flexibility, and post-
disruption recovery capabilities. However, existing studies have not 
comprehensively considered characteristic risks in PSC, such as the 
hog cycle, environmental regulations, and health safety incidents. 
There is still no complete assessment system for the resilience of PSC.
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2.4 Factors influencing sustainability of PSC

The sustainability of agricultural product supply chains influences 
food safety, environmental protection, and social welfare. Its key 
influencing factors have been increasingly discussed by scholars. 
Researchers have explored the impact of technology diffusion on 
agricultural product supply chains. Nandi et  al. believe that 
redesigning supply chains through innovative technologies such as 
blockchain can better manage food safety (Nandi et  al., 2021). 
Fesharaki and Safarzadeh (2022) found that the integration of 
refrigeration systems and the adoption of IoT (Internet of Things) 
ecosystems are crucial for overcoming perishability limitations and 
ensuring equitable distribution of crops. Su et al. (2023) also suggest 
that utilizing high-tech technologies and using recyclable materials 
play a vital role in improving environmental sustainability. Social 
factors have also been widely discussed. Chakrabarty and Nandi 
(2022) argue that risks related to consumer preferences and market 
demand are significant constraints on sustainability. Environmental 
factors are also considered, including the level of sustainable 
environmental policy support, the state of the natural environment, 
the ability to reuse organic waste, and ecological compensation.

The sustainability of PSC currently focuses on two main 
directions. First is the continuous improvement of pig product quality. 
Scholars have conducted in-depth research on vaccines, breeding, and 
feed, with current attention points on the traceability of pig products. 
Second, the coordinated development of PSC and the environment. 
However, research outcomes in this area are relatively scarce. There is 
a lack of necessary theoretical support for issues such as the 
environmental impact of pig farming, the treatment of organic pig 
waste, and clean emissions in the supply chain.

2.5 Influencing Indicator system

Through a literature review, the factors that influence the synergy 
between resilience and sustainability in PSC are summarized. 
Different sub-factors are organized under broader categories based on 
their meanings, and sub-factors with the same meaning are 
consolidated, eliminating any duplicates. Based on these steps, this 
paper proposes a system for the influencing factors of the synergy 
between resilience and sustainability in PSC, which includes six main 
categories: (i) Response Capacity, (ii) Adaptive Capacity, (iii) Recovery 
Capacity, (iv) Environmental Impact, (v) Economic Impact, and (vi) 
Social Impact. Detailed descriptions of the sub-factors under each 
main category are provided in Table 1.

3 Proposed method

The research design received approval from the Ethics 
Committee of the School of Information and Business Management 
at Dalian Neusoft University of Information. In strict compliance 
with the Helsinki Declaration, this paper was conducted in 
accordance with all pertinent guidelines and regulations. Informed 
consent was obtained from all subjects, who were all duly informed 
about the purpose of the study and assured of the survey’s 
anonymity. The outcomes of this research will be exclusively utilized 

for scientific purposes, with a firm commitment to maintaining the 
confidentiality of personal information.

The identification and management of key influencing factors in 
China’s pig supply chain from a synergistic perspective of resilience 
and sustainability represent a typical Multiple Criteria Decision 
Making (MCDM) problem. Research process framework for this 
paper is shown in Figure 1.

3.1 Delphi method

The Delphi method involves sending questionnaires to relevant 
experts to gather their opinions after the indicator system’s initial 
construction. Based on the feedback received, the indicator system is 
refined. After the formation of the first assessment indicator system, 
the decision on the retention of each indicator entry is based on the 
results of expert scoring. To ensure the study’s scientific rigor, 
objectivity, and data quality, this paper employs a generalized Likert 
scale, assigning values ranging from very important (5 points) to very 
unimportant (1 point). Experts are asked to rate the importance of 
each indicator.

For indicator screening, an indicator is considered for exclusion 
if it meets any of the following criteria: mean score below 3.5, 
coefficient of variation greater than 0.25, or full score frequency lower 
than 0.3. To ensure critical indicators are retained, if an indicator fails 
to meet only one criterion, its retention or exclusion will be determined 
through a panel discussion. The first round questionnaire is distributed 
for statistical analysis. Based on the results, a revised questionnaire is 
developed for the second round. This iterative process continues until 
expert opinions converge, resulting in the final evaluation 
index system.

3.2 Fuzzy DANP

This paper combines Fuzzy Theory with the Decision-Making 
Trial and Evaluation Laboratory (DEMATEL) method to construct a 
clear map of interactive relationships among influencing factors. This 
map illustrates the influence and dependence of each factor within the 
network. Subsequently, by computing a comprehensive influence 
matrix, it simplifies the weight assignment problem effectively, 
reducing the complexity of pairwise comparison processes in the 
Analytic Network Process (ANP) method. Considering the complex 
and dynamic nature of the PSC environment, the diversity of 
influencing factors, and the incompleteness of data, the Fuzzy 
Decision-Making ANP (Fuzzy DANP) method can provide more 
precise, comprehensive, and adaptive decision support. The key 
implementation steps are as follows:

3.2.1 Step 1: develop fuzzy linguistic
In fuzzy logic, each number between 0 and 1 represents a degree 

of truth value, capturing partial truth.
Define ( )=

˜
, ,A l m u on Xas a triangular fuzzy number (TFN) and 

its membership function ( )( )µ →  ˜ : 0,1
A

X x  follows Equation 1.
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Where, lrepresents the lower value in the TFN, mrepresents the 
medium value, and u represents the upper value.

3.2.2 Step 2: generate fuzzy direct-relation  
matrix A

The influence of the element i in each row exerted on the element in 
each column j of this matrix can be represented a fuzzy number, denoted 
as ija . If multiple experts’ opinions are used, all experts must complete 
the matrix, arithmetic mean of all of the experts’ opinions is used to 
generate the fuzzy direct-relation matrix A  as shown in Equation 2.
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(2)

3.2.3 Step 3: normalize fuzzy direct-relation 
matrix B

The normalization process for the aforementioned fuzzy direct 
impact matrix is computed as shown in Equations 3–5.

 
, ,ij ij ij ij

ij
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r r r r
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Then the normalized fuzzy direct-relation matrix B  can 
be obtained using the following formula:
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(5)

FIGURE 1

Research process framework for this paper.
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TABLE 1 Initial influencing indicator system.

Primary 
index

Definition of 
primary index

Secondary index Definition of secondary index Reference

Response 

capacity

Ability to maintain basic 

functions when facing 

disruptions

Disease prevention and safety 

management capability

Ability to respond to disease outbreaks and safeguard pig health and safety under China’s PSC’s 

“retailer-dominated” industrial structure.

Hervani et al. (2022) and Kazancoglu et al. (2021)

Enterprise organizational capability
Ability to respond to emergencies, including rapid response, loss control, and maintaining 

stable supply chain operations efficiency.

Coopmans et al. (2021), Hosseini et al. (2019), and 

Ramos et al. (2023)

Managerial qualities Manager’s response speed, decision-making quality, and efficiency in facing external challenges. Adams et al. (2022) and Moazzam et al. (2018)

Supply chain redundancy
Extra resources and capacities planned and maintained beyond daily operational needs to 

address various uncertainties.

Hendricks et al. (2009), Mohammed (2020), Nabil 

et al. (2024), and Nguyen et al. (2021)

Supply chain digitalization level
Degree of efficient collaboration, intelligent decision-making, and automated operations across 

supply chain stages through digital and smart technologies.

Singh et al. (2023), and Yontar (2023)

Adaptive 

capacity

Ability to rapidly adapt to 

changes

Market demand agility
Ability to quickly respond to market changes, accurately capture and meet consumer demands, 

especially in response to hog cycles.

Chowdhury and Quaddus (2017), and Li et al. 

(2009)

Production capacity adjustment 

capability

Ability to dynamically adjust the pig slaughtering rhythm to match the holiday consumption 

peaks in response to the fluctuating characteristics of the “pig cycle.” Under the “retailer-

dominated” industrial structure of China’s PSC, it is imperative to measure the timeliness and 

accuracy of small and medium-sized farmers in responding to fluctuations in supply and 

demand.

Coopmans et al. (2021), Poo et al. (2024), and 

Swafford et al. (2008)

Logistics network adaptability
Implementation capacity for transitioning from live pig transport to cold chain circulation 

under China’s “transporting meat instead of live pigs” policy.

Behzadi et al. (2018), Nyamah et al. (2017), and 

Poo et al. (2024)

Sales adaptability Flexibility in sales processes and market expansion capabilities.
Chowdhury and Quaddus (2017), and Swafford 

et al. (2008)

Technological innovation capability Effectiveness of introducing and applying new technologies. Yontar (2023)

Recovery 

capacity

Ability of PSC to recover to 

its original or better state 

after disruptions

Recovery plan completeness Scientific and operational feasibility of the supply chain recovery plan.
Dixit et al. (2016) and Qrunfleh and Tarafdar 

(2013)

Production capacity recovery efficiency
Ability and speed of pig farming and production systems to quickly restore normal production 

capacity or achieve higher production levels.

Ambulkar et al. (2015), Ivanov and Das (2020) and 

Ponomarov and Holcomb (2009)

Financial liquidity
Ability to maintain financial stability, recover financial health, and sustain operations after 

supply chain disruptions.

Ivanov and Das (2020), Liang et al. (2023), and 

Zhao et al. (2023)

Learning and continuous improvement 

mechanisms
Ability to learn from the recovery process and implement improvements.

Dania et al. (2018) and Zhao et al. (2023)

(Continued)
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Primary 
index

Definition of 
primary index

Secondary index Definition of secondary index Reference

Environmental 

impact

Impact of different stages of 

PSC on the natural 

environment

Supply chain environmental 

interaction across the lifecycle

Resource consumption and ecological impacts from feed acquisition, breeding, slaughtering, 

processing, transportation to consumption.

Liang et al. (2023)

Waste disposal effectiveness across the 

lifecycle

Effectiveness of waste disposal generated in production or distribution processing within the 

supply chain.

Liang et al. (2023)

Energy-saving and emission reduction 

effectiveness across the lifecycle

Effectiveness of energy saving and emission reduction technologies and clean energy 

applications.

Liang et al. (2023)

Economic 

impact

Impact of PSC operations 

on economic activities and 

benefits.

Output value growth capability Industry scale expansion trends and their contribution to the overall economy. Niemi et al. (2020)

Economic risk resilience capability
Construction of supply chain risk warning systems, emergency fund reserves, insurance 

mechanisms, etc.

Gupta and Singh (2021)

Cost fluctuation control capability Supply chain cost control capability. Dixit et al. (2016)

International market competitiveness

Ability to leverage RCEP and the Belt and Road Initiative to expand market access while 

enhancing China’s global pork market share through the technology exportation of domestic 

breeding pig varieties and cost advantages.

Konstantoglou et al. (2023)

Social impact
Impact of PSC on social 

welfare, public health, etc.

Trust relationships among entities
Establishment and maintenance of trust relationships among different entities in the supply 

chain and the stability of supply chain relationships.

Dania et al. (2018)

Collaboration efficiency among entities Efficiency of collaboration among different entities. Dania et al. (2018), and Gupta and Singh (2021)

Food safety management capability Ability to maintain food safety, ensure product compliance, and improve public health levels. Hervani et al. (2022) and Kazancoglu et al. (2021)

Consumer preference insight ability

Ability to precisely identify and capitalize on China’s pork consumption trends characterized by 

channel digitization (transition from traditional wet markets to community-based e-commerce 

platforms), product premiumization (shift from freshly slaughtered meat to chilled meat), and 

traceability visualization (blockchain-enabled supply chain transparency).

Chakrabarty and Nandi (2022)

TABLE 1 (Continued)
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3.2.4 Step 4: calculate the fuzzy total-relation 
matrix T

The fuzzy total-relation matrix T  can be calculated as Equation 6:

 
( ) ( ) 12limT B B B B I Bθ

θ

−

→+∞
= ⊕ ⊕…⊕ = −

    

 
(6)

Where lim 0 n nBθ
θ ×→+∞

=   , Irepresents the unit matrix.
If each element of the fuzzy total-relation matrix is expressed as 
( )'' '' '', ,ij ij ij ijt l m u= , it can be calculated as Equations 7–9:

 ( )−  = × − 
1''

ij l ll b I b
 

(7)

 ( )−  = × − 
1''

ij m mm b I b
 

(8)

 ( )−  = × − 
1''

ij u uu b I b
 

(9)

3.2.5 Step 5: defuzzify fuzzy total-relation matrix 
T  into crisp values

The CFCS method proposed by Opricovic and Tzeng has been 
used to obtain a crisp value of total-relation matrix. The output of the 
CFCS algorithm is crisp values, calculating total normalized crisp 
values ijT .

3.2.6 Step 6: final output and create a causal 
relation diagram

The next step is to find out the sum of each row and each column 
of T  (in step  5). The sum of rows (D) and columns (R) can 
be calculated as Equations 10, 11:

 
×

= ×

 
 = =     
∑1

1 1

n

i ijn
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1
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n

j ijn
i n

R R T
 

(11)

Where iD  indicates the degree of influence, reflecting the sum 
of the influence exerted by indicator ion all other indicators. jR
indicates the degree of being influenced, reflecting the fact that 
indicator j  is influenced by the sum of all other indicators. When 
=i j, ( )+i iD R represent the degree of importance of indicator i in 

the entire system (the Center Degree), indicating to total impact 
that indicator i exerts and receives from the entire system. ( )−i iD R  
represent net effects that indicator i contributes to the system (the 
Cause Degree).

3.2.7 Step 7: generate the unweighted 
supermatrix W

The crisp total-relation matrix T  (in step  5), which is the 
unweighted supermatrix W  of the ANP.

3.2.8 Step 8: generate the weighted supermatrix 
wW

The weighted supermatrix wW  can be obtained by normalizing W . 
The standardized procedure is shown as Equations 12, 13.
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3.2.9 Step 9: obtain the weights of each indicator 
and rank

The weighted supermatrix wW is multiplied by itself until the 
result converges to a stable limit supermatrix ∗W , thereby obtaining 
the weights of each indicator. Combined with the causal relationship 
diagram from Step 6, rank the indicators.

3.3 Fuzzy comprehensive evaluation

After ANP obtains the indicators’ weights, this paper uses the 
fuzzy comprehensive evaluation method to evaluate the resilience 
and sustainability synergy of the pig supply chain in different regions 
of China.

3.3.1 Step 1: establish fuzzy evaluation weight set
The relative weights calculated by ANP method are converted into 

weight sets. Target layer weight set { }1 2 3 5 64 ,, , , , ,A A A A AAQ W W W W WW=  
First level indicator weight set { }1 1 2 3 4 ,, , ,A F F F FQ W W W W=  
QA2 = {WF5, WF6, WF7, WF8}, QA3 = {WF9, WF10, WF11, WF12}, QA4 = {WF13, 
WF14, WF15}, QA5 = {WF16, WF17, WF18}, QA6 = {WF19, WF20, WF21}.

3.3.2 Step 2: create a comment set
This paper sets the comment set 
{ }= ,  , , ,V high relatively high medium relatively low low  for the 

indicator, and the corresponding combination value 
set is { }= 5,4,3,2,1v .

3.3.3 Step 3: establish fuzzy evaluation matrix
Invite multiple evaluators to evaluate the index level according to 

the comment set, and quantify the index to get the membership 
degree of the i-th factor to the j-th evaluation F, so as to establish a 
fuzzy relationship matrix as shown in Equation 14:
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TABLE 3 Results from the expert consultation regarding tier 1 indicators.

Primary index Standard deviation Mean CV Frequency of full 
scores

Response capacity 0.5477 4.6 0.1191 0.6

Adaptive capacity 0.8367 4.2 0.1992 0.4

Recovery capacity 0.4472 4.8 0.0932 0.8

Environmental impact 0.8367 3.8 0.2202 0.2

Economic impact 0.5477 4.4 0.1245 0.4

Social impact 0.7071 4.0 0.1768 0.2

TABLE 2 Professional backgrounds of five selected experts.

Expert Organization Position Duty Seniority (Years)

1 Academy of Agricultural Sciences Department director Agricultural supply chain resilience research 20

2 A swine science institute Senior research fellow
Countermeasures for the development of the swine 

industry
16

3 A national agricultural university Professor Swine genetics and breeding improvement 18

4 A large-scale swine farming enterprise Supply chain director Supply chain operations and risk management 12

5 An agricultural technology enterprise Chief data officer Big data analytics applied to agricultural supply chains 16

3.3.4 Step 4: Fuzzy comprehensive evaluation 
results

The method realizes comprehensive evaluation through synthetic 
operations of weights and fuzzy relationship matrix, and transforms 
the results into intuitive scores.

4 Results

4.1 Final influencing Indicator system

After creating the initial influencing indicator system for RSS in 
PSC (as outlined in Table 1), the Delphi method was employed to 
finalize the RSS impact indicator system. To achieve this, five experts 
were selected to form a panel, as detailed in Table 2.

Data were collected through a questionnaire, and two rounds of 
expert consultations were conducted to achieve consensus among 
the participants.

The results of the first round of expert consultation, as shown in 
Table 3, reveal that the average rating for each first-level indicator is 
above 3.5 points. Additionally, the coefficient of variation (CV) is less 
than 0.25, and the frequency of Full Scores exceeds 0.3. These findings 
indicate a strong agreement among experts regarding the importance 
of the indicators. Since the experts did not suggest any changes to the 
first-level indicators, no modifications were made during this round.

In the results of the consultation regarding secondary indicators, 
the following indicators did not meet the retention criteria and have 
been removed: Managerial Qualities, Sales Adaptability, Cost 
Fluctuation Control Capability, and Collaboration Efficiency Among 
Entities. The compiled indicators were redistributed to the experts for 
a second round of consultation, and the results were calculated to 
meet the retention criteria, as shown in Table 4.

In summary, after two rounds of the Delphi method, this paper 
establishes an indicator system for RSS influencing factors in PSC, 

which includes 6 primary indicators and 21 secondary indicators, as 
shown in Table 5.

4.2 Analysis of inter-Indicator relationships 
based on fuzzy-DEMATEL

In Step 1, based on the final Influencing indicator system, the 
influence of one factor on another is divided into five scales: no 
influence (0), very low influence (1), low influence (2), high influence 
(3), and very high influence (4). The fuzzy linguistic scale is shown in 
Table 6.

In Step  2, five experts rated the relationships between factors 
based on their experience. According to Steps 3–5, the crisp total-
relation matrix (defuzzified total influence matrix) is obtained, and 
the influence degree and influenced degree of each indicator are 
calculated using the equations in Step 6. This helps determine their 
center degree and cause degree. Based on the positive or negative 
values of D-R, the influencing indicators are categorized into two 
main types: cause indicators and effect indicators, as shown in Table 7.

Ranking the center degree of cause indicators, it can be seen that 
enterprise organizational capability (F2), logistics network adaptability 
(F7), and Trust relationships among entities (F19) are the top three in 
importance. When ranking cause indicators by their cause degree, 
enterprise organizational capability (F2), Supply chain digitalization 
level (F4), and Learning and continuous improvement mechanisms 
(F12) are identified as the most direct influencing indicators. Effect 
indicators are more affected by other indicators, indicating they are 
susceptible to influence within the system.

Based on the data in Table 7, a causal quadrant diagram of the key 
influencing indicators for RSS in PSC is plotted, with center degree on 
the horizontal axis and cause degree on the vertical axis, as shown in 
Figure 2.
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TABLE 5 Final influencing indicator system.

Primary indicator Secondary indicators

Response capability

Disease prevention and safety management capacity (F1)

Enterprise organizational capability (F2)

Supply chain redundancy (F3)

Supply chain digitalization level (F4)

Adaptive capacity

Market demand agility (F5)

Production capacity adjustment capability (F6)

Logistics network adaptability (F7)

Technological innovation capability (F8)

Recovery capability

Recovery plan completeness (F9)

Production capacity recovery efficiency (F10)

Financial liquidity (F11)

Learning and continuous improvement mechanisms (F12)

Environmental impact

Supply chain environmental interaction across the lifecycle (F13)

Waste disposal effectiveness across the lifecycle (F14)

Energy-saving and emission reduction effectiveness across the lifecycle (F15)

Economic impact

Output value growth capability (F16)

Economic risk resilience capability (F17)

International market competitiveness (F18)

Social impact

Trust relationships among entities (F19)

Food safety management capability (F20)

Consumer preference insight capability (F21)

TABLE 4 Results from the expert consultation regarding tier 2 indicators.

Secondary index Standard 
deviation

Mean CV Frequency of full 
scores

Disease prevention and safety management capacity 0.4472 4.8 0.0932 0.8

Enterprise organizational capability 0.8367 3.8 0.2202 0.2

Supply chain redundancy 0.5477 4.6 0.1191 0.6

Supply chain digitalization level 1.0000 4.0 0.2500 0.4

Market demand agility 0.5477 4.6 0.1191 0.6

Production capacity adjustment capability 0.8944 3.6 0.2485 0.2

Logistics network adaptability 0.4472 4.8 0.0932 0.8

Technological innovation capability 0.7071 4.0 0.1768 0.2

Recovery plan completeness 0.8367 3.8 0.2202 0.2

Production capacity recovery efficiency 0.4472 4.8 0.0932 0.8

Financial liquidity 0.5477 4.6 0.1191 0.6

Learning and continuous improvement mechanisms 0.7071 4.0 0.1768 0.2

Supply chain environmental interaction across the lifecycle 0.5477 4.6 0.1191 0.6

Waste disposal effectiveness across the lifecycle 0.8944 3.6 0.2485 0.2

Energy-saving and emission reduction effectiveness across the lifecycle 0.8944 4.6 0.1944 0.8

Output value growth capability 0.7071 4.0 0.1768 0.2

Economic risk resilience capability 0.4472 4.8 0.0932 0.8

International market competitiveness 0.7071 4.0 0.1768 0.2

Trust relationships among entities 0.8944 3.6 0.2485 0.2

Food safety management capability 0.5477 4.4 0.1245 0.4

Consumer preference insight capability 0.8367 4.2 0.1992 0.4
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It can be observed that:

4.2.1 Quadrant 1 (center degree > 2, cause degree 
> 0)

The influencing indicators include enterprise organizational 
capability (F2), Supply chain digitalization level (F4), and five other 
indicators. These indicators have the greatest influence on RSS in PSC, 
and are referred to as “key driving indicators.” The further the 
indicator is from the quadrant intersection point, the more critical it is.

4.2.2 Quadrant 2 (center degree < 2, cause 
degree > 0)

The influencing indicators include Disease prevention and safety 
management capacity (F1), Production capacity adjustment capability 
(F6), and two other indicators. These indicators have a minor but still 
positive supporting role on RSS in PSC, and are referred to as 
“supporting indicators. “.

4.2.3 Quadrant 3 (center degree< 2, cause degree 
< 0)

The influencing indicators include the Recovery plan completeness 
(F9), Production capacity recovery efficiency (F10), and five other 
indicators. These indicators have a smaller impact on RSS in PSC and 
are effect indicators, referred to as “secondary constraint indicators.”

4.2.4 Quadrant 4 (center degree> 2, cause degree 
< 0)

The influencing indicators include supply chain redundancy (F3) 
and Supply chain environmental interaction across the lifecycle (F13). 
These indicators significantly impact RSS in PSC but are effect 
indicators, meaning they have high influence but are passive 
responses, thus referred to as “primary constraint indicators.”

4.3 Weights calculation based on ANP and 
comprehensive ranking

In Step 7, the unweighted supermatrix of the Analytic Network 
Process (ANP) method is created from the defuzzified total influence 
matrix obtained through the Fuzzy-Dematel approach. In Step 8, this 
unweighted supermatrix is standardized to produce the weighted 
supermatrix. Step 9 involves applying the power iteration method to 
the weighted supermatrix until it converges to a stable limit 
supermatrix. From this stable matrix, the weights of each influencing 
factor are derived. Finally, by combining the centrality and ANP 
rankings, the comprehensive ranking results are calculated, as shown 
in Table 8.

Based on the comprehensive ranking, the top 7 influencing factors 
identified as critical for the synergistic development of resilience and 
sustainability in the PSC are: Enterprise organizational capability (F2), 
Supply chain environmental interaction across the lifecycle (F13), 
Trust relationships among entities (F19), Logistics network 
adaptability (F7), Learning and continuous improvement mechanisms 
(F12), Supply chain digitalization level (F4), and Technological 
innovation capability (F8).

4.4 Regional empirical analysis of RSS in 
China’s PSC

Based on the level of economic development, pig industry layout 
and supply chain structure differences in eastern, central and western 
China, this paper selects Zhejiang Province (Eastern China), Henan 
Province (Central China) and Sichuan Province (Western China) as 
the research objects to analyze the RSS of PSC.

Zhejiang Province (Eastern China) represents a typical exogenous 
consumption-driven PSC model. The province is limited by land 
resources, and more than 60% of pigs need to be  transferred out. 
However, the downstream of its PSC has significant advantages, 
relying on the consumption power of urban agglomerations and 
digital infrastructure to form downstream clusters centered on deep 
processing and cold chain logistics. The core challenge lies in the lack 
of resilience in the upstream of the supply chain.

Henan Province (Central China) has built a leading endogenous 
production-led PSC model. Relying on the resource endowment of the 
“grain silo of the Central Plains,” its supply chain is characterized by 
“large-scale production and full-chain integration,” with a self-
sufficiency rate of pork reaching 120%, and the annual net outward 
transfer volume ranking among the top three in the country. Among 
them, Muyuan Group has an annual production capacity of more than 
30 million heads, driving the intensive production of nearly 70% of 
farms in the province; Shuanghui Group has an annual slaughtering 
and processing capacity of 15 million heads, and through vertical 
integration, it has reduced the loss rate of the cold chain to less than 
3%. Core challenges center on capacity concentration risks and 
environmental pressures.

Sichuan Province (Western China) has developed a unique 
ecologically sensitive composite PSC model. The province integrates 
ecological free-range farming in the highlands with intensive 
production in the Chengdu Plain, with a breeding cycle system 
covering 82 counties and the highest ecological carrying capacity in 
the West. The current development urgently needs to seek a balance 
between ecological sensitivity and industrial sustainability, both in 
terms of resolving restrictions on the expansion of the no-farming 

TABLE 6 Fuzzy linguistic scale.

Linguistic terms Code TFNs (l, m, u)

No influence 0 (0, 0.1, 0.3)

Very low influence 1 (0.1, 0.3, 0.5)

Low influence 2 (0.3, 0.5, 0.7)

High influence 3 (0.5, 0.7, 0.9)

Very high influence 4 (0.7, 0.9, 1.0)
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TABLE 7 The final output.

No. Influencing 
indicator

Influenced 
degree (R)

Influence 
degree (D)

Center 
degree D + R

Cause degree 
D-R

Type

F1

Disease prevention and 

safety management 

capacity

0.822 1.099 1.921 0.277 Cause indicator

F2

Enterprise 

organizational 

capability

0.789 1.525 2.314 0.736 Cause indicator

F3
Supply chain 

redundancy
1.552 0.655 2.207 −0.897 Effect indicator

F4
Supply chain 

digitalization level
0.803 1.249 2.052 0.446 Cause indicator

F5 Market demand agility 0.943 1.143 2.087 0.2 Cause indicator

F6
Production capacity 

adjustment capability
0.946 0.985 1.931 0.038 Cause indicator

F7
Logistics network 

adaptability
0.99 1.238 2.228 0.248 Cause indicator

F8
Technological 

innovation capability
1.088 1.096 2.184 0.008 Cause indicator

F9
Recovery plan 

completeness
1.142 0.791 1.933 −0.35 Effect indicator

F10
Production capacity 

recovery efficiency
1.083 0.781 1.864 −0.302 Effect indicator

F11 Financial liquidity 1.241 0.708 1.949 −0.533 Effect indicator

F12

Learning and 

continuous 

improvement 

mechanisms

0.768 1.383 2.151 0.616 Cause indicator

F13

Supply chain 

environmental 

interaction across the 

lifecycle

1.256 1.171 2.427 −0.085 Effect indicator

F14

Waste disposal 

effectiveness across the 

lifecycle

1.127 0.807 1.934 −0.319 Effect indicator

F15

Energy-saving and 

emission reduction 

effectiveness across the 

lifecycle

0.869 0.807 1.677 −0.062 Effect indicator

F16
Output value growth 

capability
0.795 0.838 1.632 0.043 Cause indicator

F17
Economic risk 

resilience capability
0.754 0.852 1.607 0.098 Cause indicator

F18
International market 

competitiveness
0.954 0.787 1.741 −0.167 Effect indicator

F19
Trust relationships 

among entities
0.915 1.299 2.215 0.384 Cause indicator

F20
Food safety 

management capability
0.863 0.693 1.556 −0.17 Effect indicator

F21
Consumer preference 

insight capability
0.791 0.582 1.373 −0.208 Effect indicator
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TABLE 8 Weights and ranking of influencing factors.

Primary 
indicators

Weights Secondary indicators Weights ANP rank Center 
degree rank

Comprehensive 
rank

Response capability 0.2219

Disease prevention and safety management 

capacity (F1)
0.0526 9 14 9

Enterprise organizational capability (F2) 0.0746 1 2 1

Supply chain redundancy (F3) 0.0327 20 5 12

Supply chain digitalization level (F4) 0.0620 4 9 6

Adaptive capacity 0.2185

Market demand agility (F5) 0.0557 7 8 8

Production capacity adjustment capability (F6) 0.0480 10 13 10

Logistics network adaptability (F7) 0.0596 5 3 4

Technological innovation capability (F8) 0.0552 8 6 7

Recovery capability 0.1781

Recovery plan completeness (F9) 0.0374 16 12 13

Production capacity recovery efficiency (F10) 0.0382 15 15 15

Financial liquidity (F11) 0.0345 19 10 14

Learning and continuous improvement 

mechanisms (F12)
0.0680 2 7 5

Environmental 

impact
0.1368

Supply chain environmental interaction across 

the lifecycle (F13)
0.0580 6 1 2

Waste disposal effectiveness across the lifecycle 

(F14)
0.0395 13 11 11

Energy-saving and emission reduction 

effectiveness across the lifecycle (F15)
0.0393 14 17 18

Economic impact 0.1166

Output value growth capability (F16) 0.0397 12 18 16

Economic risk resilience capability (F17) 0.0398 11 19 17

International market competitiveness (F18) 0.0371 17 16 19

Social impact 0.1281

Trust relationships among entities (F19) 0.0644 3 4 3

Food safety management capability (F20) 0.0347 18 20 20

Consumer preference insight capability (F21) 0.0290 21 21 21
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Causal quadrant diagram.
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zone and the significant risk of logistical disruption due to the 
geographic conditions of the seismic zone.

This paper invited ten experts to assess the evaluation levels of 21 
factors across three provinces, ultimately compiling the provincial RSS 
evaluation results in Tables 9–11.

The results show that Zhejiang Province (Eastern China) scored 
4.15 points for the RSS in PSC, with a rating of “high (lower)”; Henan 
Province (Central China) scored 3.67 points, with a rating of 
“relatively high (upper)”; Sichuan Province (Western China) scored 
3.17, with a rating of “relatively high (lower).” This result marks a 
significant departure from the traditional view that “capacity size 
determines stability,” where “Central China” is ranked higher than 
“Eastern China,” which is in turn ranked higher than “Western China.” 
The primary reason for this change is that digitalization on the 
consumer side enhances resilience beyond the conventional benefits 
associated with the capacity size. Specifically, the KIFs related to the 
RSS in Zhejiang, including F4, F5, F7, F8, F9, F12, and F21, all received 
scores exceeding 4.5 points in the fuzzy composite evaluation, 
indicating an advanced level of performance and forming a notable 
competitive advantage.

Moreover, the analysis finds that resilience and sustainable 
development face a profound conflict. Downstream digitization 
capacity (F4 of 4.7) in Zhejiang Province improves cold chain 
responsiveness. At the same time, land resource constraints weaken 
upstream manure resource utilization capacity (F4 of 3.8), creating a 
dumbbell imbalance of “high digital resilience-low environmental 
sustainability.” In Henan Province, the elasticity of large-scale 
production (F6, 4.1) guarantees a stable supply. Still, high farming 

density leads to environmental overload (F13, 2.4), reflecting the 
structural contradiction of “strong production elasticity-weak 
ecological sustainability.” The highland eco-agriculture model (F15, 
4.1) maintains environmental sustainability in Sichuan Province. Still, 
the logistical vulnerability of the seismic zone (F7, 2.3) threatens the 
continuity of the supply chain, highlighting the dilemma between 
ecological protection and operational resilience.

While the differences in the three provinces’ performance on the 
KIFs reflect differences in regional development priorities, their core 
set of factors remains consistent: F2 ranks in the top three in all three 
provinces, confirming its robustness in the first place in the ANP 
weights; F13 has a significant weight in the ecologically sensitive 
Sichuan province; and F19 scores the highest in Henan, echoing the 
strong drive shown in the causal quadrant diagram showing strong 
drivers. Thus, regional differences did not change the relative 
importance of the KIFs and verified the stability.

5 Discussion

(1) By arranging the weight results of the primary indicators in the 
RSS system in descending order, it is evident that the weight rankings 
of PSC response capability, adaptive capability, and recovery capability 
are among the top three, all of which fall under the category of supply 
chain resilience. This result demonstrates that RSS does not imply that 
resilience and sustainability are always equally important; instead, 
they need to be dynamically balanced based on the development stage 
of the supply chain. At the current stage in China, the management of 

TABLE 9 Fuzzy comprehensive evaluation results for Zhejiang Province (Eastern China).

Target Layer Score Criterion layer Score Indicator layer Score

Development of RSS in 

PSC

4.15 Response capability 3.82 F1 2.9

F2 4.4

F3 2.3

F4 4.7

Adaptive capacity 4.46 F5 4.7

F6 3.6

F7 4.8

F8 4.6

Recovery capability 4.38 F9 4.7

F10 3.5

F11 4.2

F12 4.8

Environmental impact 3.62 F13 3.5

F14 3.8

F15 3.6

Economic impact 4.26 F16 4.1

F17 4.2

F18 4.5

Social impact 4.32 F19 4.2

F20 4.3

F21 4.6
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TABLE 11 Fuzzy comprehensive evaluation results for Sichuan Province (Western China).

Goal Layer Score Criterion layer Score Indicator layer Score

Development of RSS in 

PSC

3.17 Response capability 2.82 F1 1.9

F2 3.1

F3 3.3

F4 3.0

Adaptive capacity 2.72 F5 2.9

F6 3.3

F7 2.3

F8 2.5

Recovery capability 3.13 F9 2.4

F10 3.5

F11 3.2

F12 3.3

Environmental impact 3.97 F13 4.0

F14 3.8

F15 4.1

Economic impact 3.36 F16 3.7

F17 2.8

F18 3.6

Social impact 3.58 F19 4.3

F20 3.4

F21 2.2

TABLE 10 Fuzzy comprehensive evaluation results for Henan Province (Central China).

Goal layer Score Criterion layer Score Indicator layer Score

Development of RSS in 

PSC

3.67 Response capability 3.89 F1 2.9

F2 4.2

F3 4.0

F4 4.3

Adaptive capacity 3.21 F5 2.7

F6 4.1

F7 3.8

F8 2.3

Recovery capability 3.98 F9 3.6

F10 4.4

F11 4.3

F12 3.8

Environmental impact 3.00 F13 2.4

F14 3.5

F15 3.4

Economic impact 4.20 F16 4.3

F17 4.1

F18 4.2

Social impact 3.86 F19 4.6

F20 3.2

F21 3.0

https://doi.org/10.3389/fsufs.2025.1597515
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Wang et al. 10.3389/fsufs.2025.1597515

Frontiers in Sustainable Food Systems 16 frontiersin.org

PSC should primarily focus on enhancing resilience. As discussed 
earlier, the world has recently experienced African Swine Fever and 
the COVID-19 pandemic, significantly impacting China’s PSCR due 
to its substantial pig consumption. Additionally, the characteristics of 
China’s pig industry, such as poor intensification, an inadequate pig 
logistics network, and an imbalanced ratio of high-temperature to 
low-temperature pig products, pose challenges to the resilience and 
sustainability of PSC. There’s an old Chinese saying, “Three feet of ice 
does not form in a single day,” indicating that the issues facing China’s 
PSC cannot be entirely resolved in a short period. The findings of this 
study provide a scientific approach to optimizing the supply chain, 
suggesting that enhancing resilience should be the primary task while 
prioritizing the synergistic key indicators’ composite effects in 
improving resilience and sustainability. The following discussion will 
address the key indicators and transformation strategies.

(2) According to the comprehensive ranking results, Enterprise 
organizational capability (F2) is recognized as the most critical 
indicator in RSS. In studies by Gasco-Hernandez (Gasco-Hernandez 
et al., 2022) and Cedergren (Cedergren and Hassel, 2024), Enterprise 
organizational capability (F2) is also considered a key factor in 
enhancing PSCR, consistent with the findings of this study. If PSC 
breaks down and cannot be quickly recovered, it can lead to inventory 
backlogs, capital pledges, and product deterioration in various supply 
chain segments. Given the poor self-recovery capability of PSC, it 
cannot rely on spontaneous coordination among entities to recover 
the chain when it breaks. Strong core enterprises with significant 
organizational capability are essential to coordinate supply chain 
entities, recover critical broken links, and rebuild supply chain 
pathways (Bowman et al., 2013; Nadal-Roig et al., 2019). Besides its 
impact on resilience, enterprise organizational capability (F2) also 
significantly influences PSCS. The poor intensification of China’s pig 
industry means that excellent core supply chain enterprises can 
leverage their brand effects, financial advantages, and technical 
capabilities to support more small and medium-sized enterprises and 
individual farmers, ensuring higher green technology empowerment 
and better environmental friendliness in their supply chains. 
Companies like Muyuan and WENS in China have utilized their 
outstanding supply chain organizational capabilities through 
mechanisms such as flexible production contracts and joint liability 
systems to organize their upstream and downstream partners, 
achieving risk-sharing and technology sharing, and building a 
RSS-featured “moat” (Zhou et al., 2013).

Trust relationships among entities (F19) and Enterprise 
organizational capability (F2) should be analyzed together. F19 is the 
foundational condition for the implementation of F2, which is also 
why F19 ranks third in the comprehensive weight ranking. In a 
low-trust environment among supply chain entities, there will 
be negative impacts on RSS. For instance, without stable orders from 
breeding producers, feed suppliers are unwilling to invest in high-
quality feed research and development due to high sunk costs. This 
results in stagnant product quality and production efficiency across 
the entire supply chain (Goumeida et al., 2024). Conversely, if stable 
strategic partnerships are established among supply chain entities, it 
will create a positive feedback loop driven by innovation.

(3) Supply chain environmental interaction across the lifecycle 
(F13) ranks second in the comprehensive ranking. The interaction 
includes green feed supply, the environmental impact of breeding, 
waste treatment from breeding, and the low-carbon processes of 

breeding and logistics. Clearly, F13 highlights the urgency of integrating 
environmentally friendly strategies into supply chain construction, 
aiming to reduce negative externalities and enhance adaptability and 
resilience to environmental disturbances. Implementing China’s “dual-
carbon” goals and rural revitalization strategy has provided critical 
policy opportunities for optimizing F13. The “dual-carbon” goals guide 
low-carbon transformation among PSC stakeholders through policy 
tools such as green finance and carbon trading mechanisms. In 
Zhejiang Province, for instance, green credit has supported enterprises 
like Muyuan in establishing a “farming-manure resource 
utilization-new energy” circular system, which converts livestock 
manure into biogas for power generation. This reduces carbon 
emissions in the farming process and generates additional revenue 
through carbon credit trading, achieving synergistic enhancement of 
RSS in PSC. The rural revitalization strategy enhances F13 optimization 
via ecological compensation mechanisms and circular agriculture 
policies. Government subsidies for farming entities to purchase 
manure recycling equipment have increased the comprehensive 
utilization rate of agricultural waste. Through “Digital Countryside” 
infrastructure projects, intelligent monitoring systems for farming 
environments have been deployed to track real-time carbon emission 
data from pig farms and integrate with environmental authorities for 
early warning, prompting enterprises to optimize farming processes 
proactively. This has formed a positive feedback loop of “policy 
incentives-technology adoption-environmental improvement.”

Notably, according to Figure  2, F13 is the most significant 
constraint indicator. Therefore, optimization strategies for F13 should 
focus on its cause indicators. Causal analysis shows that the two most 
influencing indicators on F13 are Enterprise organizational capability 
(F2) and Learning and continuous improvement mechanisms (F12). 
This indicates that upgrading F13 requires deeply embedding green 
supply chain management principles into the entire lifecycle of the pig 
industry chain through core enterprises.

(4) Logistics network adaptability (F7) ranks fourth in the 
comprehensive ranking. F7 typically holds a high position in traditional 
supply chain evaluation systems (Sadeghi and Qaisari Hasan Abadi, 
2024), especially as a fundamental guarantee for unbroken supply 
chains during emergencies such as natural disasters or public health 
incidents. However, within the RSS system, F7 needs a new direction 
for upgrading. Firstly, the ability to intelligently adjust the logistics 
network should be enhanced, enabling real-time monitoring and smart 
scheduling across all stages from pig breeding and transportation to 
sales, establishing a multi-source supply and flexible dispatch system 
(Ji, 2024). Secondly, there should be a swift transition from live pig 
transportation to chilled pork transportation to reduce animal welfare 
and public health issues associated with live transportation. This 
includes building a national cold chain logistics system to improve the 
utilization rate of cold chain logistics equipment (Wang et al., 2024).

(5) Learning and continuous improvement mechanisms (F12), 
Supply chain digitalization level (F4), and Technological innovation 
capability (F8) usually do not receive much attention in traditional 
supply chain evaluation systems (Yang et al., 2023). However, they 
rank 5th, 6th, and 7th, respectively, within the RSS system, 
demonstrating that the development of RSS in PSC is about 
transforming a labor-intensive supply chain into a technology-
intensive one. Moreover, the evolution of supply chain management 
shows that the brilliance of technological advancement often dims due 
to lagging organizational management capabilities (Arji et al., 2023; 
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Sun et  al., 2024). Although integrating advanced technology 
undoubtedly brings revolutionary changes to the supply chain, its 
value-added benefits will be significantly diminished if there is a lack 
of corresponding management levels. Therefore, emphasizing the 
cultivation of enterprise organizational capabilities and ensuring the 
harmonious coexistence of management and technology levels is 
crucial for enhancing the overall efficiency of the supply chain. This 
not only corrects traditional perceptions but also provides strategic 
guidance for future supply chain management practices.

6 Conclusion

China, as the largest producer and consumer of pig products 
globally, holds significant importance for food security and social 
stability related to its PSC. Influenced by factors such as hog cycles, 
environmental regulations, and livestock health incidents, PSC must 
ensure stability, efficiency, and resilience against disruptions, while 
also optimizing environmental impact and aligning with societal 
needs. Therefore, enhancing resilience alone is insufficient; 
sustainable development considerations are equally crucial. This 
paper explores optimization issues in PSC from the perspective of 
RSS. The following conclusions are drawn.

(1) By analyzing resilience indicators through response capability, 
adaptive capacity, and recovery capability, and sustainability indicators 
through environmental, economic, and social impacts, a RSS system 
tailored to the development stage of China’s PSC is constructed. This 
framework integrates theoretical research findings, respecting regional 
industrial development phases, and innovating supply chain concepts.

(2) Employing a combined approach of Fuzzy DEMATEL and 
ANP, key indicators of the RSS in the PSC system are identified. Fuzzy 
DEMATEL generates a causal quadrant diagram categorizing 
synergistic development indicators into “Key Driving Indicators,” 
“Major constraint Indicators,” and others, enabling lean management 
of critical indicators. ANP determines indicator weights and integrates 
the center degree with the indicator weights to comprehensively rank 
influence indicators, ensuring the scientific identification of key 
indicators. The results highlight that indicators such as enterprise 
organizational capability (F2), Supply chain environmental interaction 
across the lifecycle (F13), and Trust relationships among entities (F19) 
are pivotal within the RSS system. Regional empirical analyses further 
validate the stability of KIFs, which dominate synergistic efficacy 
despite different regional development centers of gravity.

(3) Through indicator weight analysis, the current upgrade of 
China’s PSC needs to prioritize resilience objectives and focus on the 
synergistic effects of key influence factors. A comparative analysis 
between the findings of this study and traditional supply chain 
evaluations was conducted, proposing practical optimization 
strategies from the RSS perspective.

This paper identifies the KIFs of the RSS in PSC, along with its 
management mechanisms. It reveals the intrinsic relationships and 
interactions among these factors, offering a fresh perspective on the 
synergistic optimization of complex supply chain systems. Given the 
constraints of limited resources, the findings can assist managers and 
decision-makers in accurately allocating resources to maximize supply 
chain effectiveness. However, two limitations must be noted, which 
also indicate directions for future research. First, while this study 
identifies KIFs and validates synergy mechanisms, it does not resolve 

the inherent conflicts between resilience and sustainability objectives. 
Future work will address this gap through game-theoretic modeling 
to systematically analyze stakeholder strategies and behavioral 
evolution during RSS conflicts in the PSC, ultimately establishing 
regulatory mechanisms for such conflicts. Second, emerging 
technologies, particularly blockchain-based traceability and AI-driven 
monitoring, have significant potential to enhance the synergy between 
resilience and sustainability. However, the static analytical framework 
adopted here cannot dynamically capture the evolving impact of 
technology diffusion. Subsequent research will therefore employ 
system simulation to develop a technology diffusion model, 
quantifying how blockchain and AI dynamically shape resilience-
sustainability synergy in regional pig supply chains.
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